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Maturation, and aging-associated cha!lges ln mem-

~'"brane transport of sheep reticulocytes of the high-K+ and 
l' ' 

10w-K+ genotypes were studied. The results indicate thelt 

during short· term (less than 10 days) ln vitro maturati-on, 

there ls a progressive decrease in ouabaln-sensitive Ha+,

K+-pump . activity (86Rb+ uptake in lo'w-K+ cells) and Na+

ATPase actLv~ (high-K+'ceI1S). However, durlng long t~rm 

, __ (Several'weeks~ vivo maturaticn in which RbC was used' as 

a Marker of newly formed reticulocytes, kinetic change~, as' 

weIl as a decline in total activity, were observed. 

The effect of metabolic depletlon on the matura

tion-associated 10ss of twb membrane transport functions 

was also studied using in vi~ro in~ubation. 80th Na+

dependent glycine transport and the Na+ ,K+-pump, . estimated 

from meas~renients -of the number of 3H~ouabain binding sites 

per celI, were decreased, during matl'ration. ATP also 

enhanced the decrease in both act+vities when a 'reconsti

tuted' vesicle system comprised of inside-out vestcles plus 
/ , 

celi lysates was in~ubated at 37·C.. Associated with this 

ATP-dependent loss of activity 'was an incre~se in the 

a~ount of concomitantly measured ninhydrin-positive mater

ia1. It 18 conciuded that 1 the loss of 'certain functions 
1 

during reticulocyte maturation 

depletion. 1 

\ 

i's retarded by metabol le 
, ". '';;' 

Membrane vesicles of" q!stlnèt .~sidedness were 
, , 

prepared from s~eep ret~cu~ocyteB. Usi'ng . ~hese '~esicles 

the Na+-dependent glyèifi~ tran$port s~stem, vas found to be . ,. 
Bymmetric~l with respect to: ,- (a) the Na+ aependency of 

glycine transport, (b) the ability ta accumulat,e gl'ycine 
against a concentration gradient, (-q1 the Na+: gly'cine ,,-IJ 

• • , '1 

stoichiometry, Le. tvo Na+ ions are transported per mole-
1" 

cule, 'of glycine, and (d) ,the apparent Michaelis-Menten 

constants for Na+ and gly~ine~ ", '" 
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Les changements dans le transport (1 membranaire 

associés-à' la maturation et au vieillisseme.bt ont été , 

étudiés chez les r.éticulocytes de mouton de haute-IC+ et 

basse-I+. Les résultats indiquent que pendant;la matura

tion ~ vitro i court terme (moins de 10 jours), il y a une 

diminution progressive de l'activité de la pompe-Na + ,1+ 
sensible à la ouahaine {mesuré par la pri~e de 86Rb+ par 

des cellules de basse-K+) et également de l'activité Na+

ATPase (étudié chez les cellules de haute-g+). Cependant à 

long terme (p1uqieurs semaines), la maturation in vivo dans 

~ laquelie abC ~ été utilisé comme marqueur de réticulocytes 

nopvel~e~ent formés, des changements cinétiques ainsi 

qu'une baiss~e l'activité totale ont été observés. 
4... 

L'effet d'épuisement métàbolique sU~,la p,erte de 

deux fonctions de »transport membranaire asJd~ieés à la 

maturation, a aussi été étudié par incubation in vitro. Le 

tra.~sport~ de la glycine dépendant du Na+ ainsi que i~' activ

ité de la pompe-Na~,K'+ on,t diminués durant la maturation, 

ceci a été mesuré par le nombre de sites par cellule liant 
la 3'H-06abaine _, L' ATP accentue aussi la diminution de ces 

deux activités lorsqu'un système de vésicules reconstitué, 

comprenant des vésicules inversées et des lysats de 

cellules' sont incubés ci 37·C. Associée à cette perte 
,. ~ 

'd'activite dependante d~ L'ATP fut une augmentation concom-

mitante 'de la me~ure de matériel ninhydrine-posi tif. On en 

conclut que la perte de certaines: fonctions dur~nt la 

ma~uration de réticulocytes est retardée par 1 'épui~t 
mé.tabol~que. . ~ 
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Des vésicules .eabranaire inversées 'des deux , 

façons Vont été préparées à partir de rétieulocyus de' 
aouton. On a trouvé que le tran,sport de la glycine dépen
~ant du Ha+ ut s~étrique chez - ce. deux types de 
• 'l.4-"f"1 ~ tiI ~ ~ 

vésicules quant au (a> transport d~ la glycine dépendant'du 
Na+,? (b) l'abilité d'accUJlul,er la g~ycine contre un 
gradient de concentration, (c) la âtoichi01létrie Na+ : 
glycine i.e. d~uxhions Nà+ sont 'transportés par .alécule de 
gly,cine et (d) I.es constantes Michaelis-Menten apparentes .. 
pour Na-t et glycine. 
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1. IBTRODUCTIOH 

1.1 MO~hOl5tica1 Changes in the Erythroid Cell ~ 
Du~n9 ~fferentiation and Maturation 

. , 
Hematopoiesis is the process of formation and 

. development of all blqod cells. Erythropoiesis refers 

eX'c1usive1y to the production of erythrocytes (1). In 

. the mammalian embryo· erythropoiesis takes place i..n the 

,yolk sac. During the middle trimester of gestation the 

~ in erythropoietic organ is the 1iver, although a 

ificant quantity of erythrocytes is also produced by 

leen and 1ymph nod.es .( 2) • 1>uring the fourth and 

fi~th onths of gestation the bone marrow' s erythro

poietic activity commences and it 1ater becomes thè 

major erythrocyte producer~ In man the relative rate of 

~red blood cell production in various bon es changes with 
" 

age (2). In es~ence, all bones produce red blood cells 
" 

until the age of 5. . By the age of 20 the only bones 

produc~ng erythrocytes are the vertebra, sternum, ribs 

and pelvis. 

~ There have been severai recent reviews on 

erythropoiesis (3-9). Most researc~ concerned with 

elucidating the individual steps an~~cto~s controlling 

erythropoiesis in mammals has been carried out using the 

,mouse as the experimental model. Figure 1 which has 

been modifi'ed s1ightly from the review by Till and 

. McCull~ch (3) depicts a model that summarizes current 

concepts of hematogoiesis. 
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- 2 -

l'igure 1 

Mode1 al a..atopoieaia. 

Rectangle. (solid aqd dashed lines) repreaent t~e 
atem cella. Th. aolid-line rectangles are pluri
potent, while the daahed lined rectangles are th'! 
unipotent erytbroid atem cella. The rectangles 
(dotted linea) repreaant the bemoglobin containing 
cella. Por dataila of er ythropoiesis see téxt. 
Modified from Till and McCulloch (4). 
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Accordingly, there are two basic types of 

cells involved in erythropoiesis: (1) those stem cells 

which are capable of bath self renewal and differentia

tion into erythroid precursors 1 and (2) the hemoglobin 

contaiiling cells which are capable of matura<t.ion and 

aging. 

The stem cells can be divided into two groups 

namely, (1) the pluripotent or uncormnitted stem cells, 

and (2) the unipotent or cornmitted erythroid stem 

(precursor) cells. 0 The former can be further subdivided 

into two types, the first one being th-: colony forming 

unit-lymphoid-myeloid (CFU-L-M), which is theoretically 

capable of repopulating all the' body'à myelQid and , 

lymphoid cell Idnes. The myeloid lineage includes 
/ 

erythrocytes, platelets and leucocytes. ,The second type 

ls called thé colony forming unit-spleen (CFU-S), which 

ls the pluripotent myeloid stem" cell. The CFU~S is 

defined by its ability to form nodules i'n the 'spleen' of 
w 1j j 

a heavily irradiat:ed mouse inj~ted with bone marrow 

c~lls (containing CFU-S) from a syngeneic roouse, (10)'. 

These nodules, which form 8 to 10 days after injection, 

are ca1led spleen colonies consisting of erythroid,. 

granulocytic, megakaryocytic and undlfferentiated cells 

as pure populations or in varying mixtures (11-13). The 

cells that form thes~ colonies are called CFU-S.' 

The latter group of stem cells are subdivided 

into two classes of cornmitted erythropo'ïd stem cells, 
~ , 

(1) the burst forming unit-erythrold (BFU-E), and (,2) 

the colony forming unit-erythroid' (CFU-E). The BFU-E ls 

an ear1y (lnunature) erythroid progenitor characterized 

by developing in culture into bursts, or multllobulated 

ag~~egates cont~inlng Many ce1ls; the CFU-E ia a mature 

, 0 
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erythrocyte progeni tor which in cul ture forms srnall 

colonies. Each of the two types of conunitted erythro

poietic stem cells has' been further divided into 
Ji immature and mature BFU-E and CFU~E respectively (3,14). 

An . underlying question in hematopoiesis 

concerns the differentiation of stem cells along certain 

specific hematological liiweag'es. There are two ~tages 

of cell differentiaton, the first being 'commitment' or 

'determination'; during this phase the Jpluripotent stem 

cells lose their independençe or pluripotentiality and 

aré committed to a specific cell lïneage (16). The 
9 

actual progress along a oertain pathway (i.e. erythroid) 

and the expression of specific markers (i.e. hemoglobin) 

constitute the second stage, called 'maturation'. The 

term dif~erentiat~on refers to both steps, 'commi?ment' 

and 'maturation'. Stem cells are morphologically indis-
o , 

tinguishable' from eÇlch other and as mentioned above are 
1 • 

classified according' to the progeny they produce. The 

progeny examined" are several generations rernoved from 

the original prec,ursor. There are two hypotheses 

concerning the cammitrnent of the stem cell ta a partic

ular cell line. The firet, called the' flematopoiesis , 
Indu~ive Microenvironment Model or HlM model (15) 

assumes that the variation ~n cellular composition of 

the resulting ~ ~ sgleen colonies is ~ direct result 

of the environment s'ùr,rouoding the progenitor cell. 

Thus, for example, in experiments with CFU-S, 80% of ,t~ 

colonies on the surface af the spleen are' ei.ther 

erytbroid or of mixed composition, while most of the 

megakaryocytic colonies grow benea th the spleen~ capsule 

'(17,18). 
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model is 

RER model 

the 

( 19), 

Hematopoiesis 

in whicll. the 

the colonies is stochastically 

the Rrobabilities of the events 
z 

·can be influe~ced by environmental factor'll. Th~ ·HIM 

mo.de~ was developed from histological etudies, of the 

composition of' spleen colonies (15) which revealed the 

colony to colony variation. The HER model was also 

based on "the analysis of distributions of various cell 

classes among spleen colonies: however, developmental 

assays were used to determine progeni tor cell classes 

(19). Since cell determination (commitment) is an early 

event in differentiation, and it is the examination of 

cell. types in colonies after several cgenerations whfch 

reveals the basic differences in these two models, it is 

therefore imperative to investigate the original stem 

cells or theirt immediate prçgeny in order to determine 

the correct model (3). 

The exact ~ nature of the determinants of stem 

cell regulation is not unequivoc~lly known. In a scheme 

(Figure 2) which is~ taken f,rom the review by Till and 

McCulloch (3) two factors Which control in vitro differ-, 
l ~ 

entiation and maturation are depicted. The cell-derived 
of , 

faC1::C?r which is, present in the added serum acts on the 

less differentiated cells (pluripotent or committed stem 
, 

cells), with decreasing influence as the cella become 

'rnor~ differentiated (CFU-L-M to CFO-E). The active 

rnaterial in this factor is called the burst promoting 

ac~ivity (BP~). According to Iscove's (21) hypothesis 

SPA acts at the pluripotent stem cell level by' allowing 

self-rene'wal 'hf this cell population until sensitivity 
~ & 

to· a specifie factor occurs. Thi~ factor allows the 

;' 
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Model of the Regulation of Brythropo~e.is ; 

In culture, eiythropoi.aia involv~n t.wo aspecta:. 
1) a decreaaingo r.aponaivene •• of cella 'to ce1l
derived factors and 2) an incréaa1ng t.8}1ona~ve
nea. to erythropoietin during traIl'.ition tram 
earry to lata atage. of diflerentiatian (3). 

" , 0 

, 1 

, ' . ' 

1 • 

'n 1 
11 l J 

, . 
â 

1 • 

; "" 



, 

( 

Cel! 
Derivee! 
Pactors 

, ' 

, ' 

è -

Erythroblas ta 

trythr<>cyteB 

.. 

, , 



, , 
• 0 1 1.,,,,,~-~;~~~~ V.t-'#"- • .iIJ.tI'~;')l'f"""'li~~'1~~"~"'~~~~...JIl. .. _~tr/_~~"r,'J~.~.,rt;i'?-""~'litt."""~~·~~-lI'''!/tI.'\~':!~':')o "'f. r , __ , 

"' 

- 9 -

stem cell to becol1\e conunitted. The specifie er~hroid 
, Cl' 

factor is erythropoietin, a gl.yooprotein synthesized 

main"ly in the kidney; erythropoietin acta on the ex:yth

roid-responsive oompartment which mainly consists of the 
o 

BFU-E and CFU-E (7-9) and allows for the induction of 

hemoglobin synthesis. In 

importance are a number 

addition, 

of other 

, 

but of secondary 

factors such as 

proteases (22), phospholipide (23), and androgens, 
, 

growth hormone, thyroid hormone, de~amethasone, adren-

ergic agonists, and prostaglandin E'2 (24), which appear 

to promote the proliferation of erythrocyte-producing 

cells. 

class of cells in t}le red 
o 

The second major 

blood oeIl lineage is the hemoglobin containing cells 
, J 0 

(Figure 1); this class is divided i,nto six morpholQ9-

ical1y distinguishable cell types (25). These six subo 

classes, "in ordeF of their increasipg maturity" " are: 

pronormoblasts, basophilie no~mop~asts, polychromie 

normoblasts, orthochromio normoblasts, reticulocytes, 

and mature erythrocytes. Cell size, nuclear maturation 

and cytoplasmic differentiation aré the three criteria 

used to ~ifferent.iate one ceU type from another during 

red blood cell 'maturation. The distinguishing charao-

teristics of eaoh of the eell types are se en using the 

basophilie and eosinophilic dye, Wright' s stain (25). 
, . ' 

using electron micrographs (26) Heynen and Verwilghen 

observed that many" of the cytoplasmio organell~es are 
, \, 

ei ther lost or dramatica,lly reduced in number during 

maturation. In tllis study Heynen and Verwilghen (26) 

illuatrated that the only differenoe between the early 
~,. ~.,; r 

and intermediate erythroblasts as classified by Rose and 

Trotter (27) is a deorease in, the surface area of the 
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rough endoplasmic reticulum. In· additjlon, the late 
'" 

erythroblasts which appear after the last mitotic divi-

sion reveal reductions in rough endopllismie reticulum,_ 

mitochondria, g01gi apparatüs, and in the number .of 

ribosomes. At the retieulocyte leve!, the number of 

mitochondria and ribosomes are further reduced. 

Thus, the pronormoblast is 14 to 19 microns in 

g diameter. It contains a round or slightly aval, central 

or slightly eccentric nucleus wi th one or two very 

faintly stained nueleoli surrounded by fine reticular 

chromatin and sparse indistinct parachromatin. The 

homogeneous basophilie (deep bl ue) eytoplasm is seant y 

and opaque wi th a nucleus to eytoplasm (NiC) ratio of 

8. The basophilie normoblast is 10 to 15 microns in 

diamater with a round eccentric nucleus containing one 

or no nucleoli and eoarse, dark staining chromatin with 

sparse but distinct paraehromatin. The opaque eytoplasm 

is more abundant (Nic := 6) than the pronormoblast but 

not as deeply basophilie. The polychromie normoblast is 

. 8 to 12 microns in diamater with a round eccentric 

nucleus which lacks a nucleolus and contains coarse, 

dark staining chromatin and distinct parachromatin. For 

the first time the cytoplasm (NiC" 4) contains recog

nizable pink. or orange hemoglobin patches. The ortho

ehromic normoblast i, 7 to 10 microns in diameter with a 

small shrunken nucleus which May he round or have a 

bizarre shape and / no parachromat.~.n. The cytoplasm (NiC 

= 0.5) has characteristies of a mature erythrocyte being· 

orange 'to, red in colour. The reticulocyte, which under 

normal conditions is just slight1y larger than the 

mature erythrocyte (7 microns) May be up to twice as 

large (28) during severe anemic stress. The distin-

o 
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guishing feature of he reticulocyte which lacks a 

nucleus, ia the blue s aining reticulum revealed after 

staining wi th new meth le ne bl ue cly.J. (25). Reticulo

cytes can be classifi d according to the Heilmeyer 

criteria (29), arates the reticulocytes into 4 

groups (1 - IV) with t e vast majority (approximately 

90% ) in In group l, the retieulum 

appears to be in a de se clump: in group II it then 

appears as a wreath. The distinguishing feature of 

group III is that the wreath has disintegrated, while 

group IV features only' a few scattered granules. The 

mature erythrocyte has a homogeneous orange-red aeide

philic cytoplasm and nO :blue staining reticulum.· 

1.2 Structural and Functional Changes in the 
Errthroid_Cell Durin2 Maturation and Agin2 

As the committed erythroid stem cells (BFU-E, 
CFU-E) produce their first ~rphologically distinguish

able red blood cells, they are synthesizing and organiz

ing specifie cellular components. These will enable the 

mature erythrocyte to fulfill its specifie functions, 

the main one being the transport of oxygen to and carbon 
, ' 

dioxide away from the tissues in the body. Thus 70% to 

90% of the cell' s protein synthesis is comprised of 910..,. 

bin '30). In the mature cell, hemoglobin comprises over 

90% of the, cell' s, cytoplasmic pr\otein and the predomin

ant m~mbrane functional component is the anion transport 

system (31). 
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The red blood cell, from proerythroblast to 

senescent erythrocyte, undergoes. complex and eni~atic 

changes until its death (120 days in humans and 62 to 
, 

150 days in sheep (32». Under normal conditions, 2 to 

5 days are required to prog~ess from the pronormol;llast 

stage to the last normÇ>blast division in the bone m~rrow .. 

(33) • The reticulocyte spends about 36 to 44 hours in 9 

the bone marrow and'approximately one day in circulation 

( 34) • Studies concerning the gradual functional and 

structural chang es ~hich the pronormoblast undergoes 

during its transition to a mature erythrocyte. have been 

focused primarily on the retic~ocyte-to-mature erythro-
\ 

cyte stage. Maturation and aging of the red blood cell 

can be arbitrari1y divided into two separate entities, 

namely, (1) cytosolic or internal ~ aging, and (2) the 

(cell) membrane or external aging (J5). It is important 

to bear in mind that thé latter process depends on the 

fo~er (35). Cytosolic aging encompasses changes, 

usually losses, in the fo1lowing components and cellular 

functions: (1) nucleic acid, purine and pyrimidine 

metabolism, (2) enzymes associated with bo~h aerobic and 

anaerobic metabolism, (3) enzymes associated with 

protein and lipid metabolism, and (4) other cytoplasmic 
, -

components. . Membrane aging invo1ves changes in the 

structural. (carbohyàrate, lipiq and protein) and func

tional (receptors and transport systems) components. 

1.2.A Changes in Cytoplasmrc Components 

Arnong the Most extensively studied c~lls in 

animals with respect to the differentiation and matura

tion process is the érythrocyte since it offers' unique 

advantages for studying many aspects of mammalian cell 

structure, fu~ction, and aging. This is especially true 

\ 
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for studyinçr membrane function, since red blood cells 

are easily obtai~able as a single ceU suspension, and 

membranes derived from the cells, even at the reticulo

cyte stage, have few interferring organelles. In addi

tion, membIanes ~ich are either resealed right sid~ut 

ghosts or inside-out (lOV) ,or right side-out vesicles 

(ROV) . can be prepared from er ythroc y tes (36), the ionic 

composition of both the intact -eel~ (37) as weIl as 

these cytop~asmic-free vesicle preparations can be 

readily altered. 

Maturation aging of the erythr.octye 

include changes and losses in Many cell ular comp~ents 

anc:l metabolic functions as aWll11arized below . 

Nucleic Acid· Metabolism 

The loss of DNA synthesis signifies the begTïi

ning of the reticulocyte stage acco~ding to Rapopart and 

co-workers (38). a 1962 Marks, Burka and Schlessinger 

( 39) showed that re iculocytes are unable to synthesize 

RNA . in vitro; in he following year, using radioauto

graphy, Pinheiro,' Leblond and Droz (40) showed that 

synthesis of RNA ceases after .the nucleus ia extruded 

from the rat erythrocyte. The RNA content, of the 

reticulocyte varies considerably, presumably dependent 

on the relative age of the celle Thus 1 the reticulocyte 

RNA content may be as much as 35-fo~d higher t;pan the 

RNA content in mature red blood cells (38,41,42). 

Sinee DNA and RNA synthesis ceases àt the" 

~olychromic and orthochromic normoblas~ stages reapec:

tively (43) ," the me:tabolism of nucleic ~cids. ls 

comprised only of catabolism hy nucleases which are 

1 
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located in bone marrow cells and r~ticulocytes (38). 

Moreover, the DNase is active in rabbit reticulocytes 

and has an optimal pH of 5.0, but is undetected in 

mature C~llS (44). Two clearly defined ribonucleases 

have been\ descr ibed in rabbi t reticulocytes' (38,_45-47). 

One is a ~yrimidine-specifiC 25 kilodalton endonuclease 

with an optimal pH of 7.5. This endonuclease has sorne 

properties in common wi~ type l pancreatic ribonuclease 

(38). The other ribonuclease, which has a pH optimum of 

6.5, is a base non-specifie phosphodiesterase which 

"produc~s 3' -nucleotides. Both of these nucleases show a', 

pronounced decrease during maturation (39,44). 

Pyrimidines are synthesiz~ fram aspartic acid 

and carbamoyl-phosphate, through a J~i~ of enzymatic 

steps resulting in the product.ion of UMP. UMP is 

converted to UTP and CTP through the action of kinases 

'and CTP synthetase, respectively. AH:.hough. Marks, 

Johnson and Hir'Chberg (48) showed that erythrocytes 

have an overall ~educed capaci ty for pyrimidine nucleo

tide generation, at ~least two enzymes, (aspartate 

carbamoyltransferase, E.C.2.l.3.2. and dihydro-orotase, 

E.C.3.5.2. 3), whicn, ini tiàte reactions in the sequence 
• t 

of steps involved in pyrimidine biosynthesis, are still 

active in mature human as 'well as' duck erythrocytes 

(44) • 

The 10ss of ~urine generation is also associ

ated with the 108S of at least one enzyme involved in . ., 
purine .biosynthesis, phosphoribosyl pyrophosphate amido 

transferase (E.C.2.4.2.14), in mature erythrocytes of 

both man and mouse (44). In mature hum an red blood 

cells, purine nuc1eosidè phosphorylase which cleaves 
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inosine has 7 isozymes but only 4 or 5 in reticulocytes 
~ 

(48). In addition the total activity of this enzyme is 

increased in the younger cells. The catabolism of 

purine and pyrimidine nucleotides involves dephosphory

lation, deamination .:.nd cleavAge of glycosidic bonds 

(49). One enzyme, Adenosine deaminase (E.C.l.5 .4.4)" 

shows a two-fold increase in activity in rabblt reticu

locytes (~4). 

Aerobic and Anaerobie Metabolism 

Maturation of ret~culocytes to mature red 

blood cells is associated w~th the disappearance - of the 

mitochondria (50) and a marked. decrease or loss of most 

ot the enzyme activities associated with the tricarb

oxylic acid, (TCA) cycle and the oxidati ve phosphoryla

tion pathway (51,52). Thus, the cell undergoes a marked 

change in energy metabolism, namely from producing ATP 

via the TCA cycle and oxidative phosphorylation, to 

glycolytic metabolism, with most of ATP production 

occ\lring via the Embden-Myerhof pathway in the mature' 

cell. 

Ouring maturation the ac:;ti vi ty of many of the 

enzymes (38,52-60) in the glycolytic pathway also 

decreases substantially. In human .red blood cells, for 

example, pyruvate kinase activity decreases about 3-to 

4-fold (44); in the rabbit 'red cell,phosphosphofructo-

... kinase activity shows a 5-fold decrease (44). Besides a 

loss in activity, SOrne enzyrnes/;-hich exhibit multiple 
\ ,. t 

molecular forms (38,6i'-~'6'2-) ténd to have a predominance 

of one or more forms ab different stages of maturation. 

In man, for example, lactate dehydrogenase (LOB) has 

1 
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five molecular forms (62),' of which LDH isozymEi! 5 is 

found exclusively in young cells, while isozyme 1 is 

increased in relative proportion" in older cells. 

'l'Protein and Lipid Metabolism 

Protein synthesis, 1Ahich is largely confined 

to hemoglobin production (30,63), is markedly reduced at 

the reticulocyte stage and further declines with the age 

of the cell (64-66). At this stage of maturation 

protein catabolism is readily apparent. There are many 

different types of proteases which have been identified 

and isolated from the red blood cell, ;i.ncluding those 

which differ in pH optimum (62-70), those which are 

soluble or membrane bound (71I.l, as weIl as an ATP-depen-

dent proteolytic sys tem ( 72-74) • Many of these pro-

teases decline in activity 1Aith increasing cell age 
/ 

(75-78)'. According to McRay, Daniels and HipJdss (75) 

the younger célls have 5 to 10 times the prOteolytic 

activity of the Most m~ture cells. The factor(s) deter

mining which proteins are susceptible to deg~adation is 

at present under investigation. 

In . contra st to other cellular constituents, 
~ 

the metabolism of lipids in red blood cells has attract-

ed less attention. It .is known that reticulocytes and 

young erythrocytes fr~m man are able to synthesize 

lipids, "while mature red blood cells lack this capacity 

(79) • Comparing rabbit retiçul'ocytes and erythrocytes, 

the ratio of 14c-glycerol incorporation into glycerides 

and glycerophosphatides ls approximately 70 to 1'· (44) • 

Catabolism of lipids by phospholipases in erythrocytes 

has attracted relatively little attention (38). In man, 
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• 
lysophospholipase (E.C~ 3.1.\.5) exhibits about 1.5 

times the activity in reticulocytes compared to mature 

cel:J,s (44). 

Other Cytoplasmic Components 

In addition to the decline in the activity of 

enzymes which control the metabO'lism of nucl"eic acids, 

proteins, lipids and 

enzymes and cellular 

b100d cell maturation 

carbohydrates, several other 

component~ decrease during red 

(for review see reference 38, 

44.). Examples 0t other enzyme activities which decline 

during maturation are; protein kinases Which are el~her 

cyc1ic nucleotide-independent or dependent (80-83) and 

superoxide dismutase, which :ts believed to pro~ect the 

cell from oxidati::m (84,85). Many cellular constituents 

and Metabolites also decrease markedly during matura

tion, e • g. ·ATP ( 44), ,amino acide (86 ) and creatine (87). 

1.2.B Changes in Membrane composition 
; 

Lipids 

Current conc.epts of mammalian cell membrane 

structure have developed from studies of the red blood 

(:-ell. Over fifty years ago Gorter and Grendel (88) 

obtained evidence indicating that the amount of 1ipid 

extracted from red blood celle was twice as much as 

needed for a membrane lipid monolayer. This findin9 led 

to the 1ipid biiayer hypothesis, wh!ch was formulated 

ten years later by Danielli 'and Davson (89). Th~ 

important feature' of'- their 'lipid protein bilayer

hypothesis was that· membranes are composed of a lipid 
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bilayer to which globular proteins were adsorbed a1;

both surfaces. In the following years Robertson adapted 

the Davson-Danielli concept to the unit-membrane 
, 

hypothesis (90) which envisages a membrane compriséd Of 
, ' 0 

a bilayer of mixed polar lipids with their hydrpcarpon 

chains oriented inward and hydrophilic head groups 

oriented outward. The lipid bilayer was thought to he 

covered by a monolayer of prote in on each side. l'n 1972 

Singer and Nicholson (91) updated the unit-m~brane 

model to the fluid mosaic membrane Modele Briefly, 

according ,to this model the membrane consists of phos

pholipids arranged in a bilayer to forro a liquid

crystalline core. This arrangement allows the lipids tb 

move laterally and confers fluidity and- flexibility to 

the bilayer. The extent to whi'ch protein MOlecules are , ' 

embedded in the bil~yer depends on tl1e',' ~ino 'acid 

sequence, and the ,location of non-polar amipo acids side 

chains. This mos&ic is not static, as the proteins are . , 
able to mov~ l~terally in two'dimensions. 

From their studies wi th human red ·blood cells, 

Dodge, Mitchell and Hanahan showed that 1ipids, comprise 

35 to 45 percent 9f the dry weight of the r~d '1:)l.ood cell 

membrane (92). The distribu1lion of the ipdividual phos ... . . 
pholipids and cholesterol in the lipid bil.ayer ia ·asym-

, ' 
metrical (93- 97) • The internaI lipid mon,01.aYercontains 

amine lipids and unsaturated fatty aoids, while the 

external monolayer ia comprised of cholesterol, glyco

lipids, sphingolipids, choline phosphol ipid: , and satur

ated fatty acids wi th . longer carbon chain lengths. 

In his comparative studies of young and old 

red blood cells carried out. years ago, Prankerd (gg)' 

; , 
• 0 • 
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showed that young human red blood cell membranes have . ' 

more phospholipid and unesterified cholesterol than old 

red blood ce11s. This observation was ~nfirmed by 

other inv~stigators (99-104), but the decréase in phos

pholipid was paral1eled by the dr~p in c"olesterol so 

that the ratio of phospholipid to cholesteral' remained 
1 

constant (101). 'Some 1nvestigators who fttudi.ed the 

individual phospholipids obtairied conflicting resu1ts 

(101,103,,104), êome finding increases, others, decreases 
, q 1 

or no significant differences in the phospholipids 

between young and old ce11s. One group (105) exarni~ed 

\. the fatty acid content of a1l the phospholipids, and 

found that 4 out of 5 fatty acids with carbon chain 

lengths of 18 or less increased with cell age, whi1e all 

19 fatty acids with chain lengths of 20 or more 

decreased with cell age. 

1 

,In recent studi.es, membrane flui.dity changes 

in ce1~ aging have' been examined using fluorescent 

probes, (106) and electron spi.n "labels (107,108). The 

results have revealed a d~crease in membrane lipid 

fluidity with incre~sing cel1 age. Facto;s which had 

'been thought to be responsible for changes in membrane 

f1uidity incl.ud'e: (1.) cholesterol/phospho1ipid ratio, , , 

(ii) degree of unsaturation and length of fatty acid 
b ' 

chains,' (iii) lecithinj sphingolipid ratio, (j,v) lipid/ 

p,rotein ratio, and (v) peroxidation of membrane phos

, pholipids (107). The first three factors show little or 
,~ • Q <\ • 

~<? change (98-105)_ during erythrocyte aging. Normal1y, 

the lipid to protein' ratio varies very little (sl!.ght 

, decrease) during erythrocyte aging (109), although \.lIlder . , 

conaitions of severe, anemia where stress reticulocytes 

are produc~d there is qui te ex·tensive remodelling with a 

, 

" 
" 

Il 
t 
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concomitant decline in the lipid to pr~tein ~~tio 

(l09) • ,~Bartosz (107) also found a decrease in lipid-to

protein ratio in bovine erythrocytes from a non-anemic ., 

animal: he suggests this may j be due to the 10ss, of 

protein poor vesicles during aging (101,110,). 

As cells age, their antiox'idant capacity 

decreases (84,85), which leads t.o peroxidation of the 
• 

lipids in t;.he membrane. 

brane lipids may 1ead 

This peroxidation of the mem

to po1ymerizat;i0n of membrane 

components, and thus a change in membrane fluidity is 

observed (Ill, 112). 

Membrane proteins and Glycoproteins 

." protein accounts for a~ut one-half of the 

dry weight of the membrane ( ll3) • During th~ past 
'1 

decade, l'several excellent reviews have dealt with the 

cytoske1eton and functiona1 proteins of the red cell 

membrane (113-118). Briefly, the red b100d cell membrane ~ 

contains \ at least eight major Coomassie blue-stained 

p01YI?eptides (see references 113-118) as evidenced from 

studies of ghost membrane proteins separated on sodium , 
dodecyl sulfate (sqS) po1yacryfamide gels using the 

procedure and nomenclature of Fairbanks and co-workers 

(119). Bands J. and 2, which ha.ve m01ecular weights of 

abou,!: 240 kilodal tons, are known as spe~tl?i~' and are 

part of the membrane skeleton (113). Band 3, the anion 

channel, is the most abundant prQtein in the membrane 

and has a molecular weight of 95 kilodaltons. Band 4.1 

has a molecule weight of 80 kilodaltons and is also part 

, ~'t_ of the membrane skeleton, whi1e Band 4.2 (72 kilo-

dal tons) function is unknown. Band 5, which is also ,. 
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part of ~he membran~ skeleton, has a mo1ecular weight of 

~3, ~ilodaltons and is ,knawn as actin. Band 6 (molecular 
/ 

weight, 35 kilodaltons) is the enzyme,glyceraldehyde-3-, 
phosphate-dehydrogenase, and the eighth major polypep-

tide chain is Band 7., which has a molecular weight of 29 

kilodaltons and whose fun~tion is unkriown. In addition 

to these maj~or polypeptides, there are several major 

càrbohydrate-contaning proteins which stain poorly wi th 

CC?Omassie blu~. These polypeptides, the glycophorins, 

Çlre visualized using a petiodic acid-Schiff reagent 

( 115 ) • 

A central, questior concerns the mechanism(s) 

underlying memhrane protein chan'ges wh;i.ch oceur during 

t~~ process of cell niaturati'on and aging. '. A change in 

membrane prote~n may ïe~er not ooly to peptide anaboiism 

and' catabolism, but also ~ to any changes which occur in 

prçsthetic groups e. g. carbohydrate side chains.· In , 
.ge~era:l changes in membrane prot7in comp'osi tion can 

" , 
Oècur in several ways, namely: (i) . membrane remodelling , 

via, endocytosis/exocytosis', '(ii), protein 

(iii) degradation of existing protein, and , , 

synthesis, 

(iV') post-

transla~ional rnedification or existing protein. 

,. 
The vast niajori~y of studies (120-127, except 

~e:fer~nce 120.) concerning mémbrane ~rot~ges dur

ing l maturation and ~ging' has provided evidence for sorne 

alterations in membrane 'composition. In a series of 
o 

five papers~ the Singer group. chas investigated changes 

in membrane composition, in 
.. ------

protein cO~lcentration through 

Their conclusions 

'pl'ished through 

su.ggest that 

endocytosis, 

particular, 

remodelling 

changes in 

(121-125) • 

remodelling ia accom

wi th the endocytot,ic 
1 

1 

/ 

-
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vesicle being de'fi'cient in spectFin. Wrai th and 
cr ' 

, Ch~sterton, {126) ,l.abelled the membrane proteins with 
, 

radioiodin~ and cOippared theIp at different, erythrocyte 

stage~. rhey found' that the plore mature 'reticulocyte , , 
~ CI 1 J 

/ (i'.e. normal '"(larrow reti~ulocyte or circulat;ing anémic 

retic~locyte) ~hich resêmbled the ,m~ture erythrocyte had 

lower lev'els of erythroblast-specîfic proteins (moiec-
, 

ular weights, 2(, ~,29, 36 and 40 kilodaltons) than the 

anemic marrow reti~ulocyte. 

"Al though hemoglob±n is the ma jor prote-in 
,d , 

synthesized by' reticulocytes ('30), both 'Lodish (127,128) 
, 

and Koch et a.l (129) demonstrat.ed, that, rabbit reticulo-
~ 'd u' 

cyte~ are cap~ble of synthes,i.zing pro,teimt other than 
" hemoglobin. THe two major 'membrane'proteins'Which were 

... ~ ..." 

synthesized had moleclllar weights of 33 and 53 to 60· 

kt lodai tons. 

Many groups of investigators have stl,ldièd the 

cht-onological orde!:' of appearance of membrane proteins 
~ 'Q 1 

during red cell differentiation and maturat~on. The 

concensus is that membrane proteins 'are sy~thesized 

asynchronous~y and that high mQlecula'r weight proteins 

are predominated synthesized, earlier (129)., Thus,' in 

1976 Chang et al (130) found tl\at when ,a six week' old , " 

mouse was giv'en Çi single injec·tion of 35S~methionine, 
r c ~ \ r n • 

the' label appeared in spectrin and~ actin be,fore Band 3, 

anÇl Band 3 was synthesized b~fore Bands 4..1 and' 4 •. 2. 

Tong and Goldwasser (l3~), using SDs-po1yacrylamide gel 
{ 

electrophoresis (PAGE) showed that when bone marrow 

cells from a polycythemic rat were induced to 'di'fferen"7 

tiate with erythropoietin, the time' at which, synt'hesi,s 

commenced for glycophorini Band 3 and ~emoglobin 
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occurred after 0, 18, and 2'4 hours, respecti ve1y. The 

rate of maximal synthesis for these three proteins 

commenced after 30, 66, and 96 hours respectively. The 

sequence of appearance of these prpteins was partiall,y 

corroborated by Fukuda (l3~). Using an antibody to the 
1 

anion transport prote in and the staphy1ococcus aureus 

• rosette l '.technique (133), Foxwe11 and Tanner (134) 

showed that Most of the anion transporter of the 

rabbit bone marrow cell is inserted into the erythrocyte 

membrane between the polychromatic normoblast and 

reticulocyte tltages. Koch et al (135) showed that 8 

hours after i~jecting phenylhydrazine-treated rabbits 
1 

with 3a-leucine, Bands 4, 5, and 9 were labelled, whi1e 

$nd A, a high molecular weight protein and Bands 1, 2, 
1 

and 3 had very little incorporated radioactivity. How-

ever, 20 hours after the injection all protein bands on 

a SDS-PAGE were labelled. The results of the preceding 

experime'nts suggest that Band 3 is synthesized ear1y in 

erythrocyte development (1-30-132,135) and is inserted 

gradually into the membrane (134). 

Keyhani and Maigne (136) fo110wed" the synthe

sis ol the membrane protein, acety1cholinesterase, by a 

cytochemica1 10ca1ization method. They showed tllat 

synthesis started at the basophilie normob1ast stage', 

and,.--eontinued in the polychromie normoblast stage, where 

it' was ,present in the endoplasmid r..etiq.uluum, go19i 

apparatus and nuclear membrane~ Synthesis of the' 

protein ceased at the orthochromic normob1ast stage, as 

deduced by the fact that the enzyme was only loèated in 

the g01gi apparatus. 
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During the course of maturation from reticu10-

cyte to mature red b100d ce11 severa1 membrane proteine 

are lost, or dramatical1y reduced, as seen by SDS-PAGE 

(137). The course of events which 1eads to the 10ss of 

these proteins is unc1e~r; however, this 10ss May be due 

to remodelling or proteo1ysis (138). 

Many groups (103,127,129,135,139-143) 'have 

investigated membrane protein composition changes during 

red b100d cel1 maturation using po1yacry1amide gel 

e1ectrophoresis. Most of .these studies were concerned 

with the reticuiocyte-to-mature red b100d cell mat~ra

t.ion stage. Al though nUmerous al terations in the mem

brane protein profile have been e1ucidated, two particu

lar protein bands (œolecular weights of 33 and 53 to 60 

ldloda1tons) have been observed by severa1 groups of 

investigators (103,127,135). Three groups of research

ers (111,112,143,144) h~ve examined the ef~ect of induc-

'ing peroxidation of membrane proteins and thereby,trying 

to mimic the in vivo peroxide exposure of the cells. 

The results of their work reveal that there is an 

increase in high m01ecu1ar weight protein po1ymers and a 

loss in Bands 1 and 2 of spectrin. 

Danon and Marikovsky (145) reported a reduced 

surface charge ~~~h is re1ated to the sialic acid 
~\ 

content of the membrane in old red b100d ce11s compared 

to young cells. Although this was corroborated by Yaari 

(146), the issue has remained controversial. Recent1y, 

,a co11aborative study carried out by Luner, Szklarek, 

Knox, Seaman, Josefowicz, and Ware (147), using differ- r 
e~t techniques, failed to show a difference in electro

phoretic mobility of red blood cells of varying ages 

-------_.-
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( for review see 148). The reason for these discrep-

ancies is that. the earlier groups failed to remove aIl 

the contaminating leucocytes which oontain large amounts 

of sialidases (120). Other groups of investigators 

(149-151) have shawn dec~ses in surface carbohydrates, 

other than sialic acid, with increasing red blood c4ll 

age. ' 

1.2.C Changes in Sorne Functional Components of the 
Red~B~ood Cell Membrane 

Apart fram the structural changes described in 

the, previous sections, which appear~'f0 confer pertain 

qualitative changes in viscosity, shaR~, __ and deform
''\ 

abili ty to the red blood cel1 membrane 1 à number of 

membrane functions ls either reduced or disappears 

The mechanism( s) • during maturation of the reticulocyte. 

underlying these changes is (are) unknown. 

In the fo1lowing sections changes in membrane 

func'tion will be discussed in terms' of changes associ

ated with cell maturation as we1l as with ontogeny. The 

~ functional components ta be discussed are di vided into 

two categories: (i) Blasma membrane receptors and ('ii) 

membrane transport systems. 

1.2.C.l. Plasma Membrane Receptors 

The loss of several 

including foinsulin, transferri~, 
• 

beta-adrenergic receptors has been 

groups of investigators. 

membrane receptors, 

concanava1in A" and 

reported by several 
,A-

., 
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Insulin Receptors 

Thomopoulos et al (152) first demonstrated 

that the number of specifiç. insulin binding sites, which 

represented 85% of the total bind';'ng, is about ten-fold 

higher in pnenylhydrazine induced rabbi t reticulocytes 

(1800 sites/celI) compared to mature red blood cells. 

Other investigators have corroborated the fact that the 

number of specifie insulin sites (153-157) increases 

with increasing reticulocyte count. Also relevant is 

the finding of Ginsberg and co-workers (158), Who showed 

that when the Friend erythroleukemic cell, a model for 

the basophilie normoblast, was induced to differentiate 

into a cell resemb1Ing the orthochromic normoblast, 

there was a decrease ,in the number of insu1in receptors 

on erythroeytes, fr.om 17,200 to 4,300 sites per cell. . . 
Other groups of researehers (159-162) investigating the 

number of insulin receptors as a function of the age of 

~he experimenta1 anima~ (rat, sheep, human), have shown 

a net decrease during the first months of life. 

Transferrin Receptors 

It has been knoWn for sorne time that the up

take of transferrin bound Iron requires the transferrin 

receptor and that this uptake occurs in immature but no~ 

mature red b100d cells. Thus, Henunaplardh and Morgan 

(163) sl\owed that the uptake of transferrin ooeurs by 

endocytosis, and that this phenomenon takes place on1y 

in rabbit bone marrow cells and reticulocytes, but not 

in mature red b100d cells. Simi1arly, severai investi

gators (164-172) have observed a 10ss of the transferrin 

r.ceptor during reticulocyte maturation. For example, 
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Frazier, Caskey, Yoffe, and se1igman (171) have shown by 

an immunoassay technique that the number of transferrin 

receptors per ce11 decreases from approximate1y 400,000 

to 46,000 in dextran gradient separated erythrocytes 

from a patient with autoimmune hemo1ytic Anemia. 

Concanava1in A Receptors 

Even though receptors for Concanava1in A have 

no known function, they have been used by the Singer 

group (121-123) to investigate membrane changes which 

occur during reticu10cyte maturation. These researchers 

showed that the number of receptors for concanava1~A 

and their mobi1ity decreases during reticu10cyte matura

tion (123). This phenomenon of redl,lced Conc~nava1in A 

receptors is a1so seen when neonata1 and adu1 t human 

mature red blood ce1ls are compared (125). 

Beta-adrenergic Receptors . 

, 
The beta-adrenergic rec$ptor/adenylate cyclase 

1 • 
system, is comprised· of at leas"\:, three proteins 1 the 

beta-adrenergic receptor, the adeny1ate cyc1ase cata

lytic protein, and a,guanine nuc1eotide bi~ding regu1a

tory protein (173). This system decreases during retic

ulocyte maturation (173). The relative extent of the 

maturation-associated decre~se differs, however, for the 

diff~rent components. Fol;' example, dur~ng matttration~

adenylate cyc1ase activity may decrease by 25-fold 

(174), but there is on1y' a 2- to 3- fo1d decrease in the 

number of beta-adrenergic receptors (174-176). 

Bil~zikan (174) sugg~sts that the beta-adrenergic 

receptor becomes, uncouple,d from the adeny1ate cyclase 

proteine 

" 1 



( 

28 -

1.2.C.2 Plasma Membrane Transport Systems 

The following is a brief review o~ maturation

associated and ont0genic-associated transport changes, 

with special emphasis on the two systems inve~tigated in 

the present study, namely, Na+-dependent glycine trans

port and the Na+,K+-pump. other tr~nsport systems Which 

have been investigated include anion transport" nucleo

side transport, sugar transport, transport of a variety 

of amino acids, and cation transport. 

Anion Transport 

Since Band 3, the anion transport protein, is 

the major red blood cell membrane protein (31), some 

researchers have att~mp~ed ta elucidate possible chariges 

in this protein during differentiation and maturation. 

Law, Steinfeld, and Knauf (177) attempted to use the 

human K562 erythroleukemic cell line as a model for 

studying matur'ation-associated changes in the anion 

transport system. Their results suggest, however, that 

the K562 cells hë;lve a different anion transport system 

from tha~.present in red blood cells and that there are 

few, if any, functioning Band 3 monomers . on the K562 

cell membrane. 

We1se and Hoffman (178) studied the anion 

transport system in chicken red blood cells. They, 

showed that the activity is higher in embry.onic compared 
1 

to adult cells, but only when the anion studied was 

9\llfate. However, in most cases ,When comparing one 

species to another, the change in monovalent and 

divalent anion transpoJ;t occur' at the sarne rat;e (179-

-- --- -~-~----'---------------~ 



t, 

; 
l' 

-

1I':~MI;Z*llft".%KPM'§J5!BWI4#t"tf!i%!!44:;;.at(Pt1A4!t.,p.e)!H{~SlI4é*,,41'""''bh"t\hS'.AlhSf)4'''''' U;;~~v~'~~ .. __ «_.-..., __ .~~,. 

- 29 -

181). Accor-aing to Weise and Hoffman the difference in 

chloride and sulfate transport may be due to differences 

in their carbonic anhydrase activity, sinee this enzyme, 

under certain conditions, appears to influence anion 

rbve~lents (182). 

Nucleo~~de Transport 

Maturation-as~ociated changes in red blood 

cell nucleoside transport have been studied primarily to 

ascertain the role nue'leoside transport plays in deter

mining the intrace1lular ATP leve!. Jarvis and Young 

(183) showed that in sheep there is a genetie dimorphism 

wi th respect to nucleoside transport. It appears that 

there are basically two mechanisms of nucleos,ide permea

tion in sheep. A high affinity (Km - 0.2 mM) facili

tated diffusion system, which transports bath purine and 

pyrimidine nuc1eosides, is present in only 5% of all 

sheep (184).. A second transport system is a non-satur

able selective route for adenosine uptake (184). Thus, 

aIl sheep red blood cells are permeable to 5 mM adeno

sine, while only 5% of sheep have erythrocytes permeable 

to 5 mM inosine J184). However, reticu10cytes of both 

types of sheep are permeable to both inosine and adeno-

b sine. Jarvis and Young (185), and Tueker and Young 

(186) have shown a 10ss in the high affinity nucleoside 

t~nsport system (14C-uridine) during in vitro culture 

of sheep. reticulocytes. This loss in activity is not 

due to a change in kinetics of the transporter but to a 

decrease in the amount of the nucleoside transport 

protein (185). Thus" the number of sites par eell 

decreases from 2,500 in sheep reticulocytes to 20 in 
1 

mature cells. In these studi'és the transport protein 
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was quantitated by measuring the number of specifie 

nitrobenzylthioinosine (NBTI) binding sites, NBTI being 

a nucleoside analogue which specifically inhibits the 

uptake of the high affinity nucleôside transport system . . 
by binding to the transport proteine It is particularly 

interesting to note, howeve~, that a kinetic change in 

nucleoside transport has. been observed following cold 

storage of human blood. In this case, the nucleoside 

carrier changes from directional symmetry in freshly 

drawn blood to directonal asymmetry in outdated blood 

(187). Maturation-associated. changes in nucleoside 

transport have also been observed by Gordon and Rubir. 

(188), Who showed the loss- in uridine t.a?sport activity 

after Friend 

differentiate. 

1 

erythroleukemic cells 
( "' .... 

, , 
were induced to 

Jarvis and Young (185) have also observed the 

loss of red cell nucleoside transport activity during 

ontogeny. This loss is attributed to cell repla~ement, 

while in the adult the loss in activity is due to 

maturation of the individual cells. 

Sugar Transport 

Using the non-metabolizable substrate, 

3-0-methylglucose, Kim et al (189-191) showed that 

glucose permeability is several orders of magnitude 
• 

greater in fetal erythrocytes of the pig compared "to 

either reticu10cytes or mature red blood cells of the 

adult animal. Reticulocytes, in turn, have greater 

glucose permeability than mature erythrocytes which are 

glucose impermeable. Kondo and Beu1 ter (192), and Lee 

et al (193) corroborated Kim's finding of a maturation-
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aS80ciated 10ss in glucose transport in guinea' pig and 

dog erythrocytes. respectively. In addition~ Kondo and 

Beut1er (192), using SDS polyacrylamide gel eleètro

phoresis, showed that the 10ss of gl~cose transport 

acti vi ty closel.:!:.. para11elèd the 10ss of Band 4.5. They 

conc1uded the glucose _ transport protein was probably 

Band 4.5, a finding which other investigators (194,195) 

have recently substantiated. In the foregoing studies 

the, glucose transporter was identified a, Band 4.5 using 

an antibody (195) or radiolabel1ed, cytochalasin B 

(194,195), which binds specifically to the g~ose 

transporter. 

Amino Acid Transport 

Ami no acid transport has been studied in 

mammalian red blood cells for approximatèly thirty 

years. At present at least six different ami'no acid 

transport systems' have been described in the human 
',p 

,erythrocyte: (i~ the L system, which transports.' 

L-valine tL-leucine, L-ph~ny1alanine, and L-:methionine 

(196, 197), (ii) the T transport system for·the aromatic 

ami no acids tyroslne, tryptophan, and pheny;alanine 

(198), ) (iii) the I:-y system. for the dibasic amino acids 

lysine', arginine1and ornithine (199), (iv) the ABC 

system for smal1 neutral ~ino aci~s such as ala9i.n~ 

serine, and cys~ei"ne (200), (v) the glycine transport 

system (201), and (vi) the anion transport ,protein 

which is capable of transporting some. small neutral 

amino acids (2Q2), such as glycine, serine, and 

cyseeine.This activity is inhibited by'the anion tràns

port inhibi to.r, SITS (4-acetamido-4'-isothiocyanostil-. 
bene-2; 2'-disulphonate) which shows half-max~al inhi-

bition at a concentration of 3.5 nM (202). 
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Some (203) but not aIl (204,205) ami no aafds 

are ,concentrated intracellularly. 

amine acids which are doncentrated 

In addition, sorne 

intrac,.el1ularly do,," 

" not require sodium (206,208). Instead" they are concen-
" , 1 

trated by exchange diffusion (20S'). This ability to , 

concentrate ~ino acids intracellularly, occurs in the 

red blood cells of many species (204,206,209). 

Na+-Dependent Glycine Transport 

Ellory, Jonés and Young (201) have further 

delineated five different transport systems for glycine 

in human erythrocytea. According to their studies' the 

major component is the Na+- and chlorfde-dependent 

g~ycine system. The other Na+-dep'end~nt glycine trans

port system i's 'the ASC sy'stem which is chloride indepen-. 
dent. The three sodium independent glycine transport 

,systems are: " ( i), the ,L, ami no , acid 'transport system, 

(ii) the SITS-sensitive Band 3" amino acid transport 

system,,, and (iii)' an uncharacterized co'mponent of sodium 

independent glycine uptake. At 0.2 ~mM glycine, 42% of 

glycine is transported by the Na+~ plus chloride-dèpen

dent glycine transport' system, 11%" by tbe ASC systl!m, 

15% by the L system, 16% by Band 3. and the remainder by 

the other sodium independent route (201). 

Na+-dependent glycine .tran~port system has 

been e~tensively a'tudi.ed in reQI blo~ ce1l,s since 1952, , , 
when Christensen and co-workers (2Q3) illustrated the 

sodium~dependency of glycine uptake in avian (duck) 

erythrocytes. They observed that glycine 'lias not accum-
, \ 

ulated against' its concentration gradient if the sodium 

in the medium 'lias replaced by potassium. p In 1964. 

, ' 
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. ' V1daver, Romain, and Haurowi~z, (210) ,lucidated the 

specificity' of the Na+-dependent glycine transport 
; 

system. using avian (pigeon)' erythrocytes, they 
• w 

observed that tbe only other amino acids capable of 

inhibiting Na+-dependent :,:tlycine uptake were N-methyl 

C and N-ethyl glycine. The kinetic effects of 'sodium were 

examined by Wheeler and Christensen (211) usinq rabbit 

re~iculocytes. They showed that extrac,ellular sodium 

affected (decreased) the ~m for glycine uptake., 

In '1964, Vidaver (212, 213) proposed that an 

electrical pot'ential May a~so be important in al10wing 

~vian -~d ·bloo~ cell to acçumulj:lte <;11ycine. He 

showed that a Donnan potential .(inside positive), ~ 

effected by replacing, 'the chloride anion in the medium --- -wi th muca t~ (a large impermeant ,anion), abolished any 

glycine accumulation. Gibb and Edq,y '(214),· and, Heinz, 

Geck and Pietrzyk (215)' have since cortoborated the 

importance of the electrical gradient i~ glycine accqmu

lation -in Ehrlich ascites tumor cells. Terry ~nd . 
Vidaver report~ that- although Na+ stimulat~s the rate 

of' glycine transport, an inward sodium -electrochemical 

gradient is required for glycine accumulation (216, 

217) • This conclusion was based on an, experiment in .. 
which gramicidin wali1l used to eqqilibrate sodium and 

potassium across the cell membrane (218) and thus 

abolish any electrochemical cation gradients. This work 

by Terry and Vidaver confirmed that the energy source 
J, ( , 

for glycine accumulation vas the cation gradient, a 

finding which had been proposed by other investigators 

(219,220) • 

-~ 
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In addition to its requirement for a sodium 

electrochemical gradient, Na+-dependent glycine trans-
, 

port May require an anion such as chloride, as observed 

by El1ory, Jones, and Young (221), using human re~ blood 

cells. Previously, Imler and Vidaver (222) demonstrated 

that pigeon erythrocytes require chloride for glycine , 
transport. 

replaced by 

SCN- or 1-) 

However, the chloride anion could be 

several other small anions (F-, N03-, HC03-' 

but not by large ones (214).' 
;, 

• <, 

According to Vidaver (223, 224), each glycine 

molecule is transported across the red blood cell 

membrane with two· sodium ions. This stoichiometri'c 

relationship was d~termined directly by m~asuring the 

co-transport of glycine and "sodium as weIl as OOing 

inferred from kinetic studies of the Na+-dependency èf 
gJ.ycine transport. Thus , the activity with respect. to 

the sodium concentration obeyed Michae1is-Menten 

kinetics when the data were ana1yzed as ,a function of 

the binding of two Na+ to the Michaelis cornplex: 
~ . 

According to other 

sodium and solute 

-variable (228, 

amino acid tested: 

suggest a fixed 

researchers', the couplitlgO between . 
e either 1:1 (225-227) or can 

condi tions· and the 

on" Sepulveda, and Smith (229) 

stoi hiometry of 1: 1 under aIl 

conditions; however, un sorne conditions the amino 

acid may be able to cress, on the Na+ -depandent carrier '" 
d, 

in the absence of sodium. {: 

Vidaver and ~Shepherd (230);' and Johnstone 

(231) showed that the Na+ -dependent glycine transport 

system is asymmetric with respect to influx and efflux • . ~ 
o • 
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Using gramicidin to abolish any effects due to an elec

tro,chemical Na+-gradient, JOhnsto,ne (231) found that for 

Ehrlich ,ascites cells the Km for ,!lycine efflux' is an . . 
arder of magnitude larger than influx. Similarly, using 

pigeon erythrocytes'" Vidaver and Shelr"'erd· (230) derived 

equatio';ls from their model for Na+-dependent glycine 

transport, whiçh showed that the Km for' effIux is 

approximately five fold greater (sodium concentration .. 

126 mM) than for influX-._ Whether this apparent, asym

metry iB real or secondary to other factors related to 
, 

differences in the, medium composi tion at the two 

surfaces of th~ membrane, remains to be determine~. 

1 
Thè amino acia transport system iB one',of, the 

several transpor~ system~ whose activity e&the! disap-
, , 

pears, or decreases' drastically during rtlaturati~n. ,In 
, 

1952, Riggs,: Christensen, and Palatine (232,) first 

demonstrated that pheny~h~drazirie irtduced ~abbi~ reticu

locytes and not mat'ure 'red blood cells ~~te · able to 
• l ' l • ,1" 

C"oncentrate glycine against· i ts concentration gradient, 
, , ' 

this finding suggested that' "1:he los,s is due to matura-

tion-associated .changes. Later it was shown that during 

the'" p+o~ess ~~ ~i~f~rentiati:.on ,of erythroleukemic cells. 

(188,233,234.) ,arid maturation of ,sheep reticu10cytes . 
(186,208,235) in in vitro cult~re, the cells losè their 

ability to concentrate amine acids.. In sorne instances; 

amino acids, 'which. are dependent upon sodium for trans-, . , 

port, appe,ar te> lose theit; sodium dependency ~ut are 

still transported (233). Som~ other amino acre! trans-
\ 

port syst.ems are lost at different rates (207) dUJ;ing 

maturaf.ion. 

" . 
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Cation Transport 

Cation transport systems and their enzymic 

counterparts (cation-activated ATPases) have been 

studied in cells fractionated according to density and 

presumably age. Usipg density fractionation to separate 

cells, Kim and co-workers (236 J found that the, calcium 

activated ATPase activity in pig erythrocytes decreases 

with increasing density and thus, presumably, decreases 

,with cell age. In contra st , Cameron and Green (237) 

found no significant difference between the magnesium

dependent. calci~stimulated ATPase activities in 

phenylhydrazine induced rabbi t reticulocytes and mature 

red blood cells. 

,1, 

Cardiac glycosides, such as 'ouabain, bind 

s;pecifically 'to t.he Na+ ,K+-pump enzyme (238, 23~), so 

that the number of Na+ ,K+-pump sites can be easily 

estimated from' measurements of specifie binding 

cells, iot was shown that 

3S-ouabain binding sites 

(240,241). In human red b100d 

young, cells have more àpecifi~ 
per ce Il than older cella (242). 

'" 

Lee, Woo, and Tosteson (243) were the first to 

demonstrate that reticulocytes from sheep of the low 

potassium (LK) genotype have 4 or 5 times' more Na+ .x+
pumps than mature LK red blood cells • s~bsequently, 

other investigators have reported a loss in active 

cation (Na+ or K+) transport (191,244,245) and' aodium- , 

a~tivated ATP hydrolysis (Na+-ATPase) (246.247) in 

. red blood cells during maturation. , In ad~itio 
t 

• , 10S8~ in activity observed in sheep cells; a differenc 

'between· .inun~ture 'and mature cells with respect to the 

... , 
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kinetic response to potassium has also been observed 

(246-249). The ,C:hanges are compl.ex, however, since they , . 
reflect the genetic dimorphism of the Na+ ,K+ -pump of 

ruminant red cells. Thus, two-thirds of aIl sheep have 

low potassium levels (10-20 milliequivalents K+ flitte), 

while the other third has high potassium levels (70-90 

milliequivalents K+ fli,tre) (250-252). The reticulocytes 

of both types of sheep contain even higher intracellular 

potassium levels (101-128 mil1iequivalent ~ flitre) .' 

Table 1 and Figure '3 summarize-and--.illustrate, respe.c

tively the differences .in pump (intact cells) and 

Na+-A'I'Pase (broken membranes) activities between high 

potassiumm (HK) and low potassium (LK) mature, 'sheep 

cells and between mature and immature cells of both 

types. 

Figure 3 illustrates the kinetic differences 

which exist between the ·immature and mature LK erythro-

cytes with respect to the sodium, gotassium pump 
~~--' 

(Na+.,K+-PurnP). In addition, thi&----'r-Igu're shows the 

kinetic difference il!.-:thè-Nâ+-':~;;ase activity of broken 

membranes -de-r-i'vê<r'-f;om irrunature and mature HK erythro

cytes. As shown, the Na+ ,K+-pump in LK cells is much 

more sensitive' to inhibition by intracellular K+ than 

either the pumps of HK ce1ls or immature LK or HI< 

cells. The' Na+-ATPase activity of rn~mbranes derived 

from LK cells is also more sensitive 'fo inhibition by 

added K+ compared to HK Na+-ATPase; in this case, how-. 
ever, immature LK or HK cells, while also similar to 

/'0 

each other, are different from ftature HK cells and 

resernble LK mature. cells. ThUl immature LK and BK 

cells~ have pumps which resembl:e' ach other, but dif'f'er 

from both mature LK and HI< cell jith respect to pump 

and Na+-ATPase kinetics, respective\y. 

"/ 

,,' .4 

-
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"l'ab1e 1 
Cbaracteriatica of the Sodlu. Pu-.p Syat.. of BK 

and LK Mature and I ... ture Red-Cella 

1. The K+ re~ponse profile of BK; refers to the 
relatiye insenaitivity of the pulllp to increasing 
K+ intracellular and activation of BK Na+-ATPaae 
by addition of 5 mM KCl or less. 

2. The K+ reaponae profile of LK refera to the 
marked inhibition of the pump by increaainq ~ 
intracellular and marked inhibition of LK 
Na+-A'l'Pase by addition of KCl. PrOlD Blostein, 
Drapeau, Benderoff and Weigensberg (250). 
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Na pump (physiological [ATP]) 
(i) Total activity (243,245). 
(ii) Intracellular K+ response 

profile (248,249) . 

Na+-ATPase (200 nM ATP) 0 

(i) Total activity (247, 254) 
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, Pigure 3 

potas.1ua Reaponse Profiles of ~e 
lÎa+.Jt+-puap and the Ba+-A~Pa •• Acti.rlti. •• 

The dotted lines represent N~+-ATPase activity in 
pmol/mg protein/minute whl le the so11d 1ines· 
represent the K pwnp activity in' mmol/litre of 
cells/hour. The x-axis ls the amount of KCl (mM) 
added (Na+-ATPase) or the intracellular potassium 
(mM) concentration (K+ pump). 
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During ontogeny the change in the overall 

aetivi ty and kinetics of the Na+ ,l(+-ATPase appears to 

ooeur by cell replacement (256-258). aowev~r, until 

now, it has -not been clear if, or. to what extent, 
n 

changes in Na+ ,K+-ATPase a~sociated with maturation of 

reticuloeytes from mature sheep refleet cell ma)uration 

( 259) versus eell replacement. previous experiments 

were done by comparing characteristics of stress ret~cu

locytes with those of matUre cells, without following 

~he time-dependent changes occurring in the sarne popula-

tion of reticulocytes (259). Thus, the possibili ty 

remained that inunature cells x:eleasLeld-~lt<:>--ei~:uil:tl-'t~~_ 

following severe anemic ---8 resa May be different from 

• normal cella' fli th respect to their pump charaeter

isties. 

_ Decreases in the aetivity of the Na+ ,K+-ATPase 

. enzyme have also been observed in other species ( 242, 

260,261) 'and in the ~nd erythrol.eukemic ce11 line 

(2~4). 
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2 MBTIIODS ABD MTBlUALS 

2.1 . Sources and preparation of Réd Blood Cells 

2.l.A Care and Classification of Sheep 

Male or femaie sheep were obtained fran a 

local farm or frQm MacDonald Co1lege, McGill university 

and were housed in the Animal Coentre of the Mclntyre 

Medical' Sciences Building. They were fed hay, water, 

and purina cho.w (Ralston Purina) ad libitum. The sheep 

were classified according to their intrace11ular red 

blood cell potassium concentrations. The high potassium 

(BK) sheep had intracellular potassium levels between 80 

and 90 milliequival~nts per litre ce11 water and the low 

potassium (LK) sheep had intracellu1ar potassium 1eve1s 

between 20 and 30 milliequiva1ents per litre. 

J 

2.l.B Sheep Reticulocyte Production 

Reticulocytosis 'lias induced by repeated. phle

botomy as follows: One litre of blood 'lias initial1y 

withdrawn by jugular venipuncture (i6 gauge needle) into 

heparinized (10 , 000 uni ts sodium heparin/ml, 0.1 ml . . 
sodium heparin/lOO ml b1ood) vacuum bottles on three' 

days within a five day perio~. This was followed by 

removal of 0.5 - 1.0 L \every 3 to 4 days deperiding on . ~ 

. the animal' s hematocrit, i.e. for a hematocrit greater 

than 17%, 1.0 L' 'lias removed, for hematocrit values 

between 15% and 17%, 0.8 L was removed and for a hemato

crit value between 13% and 15%, 0.5 L was remOved. The 

animals were maintained in this anemic state for 6 to 10 

weeks during which time 

muscular iron injections 
Fisons) • 

they received weekly' intra

{250 mg iron/5 ml dextran, 

• 

-
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2.1.C Reticuloçyte Isolation 

The fresh sheep blood was centrifuged and the 

cells washed two or three times by repeat} centrifuga- ) 

tion at 3,000 x: 9 and sus~nded in 0.9% aCl at 4 ··C. 
The pôcked washed erythroeytes (hematocri between· 70% 

and 85%) were then centrifuged at 3,000 x 9 for 35 to 60 

minutes at 4·C in a swinging bueket rotor. The top 20% 

to 25% of the cells (including the white blood cells) 

was removed and recentrifuged a second time as deseribed 

above (262). After the second centrifugation, the cells 
1-

were carèfully separated, fram top to bottom, into 3 to 

5 approximately equal portions. Eaeh fraction, which 
~ 

was usually pooled from several tubes. and had a to~al 

volume of approximately l ml, was washed 3 to 5 times in 

order to rem(,'ve the buffy coat. The erythroeyte washing 

with isotonie NaCl was done at room temperature in an 

IEC table-top clinical centrifuge at maximal speed for 4 

minutes. 

2.1.D Separation of Erythro~ytes According to 
Density using Phthalate Esters 

, ' 

~ 

Red blood eells were washed three times with 

isotonie saline and then separated accordinq to their 

specifie gravit y. usinq different ratios of two phthalate 

esters (dibutylphthalate, specifie gravit y = 1.048, 

diethylpht~alate, specifie gravit y :::a 1.118) (146)'. / 

Washed red blood cells were lay~red on top of a. 5 ml~cJ 
pht~a1ate ester cushion (specifie gravit y as indicated 

in the te~t) and centrifuged at roorn temperature (21·C) 

for 7 minutes at 25,000 x g. The red blood ich 

passed through the phthalate ester cushion were re 

trifuged on.a phtha1ate ester cushion of 

specifie gravity. 
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,preparation of Membrane Vesicles, 
Fra~ents and Celi Lysates 

Bem921obin-Free Membrane Fragments 

u ........... 

~ . 
Hemoglobin-free membranes used to as say 

N~+-ATPase activity were prepared from washed erythro

cytes by madi fying the method of Blostein (263). WasHed 

erythrocytes were lysed with 10 volumes of ice-cold 

water. After stirring vigorously for 2 minutes and 

waiting an additional 5 minutes, the lysate w&s centri

fuged for 20 minutes at 35, 000 ~ g. The pellet was 

washed 4 timea as ~bove wi th: (1') l mM Tris-HCI in 1 

mM EDTA, pH 7.4 ( twice), ( ii) 10 mM Tris-EDTA, pH 7.4 

(once), (iii) 2 mM Tris-HCI, pH 7.4' (once). The mem

branes were resuspended in a smali volume of the final 

wash ,~olution at a protein concentration betwe~n 4 and 6 

mg/ml and stored at 4°C if they were,used within 4 days1 

otherwise they ·were frozen at -20·C. 

2.2.B 

, 

Inside-Out and Right Side-Out 
Membrane Vesicles 

Inside-out (lOV) and right side-out (ROV) mem

brane vesicles were prepared from sheep reticuloaytes by 

a modification of the method of Steck .... and co-workers

(ref. 2641 see also Figure '4). Wash*;!d rë'ticulocytes 

were lys~9 with 50 volumes of~ ice-cold 5 mM P04 (~ris 

'forin) pH 8.0-8.3 (lysing solut.ion). The 'lysate \tas 

stirred vigorou~ly for 2 minutes and af~e~ an additional 

5 minutes it was' centrifuged at 35,000 x 9 for 25 

minutes. The supernatant. was removed by aspiration and 

any residual Q~9wn 'button' at the cehtre of the pellet 

" 

» 
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Figure 4 

Sch_t.ic Representation of 
IOV' or BDV Preparation 

() 

.. 
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~watl discarded. The ,pellet. was was~~ tw~ee by res,uspen ... 

sion in approximately 30 ml of lysipg solution and after 

5 minutes on iee was ·centrifuged for 20 minutes. 

Foll.owing the se~ond wash, pellets f~om two centri,:~ge" 

tubès wel'e combi~ and to obtain IOV, resuspended i!l 

approximately 30 ml of 0.5 mM P?4 (Tris form) pH 8.2-9.0 

(\resieulation sOl.ution). The best results were obtained 
• whe.n the pHs of the lysing and vesieulating solutions 

If Rbv were desired, were 8.1 and 8.2, respecti vely. 
~ . 

.. 0.1' ~ MgS04 was l added "to the vesiculation solution. 
} , 

T~e membranes were incubated overnight (approximately 

slxteeh hours) at O·C and then centrifuged at 35,000 x g' 
f 

for 20 mirlutes. 
1 

The"' membranes,- were. resuspended in a , 
small volume (usually between 1 and 3 ml) of vesicu~a-

tion 0 solution and the vesicles, were released by passing 

the membranes through a stainless steel 27 gauge n4;!!èdle 

fi:ve to seven times. The vesicles were suspended in 15 
• • , 1 • ' 

volwnes of 0".2 mM MgCJ..2, 10 mM MOPS (Tris, fom) pH 7.4 

t-o pH 7.7, as desired. After 1 ° minutes ,o~ ice they 

were cen;trifuged fpr 20 minutes at 35,000 x g, resl;1s

pended in the same solution and used within 4 da~ 

,,----- ..J 

Preparation of Red Blood Cèll Lysate 

Reticulocytes or mature ~rythrocytes which 

were washed thoroughly with 0.9% Naêfwere lysed with ~n 
J equal IOlume (o~ 1. 6 volumes)' of ice-cold wat,er. 'ln 

8'Om~ experiments aS"" indicated~ the' cells were' firs1:. 

passed through' a column consisting of ~~î~r3tw/~) mixture 

of Sigmace1l (Type 50): alpha-cellulose in,O.9% NaCl to 

remove l~ucocytes according to the method of Beutler and 

West (265). The' lysate was centrifuged at 17, cioo .Je g' 
,for 25 '.: 60 minutes 
, "-

~ , 

(266). ~ The c1ear su~erl1at~mt Wi;lS 

removed and used immediately or stor!d in ~iquid 

nitrogen. 

1 .. 
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'Jo. 

2.3 ' ,In Vitro Incubation of Sheep Reticulocytes 

2.3.A Long-Term'In Vitro Cultur.e 
_\ ' 

. Reticulocyt~s were isolated' as previous)~y d~s-' 
cribed using sterile technique and incubateà -(0'.4 to 0~8, 

, 
ml red blood cells/1015 ml incubation medium) in a, 

st;erile medium in either Erlenmeyer flasks or' 1 L' Roller ' 

bott1es (267). The veesels wer:e gassed bef<:ire sealing 

for five minutes with 95%.02' 5% C02' The dells were 

kept in suspension by gentle continuous agi~ation ",a:t., " 

. J7·C, with separate flask8' being removed for anal:~sis ~t 

intervals· up' to 14 days. The incubation' mediÜJIl'. 

consisted, of 5% fetal calf serum, 'essentia1 and' non'..:.' . 
essential amino acids, vitam,tns.' 0.075% NaHc03, penic!l:" 

lin - streptomycin (0.125 mg/ml, 1~5' u~its/ml ,-respec":,",,,' 

tively), H~nk·s. balanged salt, solution (268),,':2 .tUM 

adenos,ine{ ~and '5 mM glucose. The pB \lias",' adju~~ed tQ 7 ',4 

with Tris baee: th~ solu1;.ion "was then fi~tered, through,',a' 

0.45 micron filter., At specified intervals ~urlnq 

incubat.ion, sterile 5 ml al,iquots of 40' mM adenosine, 

, 

1 

1 

,,' 

," . 
" , 

" 

" " 

. '. 

1 

" , . 

.. 

'. 

r~ ~ .. 

" <. 

.ioo mM: glucose' an:d 0 ~OO - mM Tri,s-HCl ~P~ S We~e injected" i '" 

iI?ot9" t}je'" c~lture.' flÎ':U!lk. ", ,containing 1°9., ml cel~.,·" '" " 

8U$pênsions to maintain t.he c~'llular ATP lev'e~·8. 
.. . 

2.:Ls 
•• u.~~ , cl 

Short-Term In Vitro' Incubation 

, 
o 

The reticu19èytes weré,' 1,8ol'a'li.ed as previously 

:descr1bed (not using sterile technique) ~nd incübat:,~' ~:t,~, 
• ~,J' ~ .' , 

'a hematocFit of ,0.4 t,o 0.8 'pèrceilt~ . ~. ~edi~ , 

c~n8i8t:ed'of 130 inM'NaCl, 5·.~ mM ~Çl, O.8·"~ ~Sb4t' 1.S( 

mM caCl~~20 mM MOPS '(Tris form) 'pH 7.4" 2%, ~~al, '~alf",-
l " 1 ! ~ • 1 ~ ~, 1 .. 1 

ser~, 2 mM "gl:utam:ine, vit~min8" "s~eriti~l .,and- <nQn-' 
Tf .... # • ,.,. ". 
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less~ntial amino acids, 125 units/ml penicillin, and 

./ , / 
O .. 1~5 mg/mi streptomycine v----"The': final pH was adjusted 

"with Be'! or KOB (pa 7 ~o .;, 7.7" as indicated) and the 

. solutions ~ere fil, tete~ throuqh a '0 ,'22 micr0n fil ter, 

Inc\lbat:il.J"\ at 37°C~was, carried Qut for periods up ta 42, 

. hours. Samples were removed at various intervals and 

stored at 4·C until they vere assayed at the ~nd of the 

incUbation,period.' 

2.4 prepa,rati'on of [~- 32P3 ATP 

, ,/ 

The m,ethod \lsed '~ prepa;-e [If -', 32p] A~ was 

simil~r , t.o the inet.hod, ,of Glynn and, Chappell ,( 269 ) a"s' 

,m<?difie~ by' ~ost and Sen (270), using' the coupled reac-
, ' 

.... tions. 

, 
, ~ GAP OH , 

, ,GAP + 3~,pi .t:', NAD 
~,J 1\ 

~. l'eo '3\2,rG + NADH . 

-, , 

"'---" 
'.., '. PGK 

l"'3D32 PG +' 'ADP' --+' [cr _32pJ ATP + 3' - PGA , , 

Acco~dingly, one~~ of irtarganic 3~p~Q in 0.2 ml 

·of 0.02 M aG:"" ~a~ transferred' to· a heavy-walled conical 

. ~entrifùge tubè a~d the vial,' containi'ng. the 32Pi was 

. rinsed twice vith three dtops or water. Ten microlitres 

,< , 'of, O. 6Mo Tris base' w~re added to neutralize the Hel (pH 

l 'was b~tween 6 and 8 as tested 'on pH paper). Twenty ,,'. , ' 

, ,', 'microli tres of a cofactor sol ution (23 mM Tri s-ATP ,.' 4.5 

'mM 'l'ris,-ADJ?, 2'3 mM 3-phosP1'loqly'cerate, 18 mM EDTA, and 

'0.9' ntM .NAD), :0.01 ml 0.5 M Tris-HC1, pH 8.1, 0.001 'ml 

beta~mercaptoethanol (l~-fOld,dilution of stock), 0.001 

'~1 phoS'phoglycerat~ kinase" (0.5 mg/ml diluted from 
.. , 

" ' ' .. 



, ' 

.a 

\ 

: 

" 

( 

, . 

é 4i44 

l ' 51 -

stock with o. 2 ~ Tris-HCl, pH.:7 .4,' 1806 units/mg), and , 
0.005 ml glycera1dehyde-;l-phosphate dehydrogenase (0;-4-

mg/ml diluted from ~tock wit;.h 0.1 M HCl,. pH 7.4, 80 
" uni ta/mg) were added aeparately. One hundred micro-

<0 'litres of 1 mM MgCl2 ,were th,en added slowly, in small 

aliqu9ts, with gentle yortexing to'prevent precipitation 

of magnesium ammonium phosphate. After one hOur at 'room 
, .' 

" 

temperature, the solution was immersed in boiling water 

for two minutes, chilled,' diluted to 6 ml with water and 

then applied to an ion exchange column (Dow~x-I-Cl, 

200-400 mesh, 2% crosslinked, '0 .. 1 ml bed volume, 
, 

contained in a pasteur pipette plugged wi th glass wool 

and ,:"ashed con,secutively w:i,th aCE7tone,. water, 1 N NaOH, 

\fater, 1 N HCl and then thoroughly with water),. After 

the radioactive mixture' was applied, the column was 

'washed with 5 ,ml of ice-cold 0.02 N HCI in 0.02 N NH4Cl. 

and then 6 ml. of water. The' [7f - 32p] ATP was e1uted 

with 3 ml of ice cold 0.25 N HCl. Three 1 ml fractions 

were collected and neutralized with 40 mg of Tris (final 

pH, 7 .3T7 .4) • The ATP concentration of each fraction 

was' deterrn~ned spectrophotometricall.y at 259 nm with a 

correction for nori-s;>ecific ultraviolet absorption by 

correcting for the fttactional (0.15) absorption _ at ,280 

Ml as follows (271): .Q 

i" 

(A259 - A2BO) =- ATP concentration (.uM~ 

15.9'x 0.85 

percent .. . The incorporation of 

[")S'\_32p] ATP was m~a~ured by the charcoal adsorption 

method described below (Section 2.4 .A) • The sJ'ecifiC 
.\ 

radioactivity was 5 to 10 Ci/mmole. 
~ 

l ' 
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! 
2.4.A Separation, of [~_32p] ATP from Inorganic 32Pi 

,A amall "lliquot, e.g. C 0.001 ml, of a reaction 

mixture containing 32Pi and [1r _32p] ATP was added to 1 

ml of a TCA aolutio .• (TCA l compri~ing 5% TCA, 2.5 mM 

Na2ATP, 5 mM NaH2P04) fo1lowed by addition of 0.5 ml of 

chàrcoal suspension (1.5 9 Norit A-activated charcoal/10 

ml 5% TCA). After 20 - 60 minutes on ice, with occa

sional vortexing, t~e suspension was either centrifuged 

or filtered. Aliquots were removed before and after 

charcoal treatment to determine the percentage of 32Pi. 

2.5 Blectrophoretic Separation 0 

of sheep Hemoglobins 

4 
Washed packed red blood cells were lysed with 

equal vol umes of wa ter. 

tetrachloride were ,added 

Fifty microlitres of carbon 

to approx'imat-ely 0.5 ml of 

lysate and the stroma was removed by centrifugation for 

5 minutes in an Eppendorf (Model 3200) microcentrifuge. 

Sheep hemoglobins A, B, and C were separated by electro

phoresis (272) u~ing a Beckman (Model R-100) Microzone 

Electrophoresis System, with a 'borie acid-EDTA buf'fer 1 

pH 8.6 (3.15 9 boric acid, l 9 ED'l'A, and 15 9 Trisl 
1> 

litre, adjusted to pH 8.6 with Tris). Before ap?lying 

the hemoglobin lysates to the cellulose acetate strips, 

the strips were soaked for 20 minutes in buffer and. 

'blotted.Following electrophoresia at .4·C for 90 minutes 

at an applied vol tage of~ 4'25 vol ta, the strips were 

removed, dried and the areas corresponding 'to hemoglo

bina A and C were cut .b9ut and eluted with an aliquot, 

usually· 0.5 ml, of buffer. The rêlative amoùnts of the 
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hemoglobins were determined by rneasuring' the optical 

c\~nsity at 540 rim using an extinction coefficiènt, of 

0.985 'l/kg cm '(273). AlI spectrophotometr~c determina

tions were performed using a Zei~s Model PMQlI spectro

photometer. 

, 2.6 Assays of Membrane Transport systems 

2.6.A Transport Assays in Intact Cells 

2.6.A.l ~:-Dependent Glycine Transport 

Cells were washed three tirnes with 150, mM KCl,. 
, 

1 ~ MgC12' 5 mM %~ucose, 20 ~ sucrose, 5 mM potassium 

phosphate pH 7.4 ~nâ 1P, mM MOPS (Tris form), pH 7.4 and 

then diluted (hematocrit 20%· - 50%) five..,.fold with the . . ' 

above wash solutioh containing 0.125 mM 9uabain; in sorne 
, ' , 

instan~es potassium s replaced by sodium as indicated. 

The red blood cell ension was then ~re-incubated ~ 

minutes at 3'7°C at wh~ch time gr~m.icidin D (0 .• 01 'volumes 

of an ethanoli~ solutio'n containing (,.7 rng'/ml) was added 

and the cells were chilI The cells were then al.~

quotted (0.,o~5 ml) ,'and pre- armed' '(2 minutes) at. 37~C. 

The reaction w~s started. by a ing 0-.005 ml of, 20 mM 

14~-glycine' (final specifie activity, 4.8 x 103 

dpm/nmole). After 5 m~utes the reaction was terminated 

by removing 0.08 ml of the s~spension .and mix:i,ng it 

thoro'ughly with l,ml ·of ice-cold wash s.olution 'layered 

above O·~15,ml dibutyl phthalate. The, cells were sepa

rated from the' medium by centrifu'ging for 10, to 15 

se90nds in an Eppendor,f rnic~ofuge. An alternate method 

used to termina te tne reaction, l'nvol ~ed adding' l ml' of 
'" D ;' ~ 

ice.; ... .'cold wash, solution' to the ~~y~hrocyte, su~pension ànd 
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then layering 1 ml of this suspension on 0.15 ml of.the 

dibutylphthalate. Following centrifugation, the aqueous 

l'ayer was removed and replaced with water which ·was also 

aspirated. After an additional centrifugation (10 

seconds) the oil layer was ,~emoved., Tbe pellet was 
,. 

lysed with 0.2 ml water. The stroma was removed by 

centrifugation (2 minutes) before aliquots of the lysate . 

were removed for determinations of hemoglobin (optical 

densi ty at 527 nm, extinction cOefficient' 0.532 l/kg) 

(273) and radioactivity using a LKB-Wallac 1215 Rack 

Beta II liquid scintillation oounter with applica~ion of 

the appropriate quench curve correction for l4C. 

2.6.A.2 Ouabain-Sensitive 86Rb Uptake 

The .red blood cells were washed' three ti,mes 

as previously described in Section 2.6.A.l, except th~ 
potassium was replaced by sodium. ~he cells were loaded 

with sodium, potassium, and choline using the nystatin 

method of Cass and Dalmark (274) modified as follows: 

the cells were diiuted with at least ten volumes of ice

cold 135 mM NaCl, 5 mM glucose, 70_
c 

mM sucrose, 10 mM 

MOPS (Tris j form), pH 7 ~ 4, a 50 mM mixture of varying 

ratios pf "KCl an~ choline chloride as desired, and 

0.05 mg/ml nystatin" (Squibb, sterile powder, diluted 

from a stock 8olution of 25 mg/ml in methanol). The 

ceTIs were incubated at 0-4·C for 20 minutes and after 

centrifugation, 

The ëells were 

this 'loading procedure 1 was rep~ated. 

then washed six times with the 'above 

loading solution without nystatin, and then thr.ee times 

with 150 mM "NaCI, lq mM MOPS (Tris form), pH 7.4 using 

rapid (40 seconds)' centrifugation in a ,Clay Adams 

Serofuge II • 

. . -

1 
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The 86Rb uptake assay was started by diluting 

37°(! prewarmed cells 5-fold with a prewarmed .medium 

consiating of ISO mM NaCl" iO mM MOPS, (Tris form), pH 

7.4 and 3-5 mM 86RbCl (specifie activity approximately 

S.O,x 109 cpm/mmoi~) in the presence or absence of 0.1 

mM rouabain. After a period ranging from 10 to 60 

minutes at 37 oC, the react.ion' was stopped as described. 
' .. 

in section 2.6.A.I, except that the solution above the 

phthalate ester consisted of 150 mM NaCl and 10 mM MOPS 

(Tris form), pH 7.4. After the cells were lysed, an 

aliquot was used for hemoglobin determination (0.0. 540 

nm). Another aliquot was precipitated with an equal 

volume. of 10% TCA before the, amount of,radi~activi~y- was 

determined in the olear supernatant. The radioactivity 

was determined in either a Searle Delta 300 or Packard 

Tri-Carb liquid scintillation counter. 

2.6.B Transport Assays in Vesicles 

2.6.B.l The Vesicle Transpo t Assay Techni ue 

Vesicle transport assays were carried_out by 

,Millipore filtration as described by Blostein (275). 

Bri'efly, 15-30 seconds prior to termination of the 

uptake assay, a pre-moistened cellulose nitrate filter 

(Sartorius or Millipore 1.2 micron pore size, 25 mm 

diameter) was placed on the lower section of,a Millipore 

funnel (catalogue number XX10 025 02) and 10 ml of ice

çold stop solution (ionic composition identical to fina,l 

flux medium) was added to the upper section (catalogue 

number XXlO 025 14). To terminate the reaction, an ali

quot of the reaction mixture (0.03 - 0.15 ml) was added, 

\ '" 
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rapidly mixed with this solution and the vesicles wer~ 

then separated from the medium by vacuum filtration. 
, 

The vesicles were then washed on 'the fil ter wi th an 

additional 10 ml of i~e-cold • stop' solution. 1 The upper 

section was then removed and thè rim of the fil ter was 

washed with an additional 2 - 4 ml of ice-cold • stop' 

solution. The fil ter was then qried and suspended in' 

5 - 10 ml of liquid scintillat±tlf counting cocktail (1:1 

dilution of Aquasol with toluene or HY,drocount ). The 

radioactivity was determined as described in Section 

2 .. 6.A.l. 

2.6.B.2 Na+-Dependent Glycine Uptake 

IOV and ROV which were equilibrated in 0.2 mM 

MgC12 andllO mM MOPS (Tris 'form) , pH 7.4,. were diluted " 

,with an eq~ volume of 10 mM MOPS (Tris fi9rm), pH 7.4, 
, , , 

2 mM MgCl2 and 'KCl, (80-200 mM). After overnight equili-

pration\at O°C followed by' 15 to 30 'minutes at 37 b C ~e , 
vesicles were concentrated 2 tQ 5-fold by centr~fugati6n 

at 12,000. x 9 for 10 minutes • 
. ~. . 

The 'tran~port assay ~as th~n started by adding 

,o.ça ml of prewarmed (37°C) vesicles to 0.09 ml of a 

prewarmed (37°Ç)' equiosmolar medium or vice versa. The 

flux media consisted of .l,. mM MgCI2' 10 mM MOPS (Tris 

form) , pH 7.4, varyirig amounts of NaCl or RCl as indi-. , 

cated and 0.1 to 2.0 mM glycine (specifie acti vi ty 5 x 

103 - { x 104 cpm/nmole). The assay was terminated at 

the indicated periods by adding 0.08 to 0.09 ml aliquots 

to lQ ml of ice-cold • stop' solution and 14c-glycine 

retained by the vesicles was measured as described in 

Section 2.6.B.1. 
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2.6.B.3 ATP-Oependent Sodium uptake 

IOV which were equilibrated as described,above 

(Section 2.6.B.2) in 0.2 mM MgC12 and 10 mM MOPS (Tris 

:!Qrm), pB 7.4, were diluted with an equal volume of 2 

mM HgC12, 10 mM MOPS (Tris form) , pH 7.4 and 80 mM KCL 

and were then concentrated to an appropriate volume. 

The transport assay was carried out by the method 

described for glycine transport, excep~ that the medium 

consisted of 1 mM MgC12' 10 ~ HOPS (Tris form), pH 7.4, 

36 ~mM 22NaCl (spécifie activity approximately 100 

cpm/nmole) and 4 mM KCl. The reaction was terminated 

and the intravesicular 22Na was measured as previously 

described. 

2.6.C 
, ,,0 

3H-Ouabain Binding to Intact Cells 

The. red blood cells were loaded with sodium by 

the nystatin method qescribed in Section 2.6.A.2. The 

concentrations of NaCl, gCl and choline chloride in the 
• 

external medium were l35mM, 5 mM, and 45 mM, respec-. 
tively. 

~e binding assay was started by diluting the 

erythrocyte suspension (20 - 50% hematocrit) 5-fold in. a 

medium consisting of 150 mM NaCl, 10 mM HOP'S (Tris 

form) , pH 7.4, 5 mM glucose (occasionally) and 4 x 10-7 

M 3H-ouabain (speoific activity 1.4 x 1013 dpm/mmoie). 

Two sets of tubes were incubated, one with and one with

out 4"x 10-4 M unlabelled ouabain, to measure nonspeci

fic and specifie binding, respectively. The suspension 

(0 • liS ml) was incubated from 2 to 2~ hours at 37°C and 

then di1uted w!th 3 ml of ice-cold wash solution (150 mM 

,., 
-- ~------'---~---_ .. _---



f: 

l 

( 

NaCI, lQ mM MOPS (Tris f~rm), pH 7.4) and centrifuged. 

The pellet was washed t~ice and then lysed with 0.5 ml 
\ ' 

of ice-cold IO mM ~OPS (Tri s form) 1 Pq, 7.4. \ The lysate 

was further centrifuged for 3 minutes in th~ Eppendorf 

centrifuge to remove the stroma. Hemoglobin'concentra-

tions in the clear supernatant were 

measuring the optical density at 527 nm. 

transferred quantitatively to a liquid 

determined by 

The stroma was 

scintillation 

counting vial and the radioactivity was determined using 

a liquid scintillation counter with application of the 

appropriate quench curve correction for 3H• 

An alternate method which was used for termin

ating the ouabain binding assay wa~ described in Section 

2.6.A.I. The ouabain binding was' terminated by cen~ri

fuging the cell suspension through oil. The radio

activities in bo~h the stroma (total) and- super,natant 

(0.1 'ml aliquot of a 0.2 ml lysate) were determined, 

following lysis. and centrifugation. 
, -

2.6.D ~+-ATPase Assay 

\ 

' Prior to the Na+ -ATPase assay (276) , hemo

globin-free membranes were frozen and thawed 'twice in 

dry ice and ace.tone to ensure that the membranes were 

not sealed. Prewarmed (37°C) membrahes wère diluted . 
five-fold with prewa~med medium, Ïll a total volume 0.1 

ml consisting of 0.012 mM MgCI2' 20'6 nM [~_32p] ATP 
, . 

(specifie activity approximately l 

20 mM Tris-glycylglycine; pH 7.4 

x 106 cpm/nmoie}, 

an~ 60 mM chloride 

salts (sodium, potassium and choline, as indicated)j 

fQllowing l, -~ 15 minutes at 37°C, 0.9 ml of an ice-cold 

TCA l' solution was' added and the percentage of 32p . 1.. 

(' 
1 

/ 
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relea,ed fram [~-32pJ ATP' was measured as described in 

Section 2.4.A. The baseline activity was measured with 

NaCl oroi t ted and 50 mM KCl added.. -

2.7 

2.7.A 

Enzyme Assays Used to 
Determine vesicle Sidedness 

Acetylcholinesterase 

The enzyme ac~tylcholinesteras~ is no~mally 

active at' the extracellul,r surface of the erythrocyte 

membrane. Its accessibiltty in vesicles was measured by 

modifying the method of Steck and Kant (36). To 0.,01 ml 

of vesicles at room temperature, 0.9 ml of 0.2 ~2' 
10 mM MOPS (Tris form), pH 7.4 and 0.04 ml. of 10 mM 

5,5-dithiobis-2-nitrobenzoic acid (DTNB) were added. 

After mixing, the,sol.ution was transferred to a,cuvette 

and the optical density at 420 nm was set at 0.1. Fifty 

microlitres of 12.5 mM acetylthiochollne were then added' 

and the rate of' increasé in optical density wa~' mea

sured., In' order to determine the' enzyme' s inaccessi-. 
bility\ ta, the substrate and thus 'the percentage of 

e, 
vesicles which were insideL.out, the ass~ was repeated 

with Triton X~lOO added to disrupt tne vesicular s~r~c~ 

ture, i.e. 0.01 ml of 2% Triton X-100 was added to 0.01 , . 
ml of vesiCles 3 minutes prior to tlle addi tJ,on of the 

assay reagents. 

1 . 

The percentage of IOV was cal.cula ted as the 

difference in acti vi ties in the presence, ,and a.'bsence Of": 

the detergent divided by the total ac~ivity observed 

with" detergent \ added.' In this assay the. thiocholine 

released rea'ets wi th DTNB ~ to forro the yellow chramogen 

5-thio-2-nitroben~oic aeid. 
o . \ ~ 

" 
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Acetylthiocholine 

• 1 lAc8tY1ChOl inesteras. 

Acetate + Thiocholine' , 
+ ... 

5 • 5-d1 thiobls-2-n1 trob~n"OiC ac1d ( ll'I'IIB 1 

5-thio-2-nitrobenzoic acid 11lye~l.ow) 

2.7.B Glyberaldehyde-3~phosphatë Dehydr?2enas~ 

The enz~e g1yceraldehyde-3-phosphate dehydro

genase, accessible at the internal side of the erythro-
'" cyte lI:'embrane, was' assayed by a modification of the 

meth,6d by B'eutler (277). Ten microlitres of vesicles at 

room temperature 'were mixed wit.h O.Bs ml ,of cl reagent 

con~isting of 10 mM'ATP, 12.-5 mM MgC~, 0.7 inM EDTA, 

0.25 mM 'NADH, 138 mM 'Tris-HCl, pH 8.0, and 25 - 50 

unit.s/ml PGK (Sigma Type IV from yeast). The optical 

densityof the mixture was adjusted toO.4 -, 0.5 ~t 340 

nM. One hundred microl.itres of 1'00' mM 3~PGA were added 

and the decreiis,e in optical densi ty' due to NADH oxida

tion was, recorded at ten s$cond ~ntervals fôr a peFiod 

of two minutes'. ,In order to determine the perceiltage of~ 

vesicl~S which ~ere right side-out, the enzyme assay was 

repeated wi th' Tri ton X-IOO added to disrupt' the vesicu

lar structure: i.e. 0.01 m~ of 0.2 t "Triton ~~-lOO was 

added just prior to the addition of 0.85 ml of the, 

previous1y described reagent. In this assay, NAD produc

tion from NADH via reversal ,o~ the GAPDH rea~tion il:! 

measured. 
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. 
,PGR 

l'GA +0 ATP __ ~~ 

,: 

, f" 

" 

, :.:.~" . ";." 

" 
l, 3DPG + ADP 

. " 

GAPDH 

NAD + Pi + GAP 

2.8 
, ~ 

Measurement 'of ATP Conéent~~tion , " " 

ATP was measured by tpe oluciferin-luciferase 

meth~d (~7,8) .. ' Briefly! an ,erythrocyte suspension was 

"lys~d wi th two vol urnes of 4 mM MgS04' 10 mM potassium 

'phOsPhate buff~r, pH 7.4 (lysing ~oluti~n), precipitated 

~i th an. 'equal ·volume ,of 10% TCA and th,en centrifuged .. 

'The supernatapt. was used directly or neutra~j.zed (pH 6 -

7) w.ith Tris-base or MOPS (Tris form),' pH 7.4, and 
\< ' • 

stored at '-20'°C. 

.' 

Tc:, edth .assay vial (liquid E!cintillation 

'cou~ting type) l ml- water, l ml. °lysing solution' cont;ai:n

ing, either 0.025 ml :~f 0'- 5 x 10-4 M ATP (standard '. .. ~ . 
curve) or 0.05 - 0.10 ml of ATP sample and 0.5 ml of a . 
filtered e • àrsenate buf:fer {40 mM MgS04 ,· 100 mM Na2HAs04' . } . 
ad"justed 

extract 

added. 

't0 ~ pH 7.4 'with H2S04) containing a lucife.rase, 

CSigma FLt,":"25 0, 6 ~- 10 mg/lO ml buffer) was 

The l.ight .emlssions during the firs.t 5 or 6 

seconds after the add,ition of,. the enzyme extract solU

tion were determinèd by'_ liq~id scintÜ.lation spectrom-
1 • Q 

etry us~ng the tritium -bhannel of a Searle Delta 300 

s J?ectr?meter • 

l.ogarithm 'plot 

ATP. 

The standard curv~ cons.ists fof a double 

of -total ·l.i~t emjssions versus moles of .. 
, .. 
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2.9 ,Heasurement of Free Amino Groups 

The method uaed was essen.tially the method of 

Moo~è and,~ Stein (279). Ice-cold 50% TCA wa~ add~ to a 

specific volume of hemolysate, so' that the final TCA 

concentration was 10%. " FOllowin.g centrifugati.on the I, 

supernatant W8S removed and, stored at .-20·C. .. 

Prior to the assay, the TCA was extracted with ' 

,anhydrous èt.her/' (4, or 5 tmes), ,or the' sample was 
4 , .... . \ 

. neutrali"zed by adding 0.5 M Tris base. The samples 
,. 1,) f ,. , " J 

' (0.025 ml - 0.05 ml) and the standard curve (0 - 0.02 ml 
'" \ - ' .', of 10 mM glycine, dilut.ed from 50 mM glycine with 0"8 M '. ' 

,1 

,.. 
NaCl) were dil uted wi th 0.8 M NaCl to 0.25 ml before . 
0.75 ml' of ~ ninhydrin solu~ion was added (279). The 

tes~ tUbes were placed in boiling water for 20 minutes, 

coo~e~ and 4 ml of a 50% n-p~opanol ,solution was added. 

The colour was allowed to develop.for ten minutes before 

the opt.tcal density at 570 nm was measured., 
, 1 J 

2.,10 , Measuremen~, of protein 

/' 

... Proeei~ was determined by the method oÎ.Low+y 

et al (280). 

Determination of Sodium and p9tassium ~evels 

. 
Potassiwn and sodiùm concentrations were 

determined by frame photometry, usi~g an internal 

. lithium' standard sGlution with an InstrUmentation 
- 1 

Laborator~es ~nc. fl~. photometer, Model 143. 
e' 
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'2.12 ' Hemoglobln an4 Bematocrit'Dete~natioq8 

.0 

The hemoglobin cOncentration' of st.roma-fre. 

hemolysate \lias, measured spectrophotometri~ally a( ei·ther .' 
,) , 

'540 or' 527 nm. .The amount of r.~lobin wa8. determined' , , 
by' using th~ appropriate extincti9n coeffiçient (0.885' . , ( , 

l/kg' cm at 540 nm or 0.532 l/kg cm At. 527 nm (,213). 

M~crohematocrit measurements were carried out 

hematocrit centrifuge (Clay Adams or IZe) or in 

refrigerated cént.rifuge (Model PK-B). 

,2.13 

in 'a 

an, IIC 

.. 

several times with water, air-dried and 

an oil ~ersion objective 'lens. 

visualized using ... _-

",:2.14 ' EXpression of ReSUlt\ 
t 

~ 

All results are expressed as t;he Mean :tS.E.M. 

of\ 3 5 r.plic~te samples. For, duplicatemeasurement. 

only msan valu1s are shown. The results are representa-

l' . . 
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tive of two or more similar experiment,s. For the vesi

cle experiments, ,the reBul ta are' express~ p,r mg of 

membrane protein or pei microlitre of vesicle space. 

,2as 4 Source of,Reagents .. 
AIl radioactive material was purchased from. 

'N'ew Bngl~nd Nuclear. AIl. enzyme preparation~_~ rare 
obtained ei th~r from Sï'9llla ~emic~, compa~ or 
Boehringer Mannheim unlsss otberwiae indi,catedo_ Other .... 

, ~tërial. were, purchased from Fisher Scien.:tific or 
"Canla~'. # 
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• r!fI 

CBA8GBS IR Ba+-ATPase AIIID Ba+:~ ~-POMP 
DUIWIG ta'!URA'1't:OB OJI QlKBp RB'l't:CIJLOCftB8 

A numbar of transport funcfiona ~bicp are 

freadily apparent in immature manmalian rad blood ceLla 

. (reticulocytes) are ei.ther absent or weakly <acti ve in ... 
mature cells (see Chapter 1). This holds true for 

systems which accumulate amino acida (205,~08,235) and 

for the Na+, I(+-pump (243,249). In the iatter case, .. 
there are also maturation-associated changes in the 

properties of the pumps in red blood cells of sheep 

which . are dimorphic wi th respect to their abi li ty tG) 

pump sodium and potassium (248,249). This q..imorphism ia 
\t~ ~ 

apparent only in mature cells: the reticulocytes of aIl 

sheep have typical high potassium and low sodium (251, 

252) concentrat:i:'ons, wherel!\s the mature cells of. one • r., 
type (BK) have high pump fluxes and those of the other 

(LK) have low fluxes. The . differences in pump and 

ATPaae activities between HI< and LK mature cells and 
c' 

between mature and immature cells of both types have 

been summa'rlzed in the Introduction (Table 1 and Figure 

3). 

Reticulocytes of bath BK and LK sheep have 

high pump activlty' with pump kinetics resembling BK 

mature cells (249). However, there remains a distinct 

difference between reticulocytes of ei ther type and HK 

mature cells, namely the response of their Na+-A~pase to 

1(+ (247). Figure 3 illustrated the difference in K+ 

response properties of BK immature and mature cells. 

This K+ response pattern is characterized by a marked 

inhibitifn of Na+-ATPase in LK but atimulation in 'H~ at 

a pota88i~ concentration of 5 mM or greater When activ-

• 
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, .. 
ity :l.s measured at very low levels of ATP (~ 200 aM). 

,.,-,' 

Thua, both the BK an~ LI( reticulocyte Na+-ATPase 

~esemble mature" LK Na+-ATPase with respect ta the 

inhibitoryK+ response profile, despite the fact that 

th.dr âbsolute levels of activity are high, aven greater 

than iIlature BK cella. In addition, t~ere J ls a kine~ic, 

difference bet.ween reticulocytes of ei ther 't-ype and LK 

mature red blood cells as shawn' by the response ,of the 

. Na+,K+-pump to varying intracellular potassium levels. 
, 

This ~-response pattern shows marked inhibition of the 
o 

Na+,K+-pump in LK mature cells but IlOt in LK' or BK 

reticulocytes or ~ture BK cells. ThU8 bath BK and LI< 

reticulocyte pumps resemble the mature BK pumps wlth 

respect to the K+ response profile, even, ,though their 

absolute levels of acti;vity are higher than mature BK 

cells. 

rn the past, 

involved cells wh!gh 

studies vi th reticuloqytes have 

were p'~uced following severe 

anemic stress. As described in the Introdu'ction, it ia 

plausible that stress retic~loeytes released into circu

l~tion following severe anemic stresa" differ from 
\ 

'normal' retieulocytes vith respect to their puAtp char-

acterlsticÏJ. Thus the ques,tions which remain are: 

( i) 

\ , 

(.ii) 

.. 
whether these' differences in pump properties are 

due to al terations in geretiC expression eli~i ted 

by the anemie stress, 

1 

to what, exte~t, if anYr ·th~ properties of the 

stress retieulocytes revrrt ta those of the normal 

mature cell by the proce s of cell maturation" or 

.. 

• 

1 
/ 

IJ 
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(iii) whether the app~rent changes in eharacteristics 

~üring recovery fram anemia reflect replacement of 

the stres8 reticulocyte8 by 'normal' cells. 
Ji 

3.1 In Vitro Studiea 

~\. 

In an effort to aoswer the foregoing questiona.& .• -.r' 

long term iri vitro incubations / of, sheep reticulocytes 

were carr ied out according to the metliod, of Kepne_~ and 

Tosteson (267). previouflly Benderoff 'and co-workers 

(208,235) demonstrated that r~ticulocytes from sheep of 

the BK geno~ype cao be ~aintained in culture for seve~al 

days with neither loss 'of intracellular potassium nor a 

Bubstantial decrease in ,'ATP. 
~ 

~ Pump Activity: In' vitro culture was used ta follow 

the maturation-associated changes in Na+,K+-pump 

activity in LI< sbeep red blood cells in, which differ

ences be,tween immature:" and mature cells are apparent 

with respect to both total activity and pump kinetics 

(intracellular K+-response profile). 

resul ts of an experiment in which 

Figure 5 shows the 
l', 

changes in pump 

activity of LK reticulocytes were followed for up to ten 
l ' 

~ays. In ,this experiment, the cells rernained intact (7% 

Ilysis or less) throughout the period of incubation. In 

.. cells wi th approximately 20 mM intracellu;Lar K+, purnp 

activity (ouabain-sensitive 86Rb uptake) in the lightest 

fraction of LK cells showed a marked decrease (approxi

mately 90%) in activity within the first two days of 

incubation. A marked decrease in K+ pump and leak 

fluxes has been similarly observed by Kim et al (259) 

within six hours Qf in vitro incubation. The effects of 

long-term culture on ouabain-sensitive 86Rb influx as a 

, . 
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Figure 5 

Changea in 86Rb Uptalte of x-ature LIt Cella 
Duriag Long-'tena Zn Vi uo Incubatioa. .... 

èbanges in ouabain-sens1tive 86Rb'upt~ke du ring !E 
vitro, maturaton of LI< (#133) reticulocytes were 
fol1owed usin9 reticulocytes iso1ated by centri
fugation as . descr ibed in Methode and Materiale 
(Section 2 .1.C). Ldhg-term incubation was carried 
out,> as described in Section 2.3.A at 0.5% hema"to
crit. 86Rb uptakes were done in duplicate seta of 
~ loaded cells ([~J.20 mM, see Section 2.6.A.2), 

" one without and one with 10-3 M ouabain. and the 
~Alues shown are the ouabain-sensitive uptakes. 
Uptake measurements were carried. out for 20 
minute's for cells a~ daya 0 and 2, ·33 minutes at 
day 6 and 60 minutes at day 10. Media pH values 
on days 0, 2, 6, and 10 days were 7.6, 7.5, 7.5, 
and 6.9 respectively. (Data taken fram '20 mM KCl 
values' in rigure 6) , 't 
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function of varying K+ are depicted in Figure 6. As 

shown, the I(+-response profile shows li'btle change. if 

any, . despi te the large decrease in the total acti vi ty .' , 

(See Figure 5). '!'hue. the marked inhibition of pump 

aotivity by intracellular ~ obeerved 'in mature LK , . 
oell"8 could not' he observe<! during long-tenu culture. 

" "Na+-ATPase Activity: In a recent study done in 

collaboration with Blostein, Drapeau, and Benderof; 

(253) we showed that the Na+-ATPase activity of LK 

reticulocy,tes iricubated for fi ve days 'in vitro pecreases, 

exponeritially from 248 pmol/mg per minute to 70 pmol/m9 __ 

per minute (T~= 2.3 days), although the final level of 

activity observed in that experiment i8 still about one 

order of magnitude higher than that observed in mature 

LI<: red blood cella. Figure 7 8h~ws a aimilar 108s in 

Na+-ATPa8e activi~urin9 in vitro ,culture of unfrac

tioned red ce 11 s ~ined from an anemic Hl< sheep. 

After six days of in vit.ro incubation -the Na+-ATPase 

activity' decreased marltedly, in this case, to the level 

usually observed in mature HK erythrocytes (243-245). 

In a similar experiment, 1 followed membrane 

Na+-ATPase as a function of varying amounts "of added K+ 

using membranes from HK inunature cells cultured in 

'vitro; Th.e typical (LK-like) HK reticulocyte K+-'res-

ponse profile observed at the beg ining of 1 cul ture did 

not usually change in the direction èxpected! i • e. to 

mature HK-like, except in the experiment shown in Figure' Î' , 
" 9. 
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P1.gure 6 

CbaDg.. iD 86Rb UptaJte and 'Kin.t.ic R_paaa. to 
VaryiDg Concentrations of Intracellul.ar P0t.à8siaa 
During LoDg-'1'era Zn vitro Incubation of X-tan 

. LK Cella 

Changes in ouabai~-sensitive 86Rb -~ptake during in 
vi tro maturation (Section 2.3. A) of" LI( reticulO= 
cytes were followed us~ng reticulocytes isolated 
by eentrifugation as described in" Methods and 1 

Materials ( Section 2.1. C ~ ) • F~actions rich" ,1n 
retiéulocytes (lftM ) were,- combined • Long- term 
incubations' at 37·C were carried out with 'éells 
suspended at a 0.5% hematocrit •. 86gb uptakes were 
done in ,duplicate sets of ~-loaded '. cells 
.(Nystatin treated, see Section 2.6.A.2), one 
without and one with 10-3 M 'ouabain as described 
,in Figure 5.' The values shown are the ouabain-
sensitive uptakes. Values in -parentheses repre
sent the number of days of in vitro incubation of 
LK cells. From Blostein, Drapeau, Banderoff, and 
Weigensberg' (253) ~ 
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Pi9~ 7 

ChaDg •• in "'+-Nl'Pa •• .Activity' Daring .ID Vitro 
Maturation of Bk Bryttirocytea 

" 

,. .1, 

Long term incubation was carried out, using unfrac
~ionated àheep blood (BK' sbeep t9~ as described in 
'section 2.3 .A àt ' 0 • 5%" berna tocti t. Na+-A'l'Paae 
activity' was determined (Section 2.6.D) in quadru
plicate sets of membranes derived ~rQlll the erytb
rocytes which had been removed from the incubation,l 
medium at sp~cified intervals. The values.ara-the' 
4ifferances in activity between samples a.,ayed', 

, witb NaCl and KC~ (baseline). ' , , 
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Changeairi 
1 

~e' Ba+":'ÙP:8~ Ac~ivi:ty ~J 'K~etic 
aeaponse ta Added Jt+ C 

Durtng :In', Vitro Culture of BK Cella 
, 

qhanges in the Na+-ATPase activ1ty and kinetic 
respons'e to added K+, were followed during long
te~ in vitro culture. BK (t9) réticulocytes were 
isolated by centrifugation (Section 2.1.C) and 
long-term incubation was carried out as described 
in Section 2.3 .A. .' ,Na+-ATPase activity ws 
mea,sured (Section 2.6..D) at 20Q nM ATP ih quadrup
iica te s~ts of rnembrane$" deri ved froJ;rl the reticu ... • 
locytes" removed at ,specified ~nterva~8. ~ 

. , . 
l" ., 

'va1"Ues shown are, t1re difference in activity, 
betwe~n samples a$sayed wi th NaCl (and varying 

- KCl.) and KCl (basel ine, no NaCl). The percentaqes 
of Teticulocytes for days" 1, 4 and 8 are 60, 30 
and 1 respective1y. The assay .. time for~ the',~a+- t. 
ATPase activity on days l, li} and 8 was '5, fo and Q • 

15 minutes respective1y., Values in parentheses 
represent the number of' days in. in vitro incuba
tion of BK c'e11s, whi.le the .squarë'braekets r~pre
sent 100% Na+-ATp'ase ~ctivity ,(no KCl added) • 
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3.2 In Vivo Studies 

From the foregoing resulta it remaina possible 

(LK cells) and tha t kinetic changes in pump activity 
• 

Na+-ATPase activity (membranes from H'I< cells), if they 

do occur, may ~ so at a much slower rate than the over

aIl 105S in activity. This possibili ty is, in fact, 

suggested by an in vivo maturation study ~f kinetic 

changes in HK cells. Thus, Blostein, Drapeau, 

Benderoff, and l examin~d the effects of added K+ (253) 

on the kinetics of BK Na+ -ATPase. These experiments 

were carried out using membranes prepared from density-
" '1 

fractiçmated cells obtained at periods during recovery 

from anaemic st{ess. Na+-ATPase kinetics of the 

membranes prepared from the top 10% and the bottorn 10% 
" were followed as a function of increasing amounts of 

added Kel. 

The results (Figure 6 of reference 253, 

experiment carrieq out by p,. Drapea"u) indlcated tha"t the 

LK-like K+ inhibition profile of the least pense cells 

(top flractlon) persist, but to diminishing extents 

during the total six week recovery period. The 

K+-response pr~,file in the Na+-ATPJise of the bottom 10% 

of the fractionated cells was sensitive to Kt inhibition 

during the first three weeks of recovery, suggesting . 
that repeated massive bleeding results in a high propor-

tion of young cel'ls" even in the heaviest fraction. 

However, in contra st. to the ~ightest fraction, a 

dramatic change in K+ response from inhibition to activ

ation was observed in the bottom fraction after four 

weeks, although a similar change was not observed in the 

top fraction K+ inhibitio~ diminished with time after 

bleeding. 
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Although the foregoing result suggetsted that 

cell maturation rather than ce Il replacement ia the 

basis for the change in kinetics seen duri.ng recovery 

fram anemic stress, the possibility remains that during 

in vivo maturation new cells released into .'irculation 

at later times increase in density faster than those 

produced in the earlier phase of recovery trom anemic 

stress. To rule out this possibility, an experiment was 

,carried out using blood from an animal wi th hemoglobins 

A and B, bled to induce the well-documented switch from 

HbA to HbC (283-286) and then allowed to recover, 

recovery from anemia is associated wi th a reversion to 

HbA production. 

An experiment verifying that the younger 

cells, identified by their HbA, are less dense than the 

oider cells, identified by HbC, is shown in Table 2. 

Similarly, the results depicted in Figure 9 show that on 

the 27th day of recovery, the percent HbC was greatest 

in the heaviest and least- in the lightest fra9\tion, 

consistent with the conclusion that under these condi

tions of recovery from anemic stress, the younger cells 

do appear in the lighter fractions. Concomitant 

Measurements of total Na+-ATPase activity show decreases 

in activity with increasing density (Figure 9). More

over, the change in the K+-response profile, which i9 

similar to the change observed previous~y (Figure 6 of 

reference 253) is consistent with the notion that the 

apparent maturation-associated changes in the Na+ ,1<+

pump are due to céll maturation and not cel! replace

ment. 

\ 
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'l'able 2 
RelatioDship 8etween Ce1l Density and 

Cell Age aa lleasured by the RAtio of Sb A:Bb C in 
Cella Obtained 34 Daya After Recovery Pra. AD"" c: 

StreB8 

In this experiment an HI< ('89) animal (heter
ozygote Hb A and Hb B) was bled repeatedly HO that 
most of the ab A wa.s replaced by ab C. Thirty
four days after the last bleeding a sample (100 
ml) of blood was removed and fractionated as' 
"described in Methode and Materia1s (Section 
2.1.D.). The cells were Iysed and the hemog~obin8 
separated and quantitated as described in Section 
2 .5. The ab C and Rb A are expressed as a 
percentage of the total Hb A plus ab C. 
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Pigure 9 

Changes in Percent Ba.oglobln C and 
Na+-ATPase Activlty and KinetlcB 

For this experiment an BK animal (heterozygote, Hb 
A and B) was bled repeatedly so, that most of the 
Hb A was replaced by Hb C. Twenty- seven days 
after the last bleeding the red cells were frac
tionated according to their density using mixtures 
of dibutyl- and diethylphthalate, as described in 
Section 2.l.D. The cell fractions were identified 
according to the densities of the~two oil mixtures 
of which they were heavier and lighter, respec
tively. The red cells thùs separated were used 
for the isolation of membranes for Na+-ATPase 
measurements and lysates for hemoglobin electro
phoresis •. Na+-ATPase was assayed at .varying Kel 
concentrations as described in Section 2.6.D. The 
hemoglobins (Hb A, Hb B, and Hb C) were quanti
tated as described in Methods and Materials. Hb C 
is expressed as a percentage of total Rb A plus Rb 
C. Values in parentheses represent the activity 
obtained in the absence Kel (control) in picomoles 
per milligram per minute. From Blo~tein, Drapéau, 
Benderoff, and Weigensberg (253). 
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'ftIB IOLB OP MB".rABOLIC STA'1'OS IIi 
ASSOC~AÜ IDSSBS DI MEMBRAHB 

li 
\\ 

As • 'entioned ear lier, the acti vi ties of many 

enzymes. membrane transport sytems, and other membrane 

components (see Introduction) are dramatically reduced 

during maturation and. aging of the mammalian red blood 

celle These changes have been shown indirectly by 
t 

comparing activities in young and old populations of red 

blood cells an( more directly, by following the activity 

in newly formeâ cells as they mature and increase in 

density during in vivo maturation. Loss in ,·~ransport 

activities has also been seen during in vitro maturation 

of reticulocytes. Thus, amine acid transport carried 

out by neutral exchange (208) and electrogenic Na+

dependent glycine uptake (235), as weIl as nucleoside 

transport (185), are rapidly lost after only a few days 

in culture: sodium purnp activity is also reduced, 

particularly during maturation of sheep erythrocytes of 

the low potassium genotype as descried in the Introduc-

tion and the previous chapter. 

lying these changes is (are), 

The mechanism( s) under-

howev er , unknown. As a 

first step toward gaining insight ta this process, the 

possible role of metabolic energy in maturation- and 

aging-associated functional lasses was examined. The 

m~rkers used for this study were the Na+,K+-purnp and the 

Na+-dependent glycine transport system. 

4.1 Effect~ of Energy Oepletion on the 
LOBS of Na+-oependent Glycine Transport, 

As described in the Introduction, five glycine 

transport systems have been described in the human ~ed 
~ 

blood cell (201). Two are sodium dependent, and the 
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difference between -them appears to be their anion 

dependency. One transport system is chloride dependent, 

while the other is chloride independent. In an experi-

~ ment illustrated in Figure 10, reticulocytes fram an 

anemic sheep were equilibrated with either sulfate or 

chloride at an hematocrit of 5% after which Na+-depend

ent l4C-glycine influx was measured. As shown, the 

oubstitution of Most of the chloride for sulfate caused 

a decrease in Na+-dependent glycine transport by 70% -

80%: this is consistent wi th the conclusion that the 

chloride-depend~nt system ie the main Na+-dependent 

glyc~ne transport system. The residual activity in the ,-
sulfate medium may, in fact, be due to small amounts of 

chloride.still present. .. 
The effect of metabolic energy on the loss of 

Na+-dependent glycine transport was studied during in 
J 

vitro culture for periode of up to 2 days "at 37°C. In 

the experime~ shown in Figure Il, Na+-dependent glycine 

transport was measured in the presence of ouabain to 

inhibit sodium pump activity and gramicidin D in order 

to abolish any electrochemical cation gradi~nts. This 

was done so that any transport differences between fed 

and starved cells after culture could not" be attributed 

to an electrochemical cation gradient diff.erence. It 

was obsèrved that after 17 hours incubation at 37 0 C, 

; glycine transport was reduced markedly (60%) in the fed, 

ATP replete cells (sample B) or partially depleted cells 

(sample C) compared to the O·C contol (sample À). In 

contrast, tr.ansport was r'educed 6-13% in the starved, 

ATP depleted cells (samples D and E). 
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Figure 10 

Bffect. of Anions QIl Ba+-Dependent G1ycine Uptake 
in Sbeep Ret.iculocytes. ' 

Reticulocyt"Gs (90%) were isolated (Section 2.1. C) 
from an anemic LI< sheep {t9l) and .i.ncubated at 
approximately 5% hematocrit overnight at 4·C in a 
balanced salt solution (lS4 mM NaCl, 30 mM 
sucrose, 6 mM glucose and 5 mM Tris-HCl pH 7.4 or 
103 mM Na2S04' 30 mM sucrose, 6 mM glucose and 5 
mM Tris-H2S04 pH 7.4) containing either the 
chloride or sulfate anion. After the cells were 
washed twice with isotonip MgC12 or MgS04 1 the 
glycine uptake was carried out as follows. 
Reticuloeytes (0.08 ml) in isotonie .MgC12 or MgS04 
were added to 0.74 ml of a balanced salt solution 
(5.5 mM potassium phosphate pH 7.4, 6.6 mM glu
cose, 1.1 mM MgC12 or 1.65 mM MgS04, 5.5 mM KCl or 
3.7 mM K2S04' 11 mM Tris-HC1, pH 7.4, or 11 mM 
Tris-S04 , pH 1.4, 165 mM NaCl or KCl or 110 mM 
Na2S04 or K2,S04' with 1.1 mM ouabain) containing 
either the chloride or sulfate anions. The 
samples were preineubated 5 minutes at 31·C at 
which time 0".09 ml of 1 mM l4C-glycine was added 
(specifie activity 550 cpm/nmole). At specified 
time points " 0.2 ml of the red blood cell suspen
sion was removed and the l4c-glycine uptake was 
determined as described in Section 2.6.A.l. 

.. 
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Pigure 11 

'l'he Bffect of the HP Level on Ba+-Dependent 
~ycine Transport In Vitro 

f 
Relationship between ATP level and Na+-dependent 
glycine transport activity in cultured reticulo
cy.tes was studied. Immature sheep erythrocytes 
(50% retulocytes) from a high K+ sheep were incu
bated in tissue culture medium for 17 hours as 
described in Section 2.3.B. When arsenate (10 mM 
was included, phosphate (~ mM) was omitt~d. 
samples CA and B) were lI'f'upp1emented with 10 
inosine an'd 5 mM adenosine. One was incuba ted 
O°C (control, sample A) and the other, at 3 
(sample B). In the third sample (C) 
2-deoxyglucose (dGle) -was the on1y added suh
strate. Sample D had 20 mM dGlc with 20 mM sodium 
arsenate and 20 mM inoeine, and sample E had dGle 

1 and arsenate. The final pH was 7.6. At the end 
of the incubation, the cells were assayed as 
described in Section 2.6. A.l. Intracellular ATP 
leve1 s (mM) (Section 2.8), at the end of 1 hour of 
cul ture were 1.5, 0.59, 0.86 and 0.49 in samples r 

B, C. D. and E respectively. Mean cell hemog1obin 
concentrations (g/ml of cells) were 0.303, 0.336, 
0.333, 0.331 and 0.318 in samples A, B, C, D, and 
E, respectively. Glycine uptake values (omol/ml 
of ce1ls per min) in K+ m('dium were 39.0 * 0.1, 
15.7 ± 0.3,15.1 ± 0.1, 24.0 ± 0.4 and 24.0 ± 0.5 
in samples A, B, C, D and E, respectivel~. Values 
shown are uptakes in Na+ medium after' subtraction 
of the K+ baseline values (15.7 ± 0.3 nmol/ml of 
cellt> per min) measured in the 37°C ATP-replete 
sample (S). Each value is the Mean ± S.E.M. From 
Weigensberg and Blostein (287). 
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• ATP depletion was accomplished by substituting 

2-deoxyglucose for glucose and adding arsenate with or 

without inosine. In no case was hemolysis observed: 

however, sorne methemoglobin formation was found to 

occur in the ~tarved cells. Other experiments showed 

that arsenate l'lad no effect on activity of cells kept at 

ODCr furthermore, activity tn ars9nate-treated cells 

after 37 D C incubation was not due-··t.o an effect of arsen

ate, per se, since, 'as shown in Table 3, similar resul ta 

were obtainéd using the proton conductor carBo~yl

cyanide-m-chlorophenylhydrazone (CCCp) to deplete ATP. 

'l'Ilus, after 16 hours incubation, Né'+-dependent glycine 

transport was reduced 35% in fed cells (4.24 mM ATP), 

but onlY 14% in depleted cells (0.01 mM ATP). 

Although the extracellular pH remained 

constant (pH 7.6) .. throughout the incubation, it is .. like-

• ly that the intracellular pH of fed cells was shifted to 

more acid;Ï-C' values, relative to starved cells, as a 

consequence of their presumably higher concentration of 

organic phosphates (288). The question is whether a 

difference in intracellular pH is a primary factor 

underlying the process resu1 ting in a greater loss of 

transport '~ctivity .in the fed cells. The assumption 

that the intracellular pff varies directly with extra

cellular pH, albeit to different extents in fed and 

starved cells, led to the testing of the effect of 10ng

term incubation of cells in media of various pHs. The 

resu1 ts in Figure 12 indicate that loss in transport 

activity in ATP rep1ete ce1ls decreases as medium pH is 
- " 

decrease~, but remains re1ative1y constant in ATP

depleted ce11s. These results indicate that intracellu

lar pH differences are,not the basis for the differences 

o 
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Table 3 
The Effect of Different Methods of ArP Depletion 

on the Loss of Ra+-Dependent Glycine Transport 

Immature sheep erythrocytes (60% ret}culocyt~s) 
from an LK C,8279) sheep were incubated oas 
described in Section 2.3.B for 16 hours. • When'" 
arseilate (10 mM) was included, phosi,>hate' Cl mM) 
was omitted. Four samples (A,B,e,D) ,were supple
mented with 10 mM inosine and 5 mM aden@sine. One 
(control, A) was incubated at O°C whi1e the other, 
(B, C and D) wereoincub?bed at 37°C: Sample Chad 
10 mM arsenate; oeample D was supplemented with 20 
mM 2-deoxyglucose and 0.02 mM CCCP. The final ~H 

~ was 7.6. _ At the end of the incubation, Na
dependent glycine uptake was measured as described 
in Section 2.6 .A.I. The mean cell hemoglobin 
concentrations (g/ml, cell) were 0.279, 0.292, 
0.294 and 0.282 in samples A, B, C and D, respec
tively. Glycine uptake values {nmol/ml cell/min} 
i~ K+ medium were 10.2 ± 0.2, 8.4 ± 0.2, 9.4 ± 0.1 
and 9.-9 :t: 0.9 in samples A, B, C and D, respec
tively. Values shown are uptakes in Ng+ medium 
after subtraction of the K+ baseline value for B 
which was measured .in the fed reticu10cytes 
incubated at 37°. Each value is the mean ± S.E.M. 
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Figure 12 

'l'be Bffect of pB on ~a+~Dependent: 
Glycine Transport'In vitro 

Reticulocytes ( 55% ) from an HK animal were incu
bated for 17 hours (Section 2.3:B) as described in 
Figure 11, except that the pH values of the media 
were adjusted to the pH value shown. The control 
(o·e) , ATP-replete and ATP-depleted cells 
contained the same additives as described in the 
legend to Figure 11 for samples A, Band E respec
tively.. The cells wer.e 'assayed as described in 
Section 2.6.A.l. Each value i8 the mean * S.E.M. 
From weigensberg and Blo8tein (287). 
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observed in fed and starved ce11s. In fact, the 10ss in 

energy replete cel1s is enhanced as pH is increased. 

The question of whether this energy-requiring 

10ss ~u1d he reactivated was addressed in another 

experiment described in Table 4. In this experiment, 
\ 

reticulocytes were incubated as described in Table 3. 
1 

After 16.5 hours, an aliquot of starved ce11s was washed 

and incubated an additional 24 hours in a replete medium 

(Le. 'l medium containing the sarne additions as the 

1 fed 1 "medium). The results indicate that the rate of 

10ss of Na+-depen~ent glycine transport can he increased 

by refeeding starved cells. Thus, between 16.5 and 40.5 

hours, transport activity decreased fromn 16.2 to 10.2 

nmo1/ml cell/min in starved cells and from 16.2 to 7.2 

nmo1/ml cell/min in refed ce11s. 

4.2 Effects of Ener~y Depletion on 
the Loss of Sod~um Pump Sites 

In order to assess thjL, .... effects of metabo1ic 

dep1etion ort the loss of sodium pump activity, it is 

important that effects observed do not reflect changes 

in intrace1lular ATP, 'Na+ and K+ concentrations per se. 

Therefore, the number of sodium pump sites was measured 

indirectly by estimating the total number of specific 

3H-ouabain binding si tes in cells adjusted to the same 

ini tial high Na+, low K+ 'content and assayed in high 

Na+, K+ free media. prior to assessing the effects of 

metabolic depletion on the loss of sodium pump sites, it . 
was necessary to first inve~tigate" the effects of both 

ATP and of artificially al tering the cation, content of 

erythrocytes (using ~e nystatin method) on the rate and 

total number of specific ouabain binding sites. 



Tabl.e 4 
The Effect of Refeeding Upon the Bnergy Modulated 

Loss of Ba+-Dependent Gl.ycine Transport 

Immature erythrocytes (45% reticulocytes) fram an 
BK (.474) sheep were incubated for the first 16.5 
hours as described in Table 3 (samples A, B, C 
respectLvely) ; One aliquot of starved cells was 
washed free of depleting medium and then incubated 
an additional 24 hours in substrate replete 
medium. At the end of the incubation Na+-depen
dent glycine uptake was measured as described in 
Section 2.6.A.1. Values shown are uptakes in Na+ 
medium after subtraction of the K+ baseline values 
which were 5.6 ± 0.2 nmol/ml cell/min for the top 
fraction (16.5 hour fed sample) and 3.7 ± 0.2 
nmol/ml cells/min for the bottom fraction (16.5 
hour fed cells). Each value is the mean ± S.E.M. 
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Figure 13 indicates that intracellular ATP, 

per se, increases only slightly the rate of ouabain 

bJ-nding. The small increase in the number of specifie 

3B-ouabain binding sites due to the nystatin treatment 

is presumably d','e to al teration in the intracellular 

ca.tion content, since it has been shown by Hebbs and 

Dunham (289) that increasing intracell,ular Na+ and/or 

decreas,ing intracellular ~ increases the rate of 

specifie ouabain binding and the total number of sites. 

On the basis of these resul ts aIl subseqùent ouabain 

binding aBsays were carried out for 2 - 2~ hours at 

37°C. The reaults of two experiments are shown in 

} 

Figures 14 and 15. One experiment is typical of a '-' 

series carried out with reticulocytes fram sheep of the 

low K+ genotype (Figure 14); the ather (Figure 15) is 

from a series carried out wi th high K+ sheep reticulo-, 

cytes. As' illustrated, the loss of ouabain binding 

sites was significantly leas in starved cells, particu

larly during the l7 to 40 hour period of the long term 

incubation. Similar results (Table 5) were obtained 

when energy stores were depleted by addition of CCCP 

(0.02 mM). Thus, specifie 3H-ouabain binding was 

reduced 82% in fed cella and 48% in depleted cells. 

Table 6 shows Na+-dependent glyc~ne transport 

and the number of 3H-ouabain binding si tes estimated 

concurrently in' the same sample~ of cultured cells. As 

shown, 'both systems decreased to approximately similar 

extents in fed and in starved cells. At the end of 

incubation, Na+-dependent glycine transport ~d the 

~ of 3H-ouabain binding si tes in the starve~ cells 

weV;;"T-2 • 5 and 2.0 times, respectively, the levels 

observed in the fed cella. 
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Pigure 13 

The Bffect of Hystatin ~reataent and 
Energy Statua 1A'l'P Level) OD the (;?o 
Rate of Ouabain Binding and the J 

Total Humber of Ouabain Binding Sites 

Reticulocytfes from a LK animal (18279) were, 1ao
lated as described in Section 2.1.C and incubated 
overnight at oDe as described in Section 2.3 .B, 
except that one-half of the reticu10cytes had 
additions of 20 mM 2-deoxyglucose and 10 mM aod1um 
arsenate (ATP dep1eting media), while the, remain
ing cells were incubated i'n 5 mM gl~cose, 5 mM 
ad~nosine and 10 mM inosine (ATP repleting media). 
Onè-half of each sample was then treated with 
'nystatin (Section 2.6 .A.2) after which the number 
of ouabain' binding si tes was determined (Section 
2.6.C). Non-specifie 3H-ouabain binding relative 
to specifie binding was ~ 8% • 
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Pigure 14 

'J.'he Bffect of the HP Level CIl 
Ouabain Binding in LIt Sheep . 

Reticulocytes (47%, from a low-K+ animal) were 
incubated for 4l~ hours, then 3H-ouabain binding 
sites were assayed (Section 2.6.C). The control 
(O·C), ATP-replete, and ATP-depleted cella 
contained the sarne additions as sarnples A, B, and 
E, respeetively, deseribed in the legend to Pigure 
Il. Nonspecific 3H-ouabain binding relative to 
specifie binding was ::! to 2%. Bach value i.8 the 
Mean ± S • E. M. From Weigensberg and Blostein 
(,287) • 
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Figure 15 

The Bffect of the HP Level 011 

Ouabain Binding in III( Sheep 
~ 

Reticulocytes (50%, from a high-K+ animal) were 
incubated for 39\ hours. In this experiment ·38-
ouabain binding sites were assayed after separa
tion of the cells from the medium by centrifuga ... 
<tion through dibutylphthalate (Sectj.on 2.6.C 
alternate method). NQnspecific 3H-ouabain binding. 
was § 10% relati ve to specifie binding. Each 
val ~e 'is the Mean :1: S. E • M. From Weigensberg and 
Blostein (287). 
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Tab1e 5 
The Effect of"Differept Methode of ~p Dep1etion 
on the Loss of Specif~c 3a-Ouabain Binding Sites 

'\ 

telLs from the sarne incu'bation as described in 
T~1e 3 were used for measurements of 3H-ouabain 
binding. Ouabain binding was determined by the 
cell washing method described in Section 2.6.C. 
Non-specifie 3H-oua~ain binding ranged from 4 to 7 
percent of specifie binding observeQ in the 
control sample. 
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Table 6 '- ' 
Concomitant Changes

O 

in Glycine Transport. 
Ouâbain Binding Sites. 

MCRC and Reticulocyte Oount 
D~ing Culture of Fed and Starved Reticulocytes 

The'top and ~bottom 5% of,centrifuged cells from an 
anemic sheep (t 474, HI< genotype) were incubated 
as described in. the legends to Figures 13, 14 and 
'15. Control' (100%) , values for N~+-dependent 
l4c-glycine influx and 3a-ouabain sites were 47.4 
ÎlInol/ml of -. cells per min and 338 molecules per 
cell, r;:espectively. ' 

lMost (70%) of; the re'ticulocytes çounted in the 
40J..i hour fed sample hacl only we~kly detectable 
reticulum, whereas those in the other samples had 
clearly visibLe, well-stained reticulum. From 
Weigensberg and Blostein (287). 
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Activity. , of Control 

Na+-Dependent Molecules of 
Cell Incubation 14C-glycine Ouabain Bound MCHC. Reticulcoytes. 

Pr~ction Conditions Upta~e Per Cell 9/ml of cells 1 

TOp O°C (control) 100 
37°C, 17 hr 

starved 53 
Fed 38 

37°C, 40~ br 
Starved 53 
Fed 20 

Bottom O·C 5 

100 

53 
35 

39 
18 
10 
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4.3 Changes in Hematological Parameters 

Chaï.ges in cell morphology and cell volume 

were followed on portions of the sarne cells as those 

used to measui. -- the transport systems (Tabl~ 6). As 

shown in Table 6, there was a _ s light (C::: 11 % ) increase in 

rnean cell hernoglobin concentration (MCHC) during matura

tion. Differences in MCHC values or reticulocyte counts 

between fed and starved ce11s were either smal1 as 

shown, or not observed (for example see Figure 11 

legend) • At the end of incubation, a striking decrease 

in the number of reticu10cytes wi th clear1y visible, 

well stained reticu1urn was apparent in the fed ce11s 

compared to the starved ce11s. This observation is 

reminiscent of the slowing of maturation under condi

tions of glucose deprivation reported alrnost fort y years 

ago. (For review see reference 290.) 

4.4 Changes in Other Cellular Functions 

The foregoing results raise the issue of 

whether rnetabolic depletion has a general slowing effect 

on all maturation-associated changes. Therefore, the 

effect of metabo1ic dep1etion on changes- in activity of 

several cytoplasmic enzymes, namely glucose-6-phosphate 

dehydrogenase, hexokinase and phosphog1ucose isomerase, 

all of which decrease to varying extents during i~ vivo 

maturation (54) was investigated. The results (experi

rnents carried. out by R. Blostein and o. W. Kan) showed 

that ATP depletion did not affect the decrease in activ

ity. In the bottom fraction (mature cells) of centrl

'fuged cells frorn anemic sheep blood, glucose-6-phosphate 

dehydrogenase activity was 0.33 IU/g hemoglobin. How-

l 

1 
f 
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ever 1 the activity of the reticulocyte-enriched top 

fraction 'of density separated ce Ils was 1.99 IU/g hemo

globine During incubation at 37°C the activity of the 

reticulocyte-enriched fraction decreased as follows: l)' 

after 16 hours, the activity decreased 21% and 18% in 

fed and 'starved cells, respectively, 2) aft~r 40 hours, 

the activity decreased 46% and 41% in starved and fed 

cells respectively. Significant differences in activ

ities of hexokinase and phosphoglucose isomerase follow

ing in vit:-~uration were sirnilarly not detected in 

fed and st.arved cells. 
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'l'RAlfSPORT Di SlŒBP RETICULOCYTE MEMBRANE 
VESrCLES 

In the studies dt.~cribed in Chapter 4, it was 

observed that the energy status and/or ATP level have a 

key role in the mechan ... sm underlying the loss of 

mezr.brane transport during maturation of sheep reticul.o

cyotes. In order to determine whether specifie cytopl.as-

mic factors are involved in Chis process, and if so, the 

! have a t tempted to mimic in mechanism of the effect, 

vivo conditions by .using a reconstituted system. 

system waf;J comprised of inside-out vesicles 

This 

(IOV) , 

derived from reticulocytes and incubated with cytopl.asm 

derived from ei ther reticulocytes or mature erythro

cytes • For this purpose, IOV and ROV from sheep reticu-

, Iocytes wC're prepared by a mo$iification of the procedure 

used to pr~pared lOV and ROV from mature human erythro

cytes ( 264) • This procedure was described in Methods 

and Materials and illustrated in Figure 4. The seal.ed 
~. 

membrane ves~' les obtained by this procedure were first 

characterize with respect to their sidedness. This was 

"" accomplished by using the membrane enzyme markers, 

acetylch~linesterase which is exposed to the extracellu

lar milieu (lOV), and glyceraldehyde-3-phosphate dehydro

genase which is exposed to the intraceJ.lular milieu 

(ROV) • Thus, the percentage of lOV or ROV was deter-

mined by measuring the acetyl.cholinesterase and glycer-. ' 

aldehyde-3-phosphate dehydrogenase activities, respec-
6 

tively, in the presence and' absence of detergent. Table 

7 shows that the, percent of sealed vesicles with the 

desired orientation is usually greater than 80% of the 

total sealed vesicles. 

.- .... ' 

-
" 

"' ~ 
~ 

t 
,~ 

~ 
~ 

:~ 
i 
·f 
~ 

i 
,',1 

] 
,~ 

î 
~ 
.; 
~ \-

l 
~ 
~ ; 
'1 

,'~ 
,~ 

J 



:----

l - 1 

... 

-, 

<!' 

Table 7 
Sidedness of Vesicle Preparations 

Reticulocytes were isolated as descriJed in~ 
Section 2.1. c. Methods to obtain ei ther sea1ed 
lOV or ROV are described in Section 2.2.B and 
Figure 4. The sidedness of each vesicle prepara
tion was determined as desribed in Sections 2.7.A 
and 2.7.B. The percentage of lOV and ROV are 
expressed as the percentage of ~ach type of 
vesicle compared to the perce.ltage of total ~sealed 
membrane vesicles. -' . 
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Before attempting to inveAtigate the effects 

of cytoplasmic factors on the loss of membrane transport 

in a 1 reconstituted 1 vesicle systeIr, it was necessary to 

characterize the membrane transport systems (Na+,K+

pump and Na+-dependent glycine trans~0rt) to ensure that 

the vesicle transport functions remain essentially 

similar to intact reticulocytes. In a series of experi

ments, the Na+ ,K+-pump was examined with respect to ATP

dependency and to ~nhibition by cardiac glycoaides. The 

aspects of thec glycine transport syetem examined using 

the reticulocyte-deri ved IOV amd ROV were: (i) the 

sodiwn and chloride dependency of thoa glycine transport 

system, (ii) the effect of the sodium electrochemical 

gradient on glycine t~ansport, (iii) the e~tent of 
If 

glycine accumulation inside the vesicles, (iv) sodium: 

glycine coupling ratio, and (v) the apparent Km values 

for both sodium and glycine. 

5.1 Characterization of the Directional S 
o Na -dependent Glyc1ne Transport 
Na+ ,K+-Pump in IOV and ROV 

The question of symmetry or asymmetry of 

Na+ -dependent solute transport systems has been 

addressed in several studies, including those using 

lysed and restored pigeon red cells (230) , intact 

Ehrlich ascites tumor cells (291-295), and rabbit ileum 

(296) • l'n the former studies, Vidaver and Shepherd 

showed that a1though the system operates in a reversib1e 

mode whereby Na+-driven net glycine flow appears to 

occur in either direction, the system ia kinetically 

asymmetric. 
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One of the difficulties ·inherent in experi

ments with cells is that it cannot be ascertained if 

the behaviour, particularly efflux kinetics, is not 

complicated by the intracellular environment. Even in 

lysed and restored, cells, the interior milieu is not 

completely replaced. Al though membrane vesicles offer , 
the advantage of eliminating this problem, until now . 
preparations of distinct sidedness, particularly inside-

out, which exhibit organic solute transport, have not 

been achieved (for a review see 297) • 

amino 

Since reticulocytes possess relatively active 

acid transport activities (208,235), these 

vesicIes, particularly those which are inside-out, have 

unique advantages for examining the sidedness of amino 

acid transport in mammalian cells and the role of cyto

pla smic factors in regulating the transport activity. A 

series of experiments were first carried out ta test 

whether Na+-dependent glycine transport in sheep reticu

locyt.e vesicles can occur in the reverse mode where up-

'take is equivalent to normal efflux. 

Fi9u~e 16 depicts a preliminary experiment to 

test the effect of extraveeicular Na+ on the time course 

of l4C-glycine uptake into Na+ free (choline chloride

loaded) vesicles (IOV) incubated in media with a~d with

out 9 or 35 mM NaCI. As shown, glycine influx is stimu-

, latèd by extravesicular Na+ (normally cytoplasmic Na+). 

A more detailéd study of the kinetic effects of Na+ are 

depicted in Figures 28 and 29. In those ex~erimeJlts 

initial rates of l4C-glycine influx were measured. In 

order ta determine what percentage of the Na+-dependent 
~ 

glycine transpor~ system that is chloride dependent, IOV 
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Figure 16 

The' Bffect of varying Sodiua Concentrations OD 
Glycine Uptakes 

IOV (approximate1y 0.5 .mg protein/ml) derived from 
reticulocytes (70%) were equilibrated.overnight at 
O·C, then 23 minutes at 37·C with 38 mM choline 
'chloride, 2 mM KC1, and 5 mM MOPS (Tris form) pH 
7.4. They were then concentrated by centrifuga
tion (12, 000 x g for 10 minutes at 4 ° C) to 1.1 mg 
protein/m1. The reaction 'lias started by adding' 
0.6 ml prewarmed (37°C) isoosmotic medium contain
ing 1.1 mM l4C-glycine (1.93 x 10 3 cpm/nmo1e) 38 
mM choline chloride or NaCl as indicated, 2 mM 
KC1, l mM MgC12 and 5~ MOPS (Tris forro) pH 7.4 
to 0.06 ml prewarmed (17°C) vesicles. The reac
tion was terminated at the indicàted times and the 
vesicles (0.01 ml aliquots) 'were filtered and 
washed as described in Section 2.6.B.l. Ninety" 
percent of the total sealed membranes were lOV and 
10% were ROV. 
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we-re .. equilibrated with either an all chloride or an all 

sulfate mediwn before Na+-dependent glycine influx was 

measnred.. Figure 17 illustrates th~t more tha~ 94% of' 

the Na+-dependent glycine influx is chloride-dependent. 

In another experiment, ATP-stimulafed Na+-
1 

p~p activity in reticu~ocyte vesicles was demonstrated 

under' cOnditions in which concurrent measurements of 

ATP-dependent 22Na uptake and unidirectional l4c-glycine 

efflux from l4C-glycine-loaded vesicles were carried 

out. ' As shown, ATP-stimulation of 22Na+ uptake (Figure 
f 

18) and 14c-glycine efflux (Figure 19) were observeq. 

These resul ts support the notion that a sodium pump.. , 
mediated increàse in intravesicular Na+ (and/or change 

in membrane potential) stimulates Na+-dependent amin'o 

acid efflux from these inverted membrane vesicles. 

In order to further ascertain that.~the Na+ ,K+ 

pump mediated Na+ influx affects glycine uptake, experi

mente were carried out measuring glycine influx with and 
~ 

1 !ithout ATP and/or a sodium pump inhibitor (strophanthi-

din) present in the medium. 
, , 

Figure 20 depicts a time-course of l4C-gly-' 

cine uptake into Na+-free (choline chloride-loaded) 

vesicles incubated in media with and without 35 ,mM' 
Q 

NaCl. As expected, glycine influx is stimulated by 

extt"avesicular Na+ _ (normall~ cytoplasm.:j.c Na+), and the 

addition of ATP decreases Na+-stimulated uptake. This 

de"crease could be ei ther a ~irect a~tion of ATP on the 

Na+-dependent 'glycine transport system, or indirect, . 
whereby ATP,_by ~±rtue Q;.i~B direct acc~sij to the cyto~ 

(. 
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Figure 17 

The Effect of Cbloride and S~lfate Anions do 
Na+-'Dependent Glycine Uptake' ' 

V'es~c1es 1 oC 100' ,IOVr de'rlved :É~om reticulocytes 
(30~) were equiliprated with either 50 mM choline 
chlor;ide, 50. mM KCl., 1 ~ Mg012 and 10 mM MOPS 
(Tris form) pH 7.4, or 25 mM K2S04, 63.5 mM MgS04 
and 10 ~ MOPS (Tris forrn) pH 7'.4 overnight at 4·C 
and then 30 minutes at ~7°C before being concen-

P trated ta 2.9 mg protein/ml. 'The assay was 
'started by adding '0.1 'volutne ,of prewarmed (37 ·C) 
IOV (ei ther chloride or sul fa te "equilibrated) to 
,0.9 volumes of prewarmed medium (either 50 mM 

,'choline chloride, 1 mM Mgc;t2' 50 mM NaCl, 0.11 mM 
14c-glycine, 10 mM MOPS (Tris form) pH 7.4 or 63.5 
mM MgS04' 25 mM Na2S04' 0.11 mM l4c-glycine, ,10 mM 
MOPS (Tris form,) pH 7.4). The ~tassium salt was 
substitut~ for sodium as'rndic~ted. The reaction 
was terminated as' described in Figure 16. 
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Pigure 18 

A"l'P-Dependent 22sa+ Uptake 

• h ,tSMtA • ;..-' 

Vesicles 'âerived from reticu10cytes (55%) vere 
equi1ibrated overnight at O·C, then 2 hours at 

" ,37°C in ,40 mM KCl, 5 mM MOPS (Tris form) , pH 7.4, 
14c-glycine (1.3 x 103 cpm/nmol.e), and then 
cOllcentrated to 3.85 mg prote in/ml. • ' The assays 
were initiated by adding 0.45 ml medium containing 
5 mM MOPS (Tris for.m) , pH 7.4, 1 mM MgC12' 0.1 mM 
nonradioactive, glycine, and 40 mM 22NaCl (63 cpm/ 
nmo1e)' with or without ATP to 0.05 ml vesicles. 
The reaction was terminated (0.05 ml a1iquots) as 
indicated in Figure 16. Final. concentrations vere 
36 mM N:aCl, 1 mM ATP, and 0.1 mM gl.ycine. Of the 
tota~' sealed membranes, 100% were inside-out. 
From Weigensberg, JOQnstone a~ Blostein (298). 
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The Bffect 

(Figure 19 

o~ HP on Glycine Bffluz 
\ 

l4c-glycine efflux was measured in lOVe 
details see the text ~d Figure 18. 
Weigensberg, Johnstone and Blostein (298). 
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Pigure 20 

Effecta of Na+ and ATP OD Glycine uptake 

The experiment was carried as described in Figure 
16 except that on1y one concentration of Na+ (35 
mM) was used and, where indicated~ the prewarmed 
media eontained 0 • 55 mM ATP. From Weigensberg, 
Johnstone and B10stein (298). 
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p1asmic surface of lOV, épergizes the Na+,~-pump. 

Therefore, the effect of pump' inhibition on Na+-depend

ent glycine uptake with ATP present was tested. Stro-

phanthidin-; rather than ouabain, was 
. , 

sufficient1y 1ipophi1ic to permeate 

used 4lince i t is 

the vesic1es and 

bind to the extrace11ular (intravesicular) cardiac 

glycoside binding si te. As shown in Figure 21, Na+

dependent glycine: uptake was enhanced markedly with 

strophanthidin added to inhibit the Na+ ,K+-pump. This 

suggests that ATP inhibition is via· activation of Na+, 

I(+-pump activity which, in turn, dissip~tes the Na+ 

chemical gradient ( see Figures 18 and 19), and May 

generate a membrane potential (inside positive) (299). 

Although the foregoing kinetic experiments 

showed that .Na+-dependent glycine transport can opera te 

in-' reverse, the question remained as to whether the 

system can perform net accumulation in reverse. 

Reverse accumulation was investigated follow

ing equilibration of vesicle with KCl and 0.1 mM l4C_ 

glycine, then diluting them with a medium containing 

14C-glycine of the sarne concentration and specifie 

activity and with K+ or with Na-t substituting for K+ •. 
" 

. As shown in Figure 22, transfer to the K+ medium did not 

) result in further glycine uptake, whereas imposition of 

/ the ,Na+ gradient eff~ted. a substantial (two-fold) 

,accumulation of glycine. Th1S was followed by a subse

quent loss, to the level observed in the control. As 

shown, with 1.0 mM ATP present the peak accumulation, or 

"overshoot ", ia decreased and the final amount of 

glycine inside the vesiclea is somewhat le es than in the 

control. Although these preparations were 86% lOV and 

14% ROV similar results ,were obtained with preparations 
lacking any detectable ROV. 
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Figure 21 

Bffect of strophanthidin CIl' Glycine Uptake in the 
Presence of Ba+ and ATP 

Vesic1es derived f~om reticulocytes (71%) were 
equilibrated overnight at O~C, then 15 minutes at 
37·C with 40 mM KC1, 1 mM MgC12 and 5 mM MOPS 
(Tris fQrm), pH 7.4, and tben concentrated to 1.23 
mg protein/ml as described in Figure 16. Assays 
were initiated by adding 0.6 ml isoosmotic Na+ or 
K+ medium, to 0.15 ml vesicles and terminated by 
removing 0.08 ml aliquots at the indicated inter
vals as described in Figure 16. Final concentra
tions were 0.1 mM l4C-glycine (1.42 x 104 cpm/ 
nmole), 32 mM NaCl or KC1, and 0.5 mM ATP with 
ei ther 0.02 mM strophanthidin added as a 0 .5% 
ethanolic solution or 0.5% ethanol (control). Of 
the total sealed membranes, 77% were inside-out 
and 23% right side-out. From Weigensberg, 
Johnstone and Blostein (298). 
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, . 
:Figure 22 ' 

, 
.a~ Gradien~ StL.ulated Glycine "Accu.ulatioD , 

in :rov 

1 / r 

Vesicles derived from reticulocytes .( 58%) were',' , 
equilibrated with 0.1 mM 14C-glycine (2.5 x' 104 
cpni/nmole) as descr·ibed in Figure 18, concentrated 
to 6.56 mg protein/ml, and then assayed as 
descrihed in Figure 16 exeept that 0.1 mM l4c
glycine of the same specifie aetivity was included 
in the medium, and an additional sample wit1;l KOI. 
replaeing NaCl in the medium was ineluded' as 
indicated. ATP (1 mM) was present, as indicl'lted. 
Of the total sealed membranes, 86% were, inside
out, and 14% right' siqe-out. From Weigensberg, 
Johnstone and Blostetn (298). 
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, 
A similar experiment was carried out wlth ROV 

in an ,effort to c9mpare the abi1ity to accumulate 

glyc~ne in the two types of vesicles. The t:'lCperiment 

was done in e~actly the à~è manner as the accumulation 

4experiment in Figure 22, e~cept that the g1y~ine ~ncen-

, tration was 1 mM. The ce,:,ul ts ('Figure 23) indicate 

kthree important characteri~tics of glycine transport in 

ROV, namely: '. (i) the sodium dependency of glycine 

transport, (ii) the ability of 'these vesicles to accumu

,late ~lycine, a~d (ii!') the lack, of any ;"TP or sodium 

pum~m~diated effect on either Na+-dèpendent glycine 

uptake or tota1 glycine accumulation whié~ was 2.5 times 
\ 

th~ baseline level.' This last point. confirms that the 

vesicles are, indeed, right side-out, in which case ATP 

does not have acc.ess_ to the ATP bin~ing si te which is 

located intravesicu1arly. lt· appears that the IOV and 

ROV share a similar abllity to accumu1ate g1ycine; 

In another seri~s of experiments the Na+

dependent glycine transport ~ystem' s stoichiometry or 

coupling ratio of' sodium to glycin~ uptake in IOV and 

ROV was assessed. In these exper:f.ments
" 

the glyci~~ 

enhanced uptake of, 22Na+ and sodium-enhanced uptake of, 

l4c-glyqine were f lowed concomitantly. The'results of 

:two J representa ti ve experim~nts are shown in Table 8. 

The. findings ind' ca te that the> stoichiometry of the 

Na+-dependent gly ine transport is the! same' for IOV and 

ROV, " wl th two soo' um ions being transported for each' 
, , . 

Molecule of 'glycine "tFansported. 
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'igure 23 
(, , 

Na+ Gradient S~ulated Glycine AccuauLation' 
in BOV 

Vesicles aerivea, from reticu1ocyt.es (83%)' ~\\Jere
equilibrated wi th 1.0 mM 14c-glycine (7.6 x 10 3 
cpm/nmole) as aescr!bed in Figuré 18, concentrated 
to ' 2.19 . mg protein/rnl, ana then ,assayea as 
aescribed in Figure 16, except that 1.0 mM 14C
glycine of the sarne specifie ac~ivity was incluaed 
in the medium and an addi tional sample wi th KC1. 
replacing NaCl· in the medium was

o 
included as 

indicated. ATP (0.5 mM) was pr~sent as indica~ed. 
Al1 of the sealea membranes were right side-out. 
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Table 8 
Stoichiometry of Na+-Dependent 

Glycine Uptake 

'.,... 

Vf! .dcleer (ei t-ler IOV or ROV approximately 0.55 mg 
protein/ml) derived from reticulocytes (50%) were 
equilibrated overnight at O°C, then for 30 minutes 
at 37°C with 40 mM KCl, l mM MgC12 and 10 mM MOPS 
(Tris form), pH 7.4. They were then concentrated 
(Section 2.6.B.2) to 3.55 and 3.98 mg protein/ml, 
respectivel~. The reaction.was started by adding 
0.09 ml prewarmed·(37°C) isoosmotic medium Oc 0.01 
ml:- prewarmed 1(37 D C) vesicles. For glycine uptake 

. the media contained 5.56 mM 14C-glycine (1550 
cpm/nmole), 40 mM Kel or 2;'L mM NaCI plus 18 mM 
KCl, l mM Mg(i:!2 and 20 mM MOPS (Tris form) pH 
7.4. For sodv~ uptake the media contained 22 mM 
22NaCl (Hi25 c~m/nmole), 18 mM KC1, l mM MgCl2 and 
10 mM MOPS (TJ:I,is foi'm) pH 7.4 with and without 
5.56 mM glycine\the final Na+ and glycine concen
trations were 20 and 5 mM, respectively. The 
reaction was terminated after 5 minutes and the 
vesicles (0.08 ~ aliquots) were. filtered and 
wasbed as described in Section 12.6.B.I using 
ice-cold solutions of identical ionic composition 
as the final reaction medium. Depending on the 
experiment 100% of\the total sealed membranes ware 
either IOV or ROV. AlI values are the Mean * 
S.E.M. of 3 or 4 determinations. The S.E.M. of 
the ratio was determJ:ned according to Colquhoun 
(300). . \ 
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Type of 
i.4c-G1~ineUpt:ake 22U .... _Upta1c. Ve.lel.. 

. ( nmQleflll9 proteln) 

-\la+ +Ha+ -G1ycine +Glycin. 
a b b-a e d - -

-
lOV 7.03 :1: .10. 10.11 i: .06 3.08 :1: .11 25.45 i: .31 31.44 :t .18 
ROV 6.67 :t .19 11.86 :t .16 5.19 :t .25 32.11 :t .55 42.23 :t .81 
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Rati.o 
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.! 

'1. 

e 

~ 
W 
Ut 

~ 

i 
'1 
~~ 

-1 
-~ 

-" 
" 

1 ': 

1 
i 
~ 

~ 
~ .. 
~ 
~ 
,) 

~~ 

1 r 

1 
l 
! 1 
1 
< 

<;;::;;wY 



" 
" 1:, 
~ .. 
f a , 
r , ---
fi , 

( 

136 

In arder ta determine if' ther-e is directiona1 

asymmetry in the Na+-dependent glycine transport system , , 

with respect ta influx and efflux kinetics, the apparent 

affinities of the system for sodium and for glycine were 

measured at severa', glycine and sodium concentrations. 

The Km for glycine at two difetrent sodium concentra

tions (36 0 and 90 mM) .was determined by, following the 

initial velocity of 14c-glycine influx estimated from 

samples taken at 3 time intervals wi thin the initial 

60 or 90 seconds. '1;'hese 'short time intervals were used 
..r 

because of the relatively small intravesicular volume of 

these vesicles and thus short equilibration tirnes. In 

Figures 24 and 25 the velocity (nmole/mg/min) versus 

glycine concentration curves for IOV and ROV, respec

t.i vely, are illustra ted. The veloei ty versus gl ycine 

con\::entration plots were analyz~d by fitting thEl data to 

Eadie-Hofstee plots using linear regres,sion,. analysis. 

As shoW11 in Figures 26 and 27, Km (negative inverse of 

slope) and Vmax (x-intercept) values' for 10V and ROV at 

various sodium concentrations are generally similar. 

However, it is difficult to directly compare these Vmax 
values, ~ince IOV an<l ROV were derived from different 

reticulocyte preparations and the percentage of reticu

loeytes and of sealed vesicles are not usually the sarne 

for each IOV and ROV preparation. 

Figures 28 and 29 illustrate velocity versus 

Na+ concentration (10 to 80 mM) eurves at four different 

glycine concentrations (0.1, 0.5, l, 2 mM) for different 

preparations of 10V and ROV. 

l 
1 

1 
'-' 



137 -

Figure 24 

Veloeity Versus Glycine COncentration Corves 
in xov 

Vesic1es (IOV) derived from reticu10cytes were 
equi1ibrated overnight at ooe, then 15 minutes at 
37°C in either 40 mM KC1, 10 mM MOPS (Tris form) 
pH 7.4 and 1 mM MgC12. or 100 mM KC1, 10 mM 'MOPS 
(Tris form) pH 7.4 ;'and 1 mM MgC12, and then 
concêntrated (Figure 16) to either 1.01 (open 
circles) or 3.9 (closed triangles) mg protein/m1. 
The assays were initiated by adding 0.1 volume of 
prewarmed ( 37· C) IOV to 0.9 vol urnes of prewarmed 
(37°C) medium containing 20 mM MOPS (Tris form) pH 
7.4, 1 mM MgC12. 0.08 - 2.8 mM l4c- g1ycine (speci
fie activity = 8.5 x 103 - 1.1 x 105 cpm/nmole) 
and either 40 mM or 100 mM NaCl respectively. The 
potassium salt was subs~ituted for the sodium one 
in order ta determine the glycine baseline uptake 
level. There was no ROV present in either prepar
ation. The initial velocities were determined 
using linear regression amHysis during the first 
minute of uptake. 
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Pigure 25' 

Velocity Versus Glycine Concentration Curves 
in ROV 

Vesicles (ROV) derived from reticu1t>cytes vere 
equilibrated overnight at O·C, then 15 minutes at 
37·C in either 40 mM KC1, 10 mM M\)PS (Tris form) 
pH 7.4 and 1 mM MgC12' or 100 mM KCl, 10 mM MOPS 
(Tris forro) pH 7.4 and 1 mM MgC12, and then 
concentrated (Figure < 16) to either 2.3 (open 
circles) or 1.8 (c1osed triangles) mg protein/m1. 
The assays were initiated by adding 0.1 volumes of 
prewarmed (37·C) IOV to 0.9 volumes of prewarmed 
(37·C) medium eontaining 20 mM MOPS (Tris form) pH 
7.4, l mM MgCl2, O~08 - 2.8 mM 14c-g1ycine 
(specifie activity = 8.5 x 103 l.t x 105 
cpm/nmole)~ and either 40 mM or 100 mM NaCl 
respectively. The potassium salt was 'substituted 
for the sodium one in order to determine the 
glycine baseline uptake ~eve1. There was no IOV 
present at the sodium <l:oncentration of 36 mM. 
However, at the 90 mM sodium concentration there 
was 3%' lOV present. The initial veloci ties were 
determin.ed using linear. regression ana1ysis during 
the first minute of uptake. 
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Figure 26 

Badi. Bofstee Plots ta Dete~e the Kgly in 
o ICV , 

Data shown are taken from Figure 24. ~near 
regression ana1ysis of the plots were carri out: 

,and the apparent Km values obtained are sh wn in 
Table 9. 
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Figure 27 

Badi ..... Bof.t.e ,Plot.a to Deteraine th. ~ly in BOV 

Data, shown are taken from Figure 25. Linear 
regression analysis of' the plots were carried out 
and the apparent Km values obtained are shown in 
,Table 9,. 
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Figure 2~ 

Ve1oé:1ty Versus sôcUum ConceD~ation Carves" 
in ZOV" . , . 

Vesicles (IOV) derived from reticu10cybes vere 
equilibrated overnight at O·C, then 15 minutes at 
37·C in 80 or 100 mM ~Cl, 1 mM MgC12'" 10 d MOPS 

'(Tris forin) pH· 7.4 and thén concentrated (Figure 
16) to either 3.1 (open circ1es), ~.6. (closed. 
eircles),2.3 (closed triangles) or 2.3· (closed 
squares) Jmg proteih/ml, respectively. The assays 
were ini-tiated by adding 0.1 vQlumes of prewarmed 
(37·C) zov to 0.9 volwnes of prewarmed (37·C) 
medipm containing 10 mM MOPS (Tris form) pH 7.4, 1 
mM MgC!2, 14c-glycine (specifie activity approxi
mately 4 x 104 cpm/nmole) and 80 mM'pr 100 mM KC~. 
In this e~eriment, the sodium salt was substi-:
tuted for the potassium one (10:"80 mM). ROV vere 
present (21%) in only one sample (glycine concen
tration equa1Ied 1'.0 mM). The initial veJ.ocities 
were' determined .:using ,linear regression a~alysis 
during the first .... minute of upt~ke.· .' \. 
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Pigure 2~ 

Ve10city Versus sOdium C9ncentration c~ès 
in ROV 

1 ' 

, 
, " 

Vesicles (ROV) i lierived from reti:culocytes "wer~ 
equilibrated overnight at O·C, tben 1.5 minutes at 

", 37·C ·in BO or 100 JnM KC1, f mM MgC12, 10 mM MOPS 
'(Tris form) pH 7.4 'and' then concent;rated (Figure 
16) to either 2.7 (open circles), 4.1 (closed 
circles'), 2.4 (cloeed t;.rian,gl e s',) 'and 2.7 (closed 

',,' squares) mg protein/ml~ respectively. " Thè assay.e 
'Were initia ted by adding 0.1 vol urnes o~ prewarmed 
(37°C) ROV to 0.'9' volumes of prewarmed (37·C) 

,medium 'cOntaining 10 mM MOPS (Tris form) pH 7.4, 1 
,mM ~gC12', 1,4C~glycl.ne (spécific acti vi ty approxi
'mately 4 x 10~ cpm/nmole) and 80 mM or 10Q ~ 
KC1. In this expeiiment the sodium' salt was 
substituted for the potassium one ,(10-80 mM). 

'There was no IOV present in the vesicle prepara
, , . 1:: ion $ .. " The initial 'velÇ)ci ties were 'determined 

u~in.g linear regression analysis during 'the firet. 
J, ~ , • minute of, uptake • , . 
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As shown, the curves are sigmoidal and since 

it has been shown that two sodium ions are transported 

per mol~cule of glycine (Table 8 and Ref. 223) the 

Michaelis-Menten equation was transform~ to V~ax/v = (1 
+ Km/[Na]jn, according to the Garay and Garrahan model 

(30l). Thus the Eadie-Hofstee plots of vl/n/Na+ 

versus v 1/ n for 1 n = 2 approximated a straight lin~ 
(Figures 30 and 31). The data are summarized in Table 

9. As shown the apparent Km values for IOV and ROV at 

each diff~rent glycine concentration are generally 

similar. From these experiments i t appears that the 

Na+ -dependent glycine transport system is symmetrical 

with respect to the apparent Km values for Na+ and for 

glycine, and the ability to accumulate glycihe. 

5.2 The Effect of Cytoplasmic Facbors 
on Membrane Transport 

In an effort ta elucidate the factor { s) that 

contribute to the loss of membrane transport a 1 recon

stituted' vesicle system comprised of IOV incubated with 

stroma- free lysate was utilized. In the experimËmts 

illustrated in Tables 10 and Il, IOV were incubated with 

reticulocyte lysate in the presence of an ATP regenerat

ing or depleting system at 37°C J for
c 

up ta 18 hours. The 

control was incubated at aaC in the presence of the ATP 

reg.enerating system. In Table 10 the Na+-dependent 

glycine transport was reduced 75% following incubation·, 
, 

in an ATP replete medium compared ta the control, while 

in the absence of ATP a significant difference from the 

control was not detected. 

of an experiment in 
.] 

'l,' 

Table Il depicts the results 

which Na+-pump adti vi t~ was 
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Pigure 30 

Badie-Bofstee Plots ta Determine 
the KNa i~ IOV 

Data sho'!ffi are taken from Figure 28. Linear 
regression analysis of the plots were carried out 
and the apparent Km values are shown in Table 9. 
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Figure 31 

Eadie-Bofstee Plots ta Determine 
the KNa in ROV 

Data shown are taken from Figure 31. Linear 
regression analysis of the plot.s were carried out 
and the apparent Km' val.ues obt.ained are shown in 
Table 9. 
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Tab1e 9 
Ca.parison of SOme Kinetic Parameters of the 

Na+-Dependent G1ycine Transport 
System in IOV" and 

~V 

Table 9 summarizes the.data presented in Figures 
22 1 , 232 , 264 , 27 5 306 , 31 7 and Table 8 3 • 
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Table 10 
Bffects of ~P on ~e Loss of Ha+-Dependent 
Glycine Transport in a Reconstituted System 

Camprised of Vesicles Plus Cytoplasm .. 
IOV (100% IOV 0.09 ml) derived from sheep reticulocytes 
(65%) were equilibrated with 70 mM KCl, 10 mM MgC12 and 10 
mM MOPS (Tris form) pH 7.7 (loading sOlution) for 40 minutes' 
at~37°C, and then added to 0.136 ml of reticulocyte lysa te 
(màde from 65% reticulocytes as described in Section 2.2.C) 
and 0 .074 ml of an ATP-depleting oro regenera ting . syseem. 
The final composition of the ATP regenerating system 
cQnsisted of 5 mM creatine phosphate, 8.8 mM ATP, 0.1% 
sodium azide and 5 units of creatine phosphokinase (CPK) in 
the loading solution. In the ATP-depleting sys~ 20 mM 
2-deoxyglucose and ~.033 mM dinitrophenol (DNP) were substi
tuted for the ATP and CPK, respectively. A control sample 
was incubated at O·C with the ATP regenerating system, while 
the others were incubated at j7°C for 19 hours. The incuba
tion of the reconstituted system was terminated by adding 
0.6 ml of the loading solution pH 7.4 to it prior to centri
fugation (12,000 x 9 for 10 minutes). The pellet was washed 
twice by resuspension and centrifugation. prior to assay, 
the IOV were preincubated for 15 minutes at 37°C in 70 mM 
KCI, 5 mM MgC12 and IG. mM MOPS (Tris form) pH 7.4. Na+
dependent glycine transport activity was then assayed for 2 
minutes at 37°C as described in Section 2.6.B.2. The intra
vesicular spaces were measured by allowiB( the vesicles to' 
équilibrate for 2 hours at 37°C with 1 C-glycine in the 
absence of sodium. The intravesicular spaces for the 
control, +ATP and -ATP samp1es were 7.12 ± 0.45, 12.1 * 0.45 
and 3.23 * 0.17 ;ul of ves icular space/ ml v~sicle, respec
tively. 
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:Incubation 
Conditions 

., 

"1:> 

+ATP ooe (control) 

+ATP .37°C 

-ATP 37 A C 

i. 

"'"" 
'$0 

. 
, -

14C-G1ycine U~e 
~!e/.,tl1 __ vesic1e space 

-lIa"':(ël) - +RaT(b) h""a 1 

2 5 • 6. :f: o. 3 
. 

29.0 :t 0.6 

101.6 ± 2.3 

-. '. 

60.0 :f: 2.5 

38.0 :t 1.3 

l40.~ :f: 1.9 
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Table- Il 
Btfect of AœP aD the Loss of SOdium Pump Activity 
in Vesicles Following Incu~tiQD vith Hemolysate 

The incubation of tbé reconstituted system was 
carried out under conditions essentially the sa~ 
as those described in Table 10, except that 0.65 / 
ml IOV (100% uIOV) deri ved from 55% reticulocytes 
(HK, sheep '474), 0~188 ml of 'reticulocyte lysàte. 
(made from 44% and 40% reticulocyte for 7 and 16 
hour incubations respectively) and 0.047 ml of the 

,ATP depleting 0"':' regenerating system weré' used. 
'Th6 incubation was terminated as described in 
Table 10. The ATP dependent sodium uptake (5 
minute flux) was measured as déscribed in Section 
2.6. B. 3 • The intra vesicular spaces were deter
mined as described in Table 10. The 7 and 16 hour 
incubations were caried out on separate days .T1le 
intravesicular spaces for the control, +ATP (7 
br), -ATP (7 hr), ~ATP (16 br>., -ATP (16 hr) . 
samp1es were 29.2 :1('0.1, 27.6 ':1: 0.4, 24.8 :1: 0.5, 
17-#2 ± 0.9 and 12.5 ± 0.:3 ...ul of. vesicle space/ml
vesicle, respec.tively'-

f 0 
1 

0 

" 4 • 

il' 

0-

.. 

~ 

\ 

!" 

q 

'IJ 
Ut 
CD 

'( 

.. 

~ 

J .. 
! 

~ 

ç- " 

",,'il 

J f ;_ " 

Il'UMt,t'f_/_i •• U .k1JH $ n. trI,. 5~ï t:'2' W1rr.lt'tlIIlI*'IIiI·.t1t~t; ilfnll'lUlh 7 rsuuu.mrut1't1Cilln .... Wll1-.nU tlwt 8tf" .. I1; nar.l'fste w'linttiëirt5MftnMW ~~-' 



Q 

'r 

1) 

.... " 
o l 

~ 
',' 

" 
'" 

. Incubation 
Conditions 

1, 
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measured. As shown, there is an ATP-dependent decrease, 

in activity fo110wing incubation of the vesicles with 
, 

ATP replete 1ysate. ~us,' tbere was a ~26% loss after 7 

hours and a 46% 10ss' after 16 hours of incubation. In a 

the absence of ATP there was little 'chan':.<!· in activity 

over the 16 hour inc~batioh. ' In fact, a slight increase 

in activity, was obseryêd •.. In contrast, when vesicles 

derived from reticulocytes were incubated in lysate 

derived from mature red blood cells in the presence or 

absence of the ATP regenerating syst~m, there was no 

loss in" Na+-dependent glycine transport after 16 .. hours 

incubation at 37° (Table 12). In this 3xperiment, a 

lOBS in activity was observed with reticulocyte 'lysate, 

even in the absence of ATP. However, the lOBS was much 

greater (lOO%) in the ATP-replete compared to ATP

deplete system. 

dependent 

(72,73) • 

As described in Chapter 1, ,t-t'liere is an ATP 

proteolytic system in rabbit reticûlocytes 

This raises the possibility' that ihis protee-

l~~c system plays a.role in the loss of membrane trans

port during reticulocyte maturation. l tested the sheep 

vesicle plus 1ysate system for ATP-dependent re1ease of 

ninhydrin-positive material. The results ,shoWn in Table' 

13 suggest that there was ATP-dependent prot.eolYfl,is 

occurr:i.,ng in the reconsti tuted ... vesicle system • The 

resul ts suggest that 

underlying factor in 

proteolysis may b<\e an important 

the loss during maturation of 

certain membrane tr~nsport 

results do not rule 'dut 

systems. However, these 

the possiblity that the 

ninhydrin-positive material may be due to other products 

of metabolism .. 

.' . 
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Table 12' 

( 
The Effect of Reticulocyte ând 

Mature Red B100d Ce11 Lysates 
on Ra+-Dependent G1ycine Transport 1 

Pollowing Incubation Vith Veaiélea 

The incubation of the reconstituted vesicle system 
was essential~ the sarne as described in Table 10, 
except. 0.1 ml IOV (100% IOV) derived, from 401 
reticulocytes, 0.15 ml of red blood cell lysate 
(made from either mature erythrocyte or 70% 
reticuloaytes) and 0.020 ml of the ATP dep1eting 
or generating system were used. In the ATP 
depleting or generat-ing system, sodium azide was 
omitted, creatine phosphate - was 1.8 mM, ATP was 
Il.9 mM, DNP was 0.1 mM, 2-deoxy-g1ucose wa~ 20 mM 
and there was 4.2 units of CPK.· The 16 hour incu
bat.ion was terminated as described in Table la, 
except that the pH of the sofution used was 7.7, 
and 10 ~ instead of 5 mM MgC1.2 was used. The IOV 
\tIere tNlen incubated 45 minutes at 37°C. The 
Na+-dependent glycine transport activity (1 minute 
-flux) was determined as described in ~ection 
2 .6. a. 2 • The intravesicular spaces \tIere deter
mined by allo\tling 86Rb to equilibrate ,for 15 
minutes at 37°C in the presence of the ionophore 
valinomycin (20 ..uM). The intravesicular spaces 
for -ATP (mature cells), +ATP (mature cells), -ATP 

" (reticu1ocytes) and +ATP (reticu1ocytes) ~ere 6.53 
% O.Ol t 17.7 % 0.2,8.45 % 0.01 and 16.1'%'1-4, ~1 
of vesicle space/~ vesicle, r~spective~y. 
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Incubation 
Conditions 

\ 

..iATP, 37°C 

+ATP 1 . 37°C 

-ATP, 3ioc 

+ATP, 37·C 

Source of 
Celi Lysate 

Mature Cella 

Mature Cella 

Reticulocytea 

Reticu10cytes 

/'", 
/ ~ 

~\ 

.r-

14C-Glycine·:. Uptalte 
(~~~/..u! v~Bicle space 

-Sa""'ril)---------~( h) l)OOOa 

63.4 :t: 0.9 69.3 :t: 1.9 5.9 :t: 2.1 
" 27.8 ~ 0.4 35.0 % 0.4 7.2 = 0.4 

68.7 :t: 0.4 72.5 :t: 0.8 3.8 :t: 0.9 

35.2 % 2.6 32.1 % 0.3 o 
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Tab1e 13 
RiDhydrin-Positive Materia1 Re1eased During 
Incubation of a Reconstituted Veaicle Plue 

Bemo1ys~te System 

The resû1 ts of Table 13 show the concentra
tion of ninhydrin-positive material in the super
natant after incubating the IOV with reticulocyte 
1ysate and either the ATP dep1eting or regenerat
ing system. The ninhydrin-positive materia1 :rs 
determined as described in Section 2.9. The 
experiments described correspond to the Na+
dependent glycine transport (Table 10) and the 7 
hour incubation of the ATP~dependent sodium trans-
port (Table 11). ' 
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Bxperiment 

Na+-Dependent 

~ 
~ 

Glycine Transport 
(Table 10) . 

ATP-Dependent 
Sodium Transport 
(Table Il) 
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6 DISCUSSIOH 

This investigation has been concerned with three 
1 

aspects of l..'embrane transport changes associated wi th 

sheep red blood cell maturation. The first part of the 

study involved expèriments aimed at elucidating the 

9asis for maturation-associated changes in Na+ ,K+-pump 

activity in sheep red blood ce1ls, namely the apparent 

loss in total activity and, more importantly, the change 

in the kinetic properties of the pump. The second ques~ 

tion concerncd the mechanism( s) underlying the 'pparent 

loss in membrane transport, namely whether the loss of 

activity is an energy-dependent process. The third 

aspect of the work concerned the devel&pment of a mem-, 
brane system amenable to direct assessment of possible 

intracellular factors involved in maturation-associated 

changes in membrane transport. To this end membrane 

vesicles (IOV or ROV) were characterized with respect to 

Na+-dependent glycine transport with special emphasis on 

the question of the symmetry or asymmetry of this trans

port system. The symmetry was determined by examining . 
the Km for both glycine and sodium and the ability of 

b9th types Qf vesicles to accumulate glycine against its 

concentration. 

6.1 Changes in Na+-ATPa~e and N~+,K+-Pump 
During Maturation of Sheep Retlculocytes 

" 
From the res'ul ts presented in Chapter 3 and in 

other studies (Introduction 1.2'.C.2 Cation Transport), 

i t appears that the Na+, K+-pump of reticulocytes from 

• 

1 
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BK and LK sheep are similiar, but differ from those of 

either mature HK or LK red blood cel,ls. As described 

earl,ier the Na+ ,r<+-pump of the reticulocyte resembles 

the" Na+ ,K+-pump of the mature LK red blood cell with 

respect to their behaviour at very low ATP, whereby the 

Na+-A~Pase of the isolated membranes is markedly sensi

tive to inhibition by potassium. In contrast, the 

Na+ ,~-pump of the reticulocyte resembles the Na+ ,r<+
pump of tme mature HK erythrocyte with respect to its 

response, at physiological ATP levels, to different 

concentrations of intracellular potassium. Although the 

enzymic basis for these difference are not understood, 

it is possible that they may reflect differences in 

interactions with ATP. 

latory si te ( s) appears 

which becomes bound to 

Thus , ATP at low affinity regu

to stimulate the release of ~ 

the enzyme during the dephos-

phorylation step o~ the Na+, K+-ATPase reaction sequence 

(302-305) . As suggeated previously, it is thus plaus

ible that the basic difference between the pumps May 

reside in their int~ractions with ATP at such site( a) 

( 3(6) • 

Since the foregoing studies were carried out 

with reticulocytes produced in response to anernic 

stress, the question remained whether the differences in 

characteristics between these immature 1 stress 1 cells 

and normal matù,rê cella reflect true maturation-associ-

/ ated changes, or the replacement of normal cells by 

stress cella with different pump characteriatics, i.e. 

whether cell-replacement or cell maturation caused these 

apparent maturation-asaociated changes in the Na+ ,K+

pump. Indirect evidence for changes associated with 

cell maturation has been obtained from density fraction-

1 
"i 

1 
1 
1 

1 
1 
1 
1 

1 

i 
~ 

1 
1 

1 
1 
} 

1 



1 

.. 

( 

- 167 -

ated cells wQere, supposedly, the lightest (leas~ 

dense) cells are the youngest and the" heaviest, (most 

dense) cella are thE' oldest. In these studies, the 

'total activity of 'the "Na+-ATPase (246,247) and the 

Na+ ,K+-pump (243-245) v"~re highér in the lightest frac-
, \ 

,tian compared to the heavier fractions of cells; in 

addition, the response ta increasing concentrations of 

"i K+ changed f~om reticulocyte-like to mature-like wi th 

respect to the Na+,K+-purnp (LK cella) and Na7-ATPase (BK 

1 L jlfllJAi 

j7 
ce,lls). Nevertheless, the I?ossibility still remained 

that during severe anemic stress, the animal may be 

producing a cell diffe!:'ent from the ~'normal' ,erythro-· 

cyte, one that increases in density faster than 'normal' 

cells and thus may have a greater density, than a 

'normal' erythrocyte of the sarne age. 

In order to eliminate cell replace,ment as a 

basis for the apparent differences between immature and 

mature cells, in vitro culture (267) of sheep ret;i.culo

cytes was used in the present investigation to study 

maturation. This allowed cells to mature in vitro for 

periods up ta 14 days. At specifie inter\yals, samples 
, 

were removed and exarnined for total activity and kinetic 

characteristics, narnely, response to K+ at both low ATP 

levels (Na+-ATPase activity using membranes prepared 

from HI< cells) and physiological ATP levels (ouabain

sensitive Rb+ transport using intact LI< cells)'. As 

shown in Chapter 3, the total Na+-ATPase and purnp 

activities, particularly the latter, (Figures 7 and 5) 

declined rapidly. In contrast, the change in kinetic 

response ta K+ was either small, or in most instances, 

not apparent. These in vitro results suggested that 

cell maturation is the basis for the loss in total 

( 
----____ -L.. __________ ~ _~ ___ ~ __ ~_ 
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activity. It was realized that 'the failure to observe 

th~ 1dnetic changes would not be surprisi~g if these 

changes 'occurred slowly, so that their appearance during 

in vitro culture could be limited by the abi1itx of the" 

cel1s to survive for prolonged period in vitro. More

over, due to the heterogeneous cel1 population, it is 

possibl~ that either premature death or inactivation of 

the olde": cells could obscure the n appearance of the . , , 

maturation-associated changes.' 

In order to circurnvent this" prob1em, an in -, 
vivo experiment was devised whereby- the activity of 

j 

newly formed ce1ls cou1d be followed in density-frae-

tionated blood during recovery from anemic stress. 

Thus, new cella produced. during Bev~re anemic stress 

were identified by taking advantage "of the HbA-to-HbC 

swi tch (283-286) and the reversion back to HbA during 

recovery. This . 
anernic stress 

swi tching occurs in 

so that the 1 stress 1 

response to severe 

reticulocytes arf;! 

identified by ,their HbC content. A similar approach was 

~sed by Lee, Woo and Tostesin (243) in their studies of 

ma~uration of the Na+,K+-pump ~n LK sheep reticulocytes: 

they 1abelled the newly formed red blood cells with 

59Fe. The resu1ts of ,the' present study show that the 

loss in activity (Na+-ATPase) and the change in ~ 

response profile do, in fact, oecur during maturation of 

the HbC-containing cells. These cells appeared in 

increasingly dense fractions fol10wing several weeks of 

in vivo maturation. 

Whatever its molecular basis, the genetie 

differenee between mature HK and LK cel1s ia manifested 

as a serective change during maturation which proceeds 
t\ 
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d,ifferently in the two types of animaIs. This change 

involve8 108s of pump activity during matur~tion of both 

type of ceJ.Is. Two interpretat tons are possible. one 

is that the reticulocyte-type pumps become either mature 

LK or HI< pumps. The L antigen, ~_'esent on inunature IjUld 

mature LK calls (307), May be involved in the matura

tion-associated changes in. red cells of LI< animaIs, . 
( since its interaction with specific isoinunune antisera 

(anti-L) markedly stimulates the 1?ump· and Na+, K+-ATPase 

activities on LK cells (307). Moreover, the anti-L 

stimulated component has the properties of the reticulo

cyte . pump~ i. e., it ia HK-like wh en pump activity is 

assayed at high ATP .concentration (308), but LK-like 

when its membrane Na+-ATPase activity is assayed at very 

low ATP concentration (309). Thus, the inunune reaction 

appears to reverse, at 1east to sorne extent, the change 

observed during maturation of LK cells. 

The second interpretation is that immatùre HK 

and LK cells have both reticulocyte pumps as weIl as 

ei ther' mature HI< or LI< pumps, respecti vely. During 

maturation, there is a selective 10ss of the reticulo

cyt'e type only, resulting in mature cells with either HK 
" or LK pumps. 

6.2 The Role of Metabolïé Status in Maturation -
~ Associated Losses in Membrane Transport 

During maturation and aging the activities of 

many membrane transport systems and cellular enzymes are 

dramatica1ly decreased. These changes have been shown 
(> 

indirectly by comparing activities in young and old 

populations of erythrocytes and, more directly, by 
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Î 
foI1owing the aC,tivity in newly formed cells as tliey , 
mature and increase in density during in vivo ma~uration ...... -~ ~. ~ 

(8ee, for ex ample , ref. 243). Loss in transport activ-
, 

ities has also been observed during in vitro maturation . 
of reticulocytes. Thus, for example, amino acid trans-

port carried out by neutral exchange ( 208) and el'ectrO

genic Na+-dependent glycine uptake (235) as weIl as 

nucleoside transport (l85') are rapidly. lost after' only a 

few 'days in ~ulture: sodium pump activity ia also 

decreased, particularly during maturation of sheep cells 

of the ~ow potassium genotype (253,259). However the' 

mechanism underlyïng these' changes is unknown. The 

possible role of metabolic energy in these maturation 

and aging-associated functional losses has been examined 

as a first step towa:z:;d gaining sorne insight into this 

process. 

Na+-dependent glycine transport and sodium 

pump sites, estimated by 3H-ouabain binding, are partic-

ularly 

iated 

advantageaus systems 

losses in membrane 

for studying, aging-assoc-

functions. Na+-dependent 
o 

glycine "transport "is easily amenable to quantitative 

assays in in~act cells whose metabolic status have been 

perturbed. Thus, any dissimilarities between fed and 

starved cells due ta differences in their electro

chemical catïon gradients and Na+ , l(+-pump can be 

eliminated by assaying the transport activity with 

gramicidin D added to callapse the gradients and ouabain 

to i~hibit the pump. 

Moreover, in contrast to amine 'acid exchange 

systems in which influx of laheled amino acid shows 

trans-stimulation, any difference in' the intracellular 

IH , ..... 
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ami no acid .poo1s of fJ!d and starved cells should not .' , 

lI'ffect the initial rate .Of Na'" -dependent l4C-glycine 

infl.ux. ,(235 f 294) • ' Similarly, our estimat.es of sodium 

PUmp sites were «:;arried out under eonditioris (2-3 hour . 
incubation) designed- to ensure saturation ?f specifie 

,ouabain binding sites in both fed and starved cells. 

These experiments show ~hat matûration-- and 

aging-associated loss,es in th,ese membrane funetions do 
#ç 

not ~eflect non-specifie l!ell degenera,tion. By using in 

vitro culture of sheep reti,eulocytes, it is observed 
'-, 

t'bat the losses of both Na+-dependent 91yeixie transport 

and sodium pump sites are modl;11ated by the e~ergy I;ltatus 

of the cells. This does not appear to hold tr'ue for 
'. . 

"'" 

maturation-associated changes in aIl functions'. Thus, Il 

aetivity of the eytoplasmic enzymes glueosé-6-phosphate 

dehydrogenase, . hexokinase, éI.lnd phosphoglucose isomerase 

decrease to similar extents in fed and starved cells ~ 

The extent to which lasses of other membr~ne functions 

or cytoplasmic . components are energy dependent remains 
1 

ta be determined. It will. also be important to deter-

mine whether and to what extent the loss of function is 

assoeiated with the 108s of the 'putative funetional 

component. 

When the results from Figure 5 which shows the 

10ss -of ouabain-sensitive 86Rb flux during in vitro 

cul ture and Figurè 14, depicting the loss of specifie 

3H-ouabain binding si tes during in vitro culture, are 

compared, it appears that the 86Rb flux ,decreases twice 

as fast as the loss of 3a-ouabain binding si tes. How-

,ever, it will be imperative to eorroborate these results 

with an experiment measuring both these parameters 

concomi tantly. 
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Il -A1though the observed l.osses 
1 ~, 
,in 
J 

t~ansport 
'" functions are much greatér' in rnetabolical.ly replete than 

in starved cells 1 this s~udy shows that the 10GS of 

activity still oceurs in starved cells (compare, for 

, eXaI"l?le, Figure 11, and Table 6), usually to a much 

.greater extent duri'n,g the first pha~e (0 - 17' hours) 

than the subsèquen t (17 - 41 hours) phas e of culture. A , 
num~er of factors may influence the kinetics of tra.ps~ 

port loss in starved cells, including (i) the rate an~ 

'extent J to which energy .(A~P) is diminished and (~l) the 
, r ... ", 

extent to which the putative degradat~ve oro rernoval (or 

Qoth) process is active. at the onset of ,the culture 
'l- , 

periode Thus, different preparat~ons of reticuiocyte-

rich suspensions were uséd for each ~eparate experi

ment. These suspensions vary in the state of mat~ration 

of the cell.s and are often obt~'ined from different 

anemic animal~ ~ ~ 
\, 

The effect ,C)'f starvation can be revêrsed, at 

least partially. Thus in an experiment (Table 4), in 

which Na+-dependent glyci~e transport ,was measured 

du~id;Q; in vitro culture of 'fed and s>tarved reticulo-. , .. 
cytes, l6.5-hour starve? ce1ls were washed free of the 

ATP-depeleting medium and reincubated a furt~er 24 hours 

in a substrat'e reflete med~um. The results show that 

after ,16.5 hours the fed cells had 19.9% of the original 

Na+-dependent glycine t'ransport, while the starved cells 
\ 

had 64.5%. When one aliquot of the starved cells was 

fed the activity decreased to 28.7% of the, original 

activity, compared to a decrease to 40.6% of the orig

inal activity in ,the continuously starved c~11s. Thu~, 
, 

the degradative system appears ta be ati1~ present and 

amenable to activation upon energy regeneration. It ia 

, , 
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\ 
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of in teres t to note, however, tha t al though ATP waa 

increased 3-fold· during the refeeding period (16.5 to 

40.5 hours), the actual ATP concentration remained , 

relatively low, suggesting that the energy requirement 

for this membrane transport 10ss is also 10w. This ~s 

'also apparent from Figure Il, which' indièates that the 

loss in activity was only prevented when the ATP levels' 

'were very low. 

It is not known whether the energy- or ATP

dependency is due to a direct effect of ·ATP· per se. 

Furthermore, if the effect is due to ATP, it is possibl~ 

that ATP exerts its effect by modifying certain membrane 

component(s), for example by phosphorylation, rend~ring . \ 

i t (them) susceptible to removal or degradation, or 

both. Alternatively, ATP may activate a degradative 

system such as ATP-dependent proteolysis, which is much 

more active in reticulocytes than mature cells (for 

review see reference 73). Rapoport and co-workers (310-

312) suggest that the main function of this ATP-depend

ent proteolytic system is to degrade the mitochondria .. 
during maturation. According to this group, the ATP-

dependent proteolytic system works in conjunction with 

the lipoxygenase enzyme to degrade the m~tochondr~a 

(311) • Other research,rs working in this area have 

shown a propensity for this proteolytic system to 

degrade abnormal proteins (7~75). There are two 

theories concerning the role of ATP in this proteolytic 

system. According to Hershko an co-workers (313) the 

role 6f ATP in prote in degradation is in the formation 

of conjugates of the 8 kilodalton polypeptide, ubiqui-

tin, with cellular proteine. 

colleagues (314) ar,gue that 

In .çontrast, Goldberg and 

ATP directly stimulates 
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proteolysis. In ~ddition and in contrast to the ubtqu~-

tiQ-dependent system, the purified protease, purified by 

ihis group; i9 atimu1ated ~by other nueleotides and pyro-
• 

phosphate,l..and does ,not require magnesium. Recently, 

Speiser and Et.l.inger (315) 'have proposed a ro1e for a 

protease inhibi tor which ean be repressed by ATP if 

ubiquitin is present 

" It may be relevant that the ATP-dependent 10ss 

in glycine transport has a pH-sensitivity profile 

similar to that described for the ATP-dependent proteo-

1ytic system of reticulocytes (310). It is possible, 

however 1 that this energy-modulated loss in membrane 

transport actlvity May oeeur in other ways. For 

examp1e, Zweig et al (124) proposed several mechanisms 
" • 

of in vivo ma1;uratiop of reticulocytes to ~rythrocytes. 

These membrane remodeling events May include en?dcytosis 

of spectrin-free regions of the membra~e and their 

subsequent ~ntracellular degradation or el.:imination 

through exocytosis. The proposed role of this mechanism 

is to eliminate mobile receptor domains, . " l.ncrease 

speetrin concentration, reduce the surface area of the 

erythrocyte and remove specifie membrane components. 

Shrier and oo-workers (3l6, 317)' have found that endocy

tosis can oceur by ei ther distinct energy-dependent or 

energy-independent routes. Thus, energy-modulated 10ss 

in transport aetivity May ref1ect a loss of the trans

por~er by a mechanism whereby ATP- dependent endocytosis 

is a primary event. A1though, Pan and Johnstone (318) 

have recently shown that the transferrin receptor is 

externa1ized through vesicle' formation during in vitro 

cul ture of sheep reticul,pcytes, in this present study, a 

significant difference between MCHC of fed 'and starved 

, 
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red b100d cells was not apparent. This result wou Id not' 

be expected if membrane exocytosis occurred to a signi

ficant extent. Moreover, L~Z, Liu and Palek (319) have, 

shown that human erythrocytes release vesicles du ring 

ATP depletion but not wh en the cellular ATP level is 

maintained. These resul ts suggest that the release of 

spectrin-free vesicles is unlikely to be the basis for 

the 10ss of the two membrane transport systems investi

gated. 

6.3 TranSport Characteristics of 
Sheep Reticulocyte Membrane Vesicles 

In order to directly study the possible role 

of cytoplasmic factors which may interact and, perturb 

membrane transport processes during cell maturation, 

this investigation was directed 

elucidating the characteristics 

towards preparing and 

of sealed inside-out 

vesicles from reticulocytes. Although such preparations 

have been described for mature sheep red b1000 ce11s 

(320), until now, preparations of vesicles (IOV or ROV) . ~ 

or even sea1ed right side-out ghosts have not been 

described for immature red blood cells. In this aspect 

of the investigation. 1 demonstrated that the procedure 

of preparing vesic1es of uni form sidedness (inside-out 

or right side-out orientation), originally developed for 

mature hUlnan red cells (264) 1 can be adapted to sheep 

reticulocytes. These vesicles have an advantage over 

intact cells, or even lysed and restored cells, in that 

there is no solute compartmentalization, interference 

from cytoplasmîc enz~s and. subtrates, or nonnomo

geneity with respect to the effective intracellular 

solute concentration. 
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The experime~ aimed at characterizing 

membrane transport in these vesicles appear to reflect, 

rather faithfully, th~ transport properties of the 

intact cell wi th respect to both Na+-dependent glycine 

transport and Na+,K+-pump activity. Thus, as in intact 

cells and to a ,lesser extent, right side-out "ghosts", 

~ .... Na+-stimulated" uptake of glycine resul ta in substantial 

net accumulation (235). The present resul ts show that 

in manunalian red cells, as in avian cells (230), Na+

depend.ent glycine transport system can not only operate 

kinetically in the reverse mode whereby ~ Na-+:: and ~ 

glycine are co-transporte) from cytoplasmic to extra

cellu'lar surface, but ~ also perform osmotic work in 

reverse. Na+ ,K+-pump activity is also active in these 

vesicles and, assuming that the inhib~tion of glycine 

uptake Dy Arp is mediated by activation of the Na+ ,K+

pump, only inside-out vesicles should respond. The fact 

that net glycine accumulation in lOV, equivalent to 

normal net loss, is inhibited by ATP \substantiates the 

conclusion that accumulation is occurring into the 

inside-out v~sicles and not into the small fract~on ( 

,20%) of vesicles which are right side-out. In addition, 

glycine accumulation in ROV is not inhibl ted by added 

ATP. These data indicate also that the sodium pump and 

amino acid trànsport systems' are not segregated in 

dif~erent populations of vesicles. 

In. this investigation, the usefulness of lOV 

and ROV ha,s beèn exploited in order to elucidate sorne " 

basie characteristics of Na+-dependent glycine transport 

which are difficult to explo:re with in~act cells. 

Evidence for the coupled flow of Na+ and solute in both 
o 
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directions has been obtained in experiments wi th intact 

cel1s (321-323). However, adequate precision in the 

measurement of ~e coupling ratio has not been possible 

for fluxes occurring from the cytoplasmic to extra

cellular medium because of interfering substrate (see, 

for examp1e, reference 323). Using IOV and ROV derivod 

from reticulocytes it has been possible ta examine 

concurrent1y the coupled Na+ and glycine movements in 

both directions. The high anion permeabili ty of these 
~ 

vesicles should effectively 1 clamp 1 the membrane poten-

tia1 and ensure that the electrical driving force is not 

changed during these measurements. The resulta indicate 

that this ratio is 2 Na+ per glycine transported in bath 

directions. This sarne value was obtained for Na+ 

:glycine, co-transport <1in" pigeon erythrocytes (223,224). 
" 

It should be mentioned, however, that a 2: 1 coupling 

ratio may not be a general phenomenon. Thus, in rabbi t ' 

reticulocytes a value of 1: 1 for amino acids other than 

glycine was obtained by Wheeler et al (227). 

The other aspect examined has been the sym

metry of the Na+-dependent glycine transport system with 

respect to apparent affini ties for Na+ and glycine. As 

described early in the Introduction, Ellory, jones and 

Young (201) have delineated two' Na+-dependent glycine 

transport systems in hum an erythrocytes, one chloride 

independent, the other chloride dependent, with the 

latter being th~jor glycine transpor~er. In Figures 

10 and 17 the chloride dependent glycine transport 
,---.. 

system comprises 75% \ and virtually aIl (94%) of the 

total Na+-dependent uptake in intact cells and IOV, 

respectively. It is entirely possible that the residual 

activity observed in cells pre-incubated inc a chloride-
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free medium (see Figure 10) was, in fact, due to a amall 

amount of chloride still present • 

Johnstone ('231) has found that Nai'"dependent 

glycine transport in Ehrlich ctscit.",s tumour cells is 

asymmetric with respect to the Km for Na+. She showed 

that the Km for ~fflux is an order of magnitude greater 

than for influx and the veloci ty' for efflux is "also 

several times latger than for; influx. Vidaver and 

Shepherd (230), using avian erythrocytes, have also 

demonstrated asymmetry in the Na+-dependent glycine 

transport system with the Km for glycine at 126 mM Na+ 

to he 5 times greater for efflux than for influx and the 

Vmax for efflux twice that for infl&«~ 

In, the present study the Km values for both 

glycine and Na+ were determined at 'several concentra

tions of the other. Benderoff (324) reported a Km value 

for glycine, in intact erythrocytes,' to be 0.48 mM at a 

Na+ concentration of 145 mM. In contra st to Winter -and 

Christens~n 1 s work with rabbit reticulocytes (205) he 

found no evidence for high and low affinity glycine 

systems in sheep reticulocyte8.~he present results 

indicate that the differenee in apparent Km values 

obtained for lOV and ROV are of marginal signifieance 

sinee they differ by less than a factor of two. More

over, it is plausible that smaii differences are 

secondary to membrane charge asyrmnetry. For technical 

reasons, n~mely the paucity of reticulocytes that can be 

isolated from/even large volumes of anemic sheep blood, 

these kinetie experiments have the limj. tation that each 

apparent Km determination was done separately, usually 

on vesicles derived from a different blood sample, often 

from a different animal.' Therefore, l have not 
attempted to compare Vmax values for ROV and IOV. 

/ 
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r ~t may obe,! relevant that Carruthers and 

Melchior (i2~) showed t.hat hwnan eryt'brocyt. hexose 

tra~t ia \ intrinsica11y symmetrical but that the 

interacti~1 the system wi th a 10w ,molecu1ar weight'~ 
cytoso1ic,~ctor effects the appearance of an asymmetri-

, cal system. ... 

The present expe.riments wi th sheep reticulo

cyte membrane vesicles pr.ovide evidence that· the 

vesicles should be useful. for studies of maturation- and 

aging-associated changes in membrane transport function. 

The ihcubation of a 'reconstituted' system compriaed of 

sheep reticulocyte IOV and hemoly~ates prepared ~rom 

reticulocyt,es 'and ~rom mature erythrocytes, in the 

presence and absence of an ATP-regenerating system, 
o 1~ 

suggest that ATP and some, ,other cytoplasmic factor ( a) 

present only in reticu~oéytes, have an important role i~ 

maturatfon and agin1;. . It is also relevant that an 

increàse in ninhydrin-I?ositiv:e materia1 was observed 
-

during these incubations. It shuuld be mentioned, how-. 
eV,er, tha t the experiments wi tl) the • recons ti tuted 1 

system are somewhât flawed by the un~xplained variabil

i ty in the effe'ct of ATP on' th81 l4~-glycine and 22Na+" 

'baseline' values for uptake. A comparison of ~ data 

in Tables 10 and 12 indicates t~at ATp· pre-incubation 

decreases the baseline values for 14C-glycine influx, 

whereas in the experiment shown in Table Il, ATP pre

incubation inèreases the baseline 22~a influx. 

6.4 Other possible Mechanics Underlying 
Er~hrocyte MaturatIon 

In spi~e of extensive research into the causes 

of erythrocyte senescence, no· defini ti ve mechanism or 

.' 

1 
1 
1 

1 
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/\JI 
sequence of events has been established. 

gators believe that the initial changes 
- , 

( 

some.invesli-

occur in the 

cytoàol and then are expressed on the cell surface 
1 

(35). According to Ka>y and cp-=wotkers (326-3,29) sene-

scent er~rocytes are rec6gnized by a "senescent 

antigen ft, a Ba'nd 1 degradation product on the _cell 

surface. This antigen is recognized by autologous IgG 
~ 

aqtibodies which appeàr r to aid in the removal of aged . .' . 
erythrocytes from the circulation'. Bartosz et al (330 ) 

found that there were increaaed amounts of bound 'IgG in 

olde~ bovine erythrocytes. Sorne of the poss~bl~ causes 

of e.xposure of the cryptic "senescent antigen;;'I~"ar-e': 

~esialyation, proteol;oysia (,both internal and external), 

free radical reactions on both sid~8 of the 

Whatever the role of these processes in the 
1\ 

1 of .senescent erythrocy~es fr.ont the circulation, 

i't appears that enerfJy/ATP plays a cri tical role in the 

loss of.s~mbrane transport functions. ' , 

-
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t 
Maturation and aging-associated changes in 

membrà~transport of sheep reticu10cytes or the high-~ 
and low-~ genotypes w~re studied. Reticulocyte-

... 
enriched fractions of sheep red blood cells were 

obtained following repeated phlebotomy. Changes in the 

Na+ ,~-PUl'QP of reticulocytes from animals of the low 

potassiu~ genotype (LK) and in sodi~activated ATP 

hy:drolysis (Na+-ATPase} of retiçulocyes from sheep of 
J ~ J • 

,.·the high pdtassium genotype (BK) were followed dur:Lng l.n 
(, ' -
\ vitro culture. The resul ts :i.ndicate that ther~ is a 

progressive deFrease in ouabain-sensitive 86Rb+ uptake 

(LK cells) and Na+-ATPase?activity (HK cells). ln vitro 

maturation for periods up to 10 days was not associated 

with changes in ~inetic behaviour, fram that typical of 

reticulocytes to that typical of mature cells. However, 

during longer term (several weeks) in vivo maturation in 
, --

which Hb~ was used as a marker of newly fo~med reticu-
o 

locytes, kinetic changes as well as a decline in total 

activity were observed. 

The effect 

maturation-associated 

of metabolic depletion on 

loss of membrane functions 

been studied by using sheep reticulocytes incubated in 

vitro at 37·C for periods up to 41 hours. 'ATP was 

either maintained with glucose, adenosine plus inosine, 

or dep1eted with 2-deoxyglucose plus varsenate: Two 

membrane transport systems were studied: Na+-dependent 

glycine transport activity and the Na+ ,K+-pump, esti

mate!3 fram measurements of the number of 3H-ouabain 

binding sites per cell. Both _ transport systems were 
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:decreased during maturation. However, the decrease was 

much less in ATP-depleted cells compared to ATP-ieplete 

cells. In addition, th~s energy-modulated loss in Na+

dependent glycine transpo,rt is influenced by the pH of 

the incubation meJium, with the rate of 10S8 increasing 

fran pH 7.0 to 1._ 6. It is conclu~ed that the, loss of 

certain functions during reticulocyte maturation is 

retarded by metabolic depletion. 

Membrane vesicles of distinct sidedness, 

either inside-out or right side-out, have been prepared 

fran sheep reticulocytes. using these vesièl,es the Na+-' 

dependent glycine, transport system was found to be 
, 

synunetrical with ~espect to: ('a) the Na+-dependency of 
i • 

glypine transport,~(b) the ability to accumulate glycine 

against a concentration gradient, {cl the stoichiometry, 
, ,..,.-

i:e. 2 sodium ions are transporte?, per molecule of 

glycine transported and (d) the ~pparent Michaelis

Menten constants for sodium at varying concentrations of 

glycine and for glycine at varying concen,trations of 

sodium. The only apparent difference was the effect of 
• J 

ATP. With inside-out, but not right side-out vesicles, 

ATP diminished the rate and total accumulation of 

glycin~, an effect secondary to the activation of the . 

Using a 'reconstituted' vesicle system, 

compri~ o~ IOV plus cell lysates, it was observed that 

in ~e presence of reticulocyte lysate and an ATP-regen

erating system the activity of both the ·Na+ ,K+-pump and 

Na+-d",~pendent glycine tra~sport decreased more~ rapidly 

with ATP present. This was not observed 'IIhetl lysate 
1 

from mature red blood cel.ls was used. Associated wi1;.h' 

, 1 
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.... •• 

o 
ATP-dependent los. of actiyity. was an increase in the 

amount of concOIIli tantly'. measured ninhydroin-posi ti va 
material, consistent vith ~e notion that ~P-dependent 
proteolys1. ha. a role in maturation-a.soc1ated la •• of. 
certain membrane function •• 
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in the f61lowing publications: 

Blostein, R., Drapeau, P., Benderof.f, S. and 

Weigensberg, A. "Enzymic Diversif1.cation of the Sodium 

Pump in Sheep Red Cells" :-(1981) in ~Erythrocyte Membranes ""'-
.~ .. 

2. Recent Clinical and Experimental Advances. Edi tors: 

~ter C. Kruckeberg, John W. Eaton and George J. 

Brewer. Alan R. Liss rnc., New York pp. 35-51. 

Weigensberg, A.M., Johnstone, R.M., and 

B1ostein; R. "Reversal of Na+-Dependent Glycine Trans- .' 

port ln Sheep Reti~ulocyte Membrane Vesicles ". J. 

Bioenerg. Biomernbr. (1982) 14:335-345. 

Blostein, R., Drapeau, P., Benderoff, S. and 

Weigensberg, A.M. 

Reticulocytes Il • 

"Changes in Na+-ATPase of 

Can. J. Biochem. Cell Bio\, 

Sheep 

( 1983) 

61:23-28. 

Weigensberg, A.M. 

Dep1etion Retards the LO~8 

Reticu10cyte Maturation ll
• 

USA (19~3) -80~4978-4982. 

~nd Blostein, R. "Energy 

of Membrane Transport During 

Proc. Natl. Acad. Sei. 

Blostein, R.· and weigensberg, A.M. "'ihe Role 

of Metabolic Energy in the Maturation-Associated Loss of 

Reticu10cy-t;.e Membràne Transport" ( 1984) in Erythrocyt~ 

Membranes. Recent Clinical and Experimental Advances 

Ed. G.J. Brewer (in press). 
'-.J 

. " 



r·. 

" 

o 

~~~--:;""'L!J;;:{!J*'tgJl'U_I_JUbF& lUt U&Sau;:MXJlIH 'battUe: la 11 111',IHMtulitSUlllmt] t'R hW .. t , , __ _ 

a 

r 

-

11 

., 
185 

'The author considers the COA-tributJ.ons \0' . . 
original !k~owledge of this invest~gation to be 

tJ • t.he 

following: 

1. A method 

cytes released into 

.omy-induced anemia 

swi tch 6 is used to 

of followinq the fa te of reticulo- .' 
• n .. !è 

the .circu1ation folloving phlèbot-
, 

in sheep" whereby the HbA-to-:HbC 

1 mark 1 newLy-- -formed cella. TÎl.é 

~esults showed that as ret~culocytes from an anemic BK 

sheep mature, they increase' in denAty, their membrane 

Na+-ATPase activity decreases and the kinetic p~file 
~ , 't", ' 

_ changes from LK-like to HK-like. 
, , , 

A modification of the method origïnally -. 
described for the preparation of inside-out and ~ight 

o 0 

side-ou~ vesicles from numan red blood cells vas 

càeve10ped for thé' preparation of inside-out and 

right side-out vesicles ~rom sheep reticulocytes. 

, ~ 

3. The 'dharacterization of the sidedness of Na+-
" . 

dependent solute (gl~cine) transp?rt using o~esicles of 

distinct orientation, hamely, IOV and ROV deriv!d f~om 

reticulocytes have been studied. They were, character-
~\ () ~ 

ized with respect to: (i) the ability to accumulate 

glycine against a concentra:tion gradient, (ii) the 

apparent Michaelis-Menten constants for Na+ and glycine 
<-

op ,at various concentrations of the co-transported 

'substrate, (iii) the. stoichiometry of the Na+-dependent 

gl.ycine transport system. 

4., ·The demonstratiqn that energy deplet~on of 

sheep reti8ulocytes retard~ th~ lOBS of at least two . 
membrane transport activities, nanrêly Na+-dependent 

" 

.' 
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glycine transport and the Nat ,K+-pump. Both activîties 

were quantitated using fed and starved intact cells. 

~a+ ,K+-pump activity was estimate'd indirectly by meaSUl"-

'ing the nutn~er of specifie ouabain binding sites per 

cell and glycine transport -was measured under conditions 

to eliminate differences due to changes in the sodium 

electrochemical gradient. These findings were corrobot

ated by studies with inside-out vesicles incubated with 

membrane- free reticulocyte lysate in the presence but 

not in the absence of pn ATP regenerating system, the 
7'" 

activities of the Na+-dependent glycine transpOrt system 
1 v 

and the Na:,~-pump decreased. In.addition, when mature 
# 

red blood cell lysate was substi tuted for reticulocytc 

lysate no significant difference in Na+-dependent 

glycin~ transport activity was evident.It was ,also 

demonstrated that the ninhydrin-positive material 

increased concomi tantly wi th the decrease 

transport activity in the vesicle plus 

lysate reconstituted system. 

in membrane 
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