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PROLOGUE

Now it is a strange thing, but things that are good to have
and days that are good to spend are soon told about, and not much
to listen to; while things that are uncomfortable, palpitating
and even gruesome, may make a good tale, and take a deal of
telling anyway.

J.R.R. TOLKIEN
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The in vive aping of huuan erythrocytes is sccompanied by @

srosressive iucrease iun red cell gpecifie gravity., Use has heen
PEOE

wade of this facl to obtoin erythvocytes of different in vive age

8.
by ultracentrifugabion of washed red cells on discontinuous
density gradients of isow-oswotic bovine albumin,

The red eells of two individuesls exhibited an ape-related
decrease of about 20% in the cell surface Neacetylueuraminie
acid., This channe was shown to be due Lo o generalised loss of
sialic acid from all of the major membrane sialopglyceproeteins.
Liembranes were isolated from cell Efxachtions of different age and
subjected to carbohydrate analysis. The finding for X-acetyle-
neuraminic acid was confirwmed and additional décreases were
obaserved in galactese, glucose, N-acelylpgalactosamine and N-
acetylglucosamine of old eell neubranes. While some of thesge
decreases ave probably altributable to glycolipid lesses, which
are known to accoaupany aging,\part of the galactosefgmacetylm
galactosamine depletion has been related to the sialoglycoproteins
of tihe membrane.

Changes in cell surface carbobydrates have also been detzcted
by studying the relotive susceptibility to agulutination ef
erythrocyles of difierent in vivo age using a number of
agglutinins., 0ld cells were consistently wore agyglutinable and
in the case of one of these asxlutinins, wheat-geri agelulinia,
the increased agplutinability was shown not to be due to an
increcase in the nwiber of lectin binding sites, nor to any narked
vedistribution of intramemwbranous particles of old cells. Moroe-
over, the interaction of in vivo aged cells with agpluvinins could
be mimicked by wneuraminidase ov trypsin treated unfraclionated

crythroexices,

i1




Analysis of the major protein componcits of the rcembranes of
fracglionated celle by SDS~polyacryiamide sel electropheresis
indicated that aging woe ﬂccompanied by bhe appearance of two new
polypeptides of approximate moleculur weipbts 63,000 and 25,000,
wilh probablce degradation of cowmponent 3 - an extrvacellular
surface menbyane glycoprotein.

Treatuent of intaect red cells with a variety of protleolytic
enzymes produced a new component of moleeular weight 61-07%,000
and alseo denraded cowmponent % and the menmbrane sialoplycoproteins.,
Since trypsin treatment of‘erythrncyﬁes produced cellsg which
piimicked in vive aged cells in their behaviour with agulutining,
the findings pregented here are consistent with erythrocyte in
vivo aging beinsz accompanied by proteeclysis of_the external
newbrane surlace of the red ccll. The relevance of these

observatious to the segquestration of senescent crythrocytes is

discussed,

Xiv




ST e T .. e

INTRODUCT ION




1.1 The lluwan Drybhyooyte

L.X.1 Brybivoeyie Function and Li

Tlie human eryturocyte is a highly specislised enveleate cell
whose function ig the carviace ol haemoglobin in the circulatory
systen, Seceqguestration ol haemoglebin wikhin a biological menmbrane
has & nuabey of advantases, the mest lmpevtout of vhich is that
haemoglobiu ean he isclated frow the changiupg envirvoenmeul of Lhe
plasma and xept in a regulated eytoplasuie envirenuent., The
gignificance of this is borne out by the fact thal hoenoglobin
hag & lifespan of 120 daws, coumpared to an average half-life of

10 days for wost plasma proteins (White el al., 197%).
] i p \ sb Rk

Denaturation of hoemoglobin is prevented by various enzynes within
the red cell (Allen, 196k; Jalfé, 1964).

The lifespan of the human erytihrocyle has‘hean guown te he
120 days, and ng thewe ds litile randow desfrxuebion, an aging

pS

process has heen invoked (Berlin, 1964). Therefore, a cireulating

+

arge and in oxrder to investlipate the changes occurring on agiag,

it i3 nccessary to separate these cells, A& number of lechnigues
have been used which amake use of a property of the red cell shown
to change on in vivo apging. The most widely used methods ave
those of centrifugation and diflerential lysis. Labelling

studies have shown that old human erythrocyltes avre more dense

than youny cells (Bovun et aly 1957) snd that old cells are more
gasily lysed than their younger counterparts (Siunon & Topper,
1957). The separation by centrifugation can be iaproved by use of
iso~osuotic density gradients of bovine albumin and this has the

advantage of yieldin, intsect cells for study (Dishop » Prentice,

19G6; Piomells et al., 1J67).
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Changes shown Lo ocouy en in Vive axing are

Table 1.

Table 1 Changes Ueeurrig in Brylhwocytes vuring In Vive Asing
Chanece Ubserved iteference
lucreased specific gravity Borun ¢t al, 1957;

Piomelli et al, 1967
Loss of lipid Prankerd, 1u57;

Westerman et al, 19063
Decreased potassium content

Pranhoerd, 1958
ITunereased sodium contentd
lpereased osmotic fragility Simon & Topper, 1957

Decreased activity of specific

enzymes Penunell, 196k
Pecreased deformability La Celle & Arkin, 1970
Decreased cell surface charge Danon et al, 1971

It is evideat that fairly complex chanyes take nlace in the
erythrocyte during its lifespan, Any cr sll of these may dictate

that a given cell is too old bo remain in the circulation,

1.1.2 Lrythrocyte Lletabolism and Aring
Lo l.2.1 Lipids

The mature erythrocyte is unable to carry out the synthesis
of fatty acids fyom labelled acetate (liarks et al, 1960), to in-
corporate fatbty &cius iuto neutral lipids (.uldex & Van Deeneun,
1965), or to iucorporate glycerol into neutral lipids (Sloviter &
Bose, 1966). Similarly London & Schwarz (1933) have shown ihat
cholesterol is not cyathesised by eryturveytes. Red cell usembrane
cholesterol does, however, excoange with plasma cholesierol

(taarphy, 1962).




Little, il any de nove synthesis of phoespholipids tokes

RPN B

place in the maoture eryturoeyte (Van Jeenen « de i

altnongh in vilro siudies indicate the presence of acylivansfer

R ST

wiiieh can incorporate specific fatty acids inte phosphelipids

Gliveira « Vaushan, 1964 ulder & Van beenen, 1965),
£y 3 ¥ H ;

it

i

o)

(o>

4l
w2

posgible that a similaxr mechanisgm eperates ip vive since membyoane

phospholipid fatty acids are subject to dietary falty acid com
position at a turnover rabe greater thau that of the rved cells
(Farquar & Abrens, 196%). leed (L19%59) has shown that another
wechanism of wmewhrane phosphelipid renewal may be

plasue phespholipids. In spite of this rPrenkerd (1953) and

exchange

with

Westerman et al, (1963) lhave shown that in vive aged erythrocytles

arce deficicut in cholesterol and phospbolipid.

in human eryilivecytes, tiie glycosplhingolipids
J ¥ s B I3 & ¥
less than 5% of Lhe total lipid. The structures

have been studied because of lhelr antizeunic activity.

constitute

glycolipids

one pgyoup of glycolipids whese catabolism has heen studied is

globoside and its analogues. These have been implicated iu a

Lowever,

number of diseases, where lack of a glycosidase has been shown to

prevent their depradation., Studies,on their norual
by Sweeley & bawson {196%) have provided evideuce that these

glycolipids ave lost intact from the ved cell divectly into the

plagma, just before red cell desiruction.

1.1.2.2

Proteins

.

catabolism,

The maturatiow-.of 2 reticulocyte 4o an erythrocyte, with the

resultant loss of polysomes, terminates preotein syuthesis in the

red cell. Bishop (1971) maintains that the mature erythrocyte

retains Lthe ability 1o synthesisc the tripeptide glutathione,

inplying tbhat uptaie of amino acids is not defective.

a

cE




Using rabhilt reticulocytes, Lodish « Deglau (19?3) have
shown that these cells are copable of lesemoglebin synthesis,
This has proved useful as a wmeans of cobhoxrlt labelling red cells
for studies on cell survival. Although haemoglobin is the major
protein being synthesised hy veticulocytes, Lodigh {(1973) also
reports the synthesis of dwo najor mewbyrane compenents, Une of
these proteins may be losb during reticuloeyte maturation {Loch
et al., 1973).

However, it would appcar that the majority of intracellular
end wembrane proteins and enzymes are synthesised by an
erythropoietic precursor of the reticulocyte., This inability to
earry oul protein synthesis means that Lle evythrocyte cannotl,
for example, replace defective enzymes. A nuwber of impoertant
enzymes have heen shown to lose activilty as the red ceil oges
(Pennell, 1964),

The presence ol proteolytic enzymes in crylhrocytes was
demonstrated by Lorrison & Neuvath (1953%). "Yhey identilied three
proteases, two of which were active at physiological pid. Con-
ditions required to solubilise the activity suggested that the
ensyrmes were tightly bound to the membrane. A more recent study
by Moore et al. {(1970) indicated that erythirocyte membrane
proteases could degrade haemoglobin, membrane proteins and the
isolated wenbrane sialoglycoprotein. It was not established
however, whetheg the mewmbrane location of these enzymes was
cytoplasmic or extracellular,

1.1.2.3 Carbohydrate

sletabolism of carbohbydrate within the erythrocyte is
limited but suflficient to meet its requirements for ATP, NADIL and

NADIL,




Glycolysis takes place in the mature reod cell but in the
aﬁsence of mitochondria, there is no citric acid eycle activity.
lHowever, glycolysis yiclds suffiicient ATP to wointain the active
transport of i oand Na© (ivonmselk & Bishop, 1902). Bishop (1971a)
points out that the ATP/ADP levels could affect the glycolytic
rate of evythrocytes by their regpective inbhibitory end
activeting influence on phosphofructelinase. Glycolysis also
produces NADU by the oxidation eof glyceraldchyde~F-phosphate.
This reaction is generally coupled to the wreduection of pywruvate
to lactate, but can alse be coupled to the reductiou of methaemo-

glohin and is mediated by the ensyme NALDU-methacmoglobin reductase

—
[47]

cott & Metraw, 1902).

tlucose can also be metabolised by the hexose monophosphate
pathway. The first two steps in this pathway give rise to NADPI,
De Loecker & Prankerd (1961) have shown that if red cells are
supplied with o mediator Lor NAUPU oxidation, like melhylene
blue, their oxygen uptaiie and metabolism of pglucose by the hexose
monophogsphate shunt ave greatly increcased. NADDI 1s used by the
cell to maintain glutathione in a reduced state (Rall &
Lehninger, 1952), +this in turn is required for the stabiliza-
tion of sulpbydryl containing proteins and for mopping up
peroxides {(Mills, 1959).

A number of enzymes, involved in carbohydrate melabolism,

have been shown to decrease in activity during in vive aging

(Pennell, 1964). It can be seen from the forcgoing deseriplion

that this will, in turn, lead to further deleriorative clianges,

In the absence of cell division or protein synthesis, with

their consenquent reguirenents for nucleotides, by far the most




abundant nucleotide in human red cells ig ATP. OUther purine and
pyrinidine nucleobides bave been reported {reviewed in bLishop &
Surgenor, 1964), wuishop (1460} showed ihat mature human
. . IR} . . b
erythrocytes weuld not incorporate Cl-zlyecine into nucleotides
and that de novo purine synthesis was not carried out., Preformed
purines were, however, shown te be incorporated into red cell
nucleotides (Dishop, 1960; Lowy et al., 1962), implying that
these nucleotides are being constantly metabolised and that red
cells require an external source of preformed purines, which
carbohydrate metabolism can use to form ATP.
It was not at all clear why the red hlood cell reguired so
. s bt g N + g > e )
pmuch ATP. It is the substrate for the Na' /X" active transport
mechanism (UHoffman, 1962), but this only accounts for at most
20% of the ATP output of the cell (Whittam & Ager, 1965).
However, from in vitro aging studies, Weed & La Celle (1969)
have shown that ATP is required for the structural integrity of
the red blood cell and for its subsequent in vivoe survival in
the ecirculation., Schatzmann & Vincensi (1969) have demonstrated
24 24
24y, . 24 " . . .
a Ca /mg dependent ATP-ase which is theught to he responsible

L
a

for mainteining ¢ at a low level in red cells. Palek et al.

(1971) present evidence that such an AfP-ase is involved in
membrane conformation,
Since ATP levels and carbohydrate metabolism are closely

linked, and since carbohydrate metabolism is reduced in in vivo

aged cells, the old red cells' reguirements Tor ATP cannot be

met,
1.2 Phe Hrythroeyte iembrane
1.2.1 Isolatien and Charactlterisation

VA

In the abscnce of subecellular orgoanelles, hoewoglobin-free




Figure 1

Sodium Dodecyl Sulphate Polyacrylamide Gel

BLlectrophoresis of Human Erythrocyte Mewbrbhnes

Ghosts were solubilised at 100°C in 1% $DS and
reducing agent prior to electrophoresis. {(a) Densi-
tometric scan at 550nm of a gel, shown in (b), stained
for protein with Coomassie blue. {c¢) Densitometric
scan at 560nm of a gel, showﬁ in (d), stained for
carbohydrate with periodic acid/Schiff reagent. Bands

are referred to by the nomenclature of Fairbanks et

al. (1971).
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erythroeylte wewhranes can be prepared hy hypotonie lysis, cenbri-
Tugation ond weshing {(Dodge et al., 1963%) . These authors have
shown that essentially all the lipid vemaing associated with the
ghosts. lowever, it has been shown that associations of proteins
with the membrane can be affected by ionie strength., or exanple,
Kant & Steek (1973%) have sbown thot aboutl 50% of the glyceralde-
hyde~%-phosphate dehydrogenase of ghosts prepared by hypotonic
lysis is released atl physiological ionic strength. Thisz yaises
the guestion of whalt constitutes a membrane component.

ffowever, using a standard isclation proceduvre, it has been
possihle to chovacterise the erythrocyte membrance, Rosenberg &
Guidotti (1968) have shown thalt the erythrocybe membrane consists
of 49.2% protein, 43.06% Lipid and 7.2% carbohydrate. By
solubilising membranes in sedium dedecyl sulphate and {treating
with a disalphide weducing agent, Fairbonks et al, (1971) were
able to fractionate the membrane polypeptides by polycerylanide
gel electrophoregis, ‘The major proteins were stained with
Coomassie blue (Figs. la & 1b) and are referred to throughout this
thesis by these authors' nomenclature. The carbohydrate stain
periodic acid/Schiff resgent demonstrates the presence of
several glycoproteins (¥igs. le & 1d), all of which appear to he
sialoglycoproteins as they can be labelled by the sialic acid
specific periodate oxidation/tritiated borohydride reduction
technique of Blunenfeld et al. {(1972). Coumparison of Figse'la &
le sliows that noné of the Coomassie stained components correspond
to dehiff stained bands. The sialoglycoeproteins are very rich in
carbohydrate and so do not adsorb Lthe protein stain. Un the
other hand, compouent 3, shown by Yamner & Doxer (1972) %o be a

glycoprotein containing 105 carbohydrate, is not stained by




schiff stoin.

Glycopreteins containing a large awmount ¢f carbohydrate,
such as the sialoglycoproleins, do not hind sodium dodeeyl
gulpbate to the same extent as globular proteins and so exhibit
anomalous electrophoretic mobilities on polyacrylanide pgels.

This leads to difficulty in assipgning a molecular weight to these
couponents {(Segrest el al., 1971). A Turther caution in conw
sidering clectrophoresis is that sodiwm dodecyl sulphate has

been shown “o he unabie to disrupt completely all protein/protein
interactions, A priwme example of this is the interconversion of

PAS 1 and PAS 2 (larton & Garvin, 1973).

L.2.2 Technigues for Studying denbranes
1.2,2.1 Chemical and Fnzymatic iodification

The ease of isolating erxrythroeyte ghosts has led to their
extensive use as a medel membrane system, Fractionation of the
polypeptides of the nmeumbrane on sodium dodecyl sulphate/polym
acrylamide gels (Fairbanks et al., 1971) has led to the identifi-
cotbion of a number of distinct membrane protein components.
Initial studies were directed atl debterwmining how individual
wembrane proteins were distributed with regpect to the cytoplasmic
and extracellular membrane surfaces. This was doune by compuriug
the reactivity of a component in the intact cell with its
reactivity in isolated, unsealed ghosts., Steck (197%) used
ilmpermeahle righﬁmsidenout and inside-out membrane vesicles to
investigute the saume phenomenon. The probe molecules used were
considered to be unable to penetrate the membrane and so rencted
at a defined membrane surface.

The probes used were proteolybic cnzymes (Steek et al.,

1971), lacteperoxidase catalysed radioiodination in the prescnce
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of hydrogen peroxide (Phillips « Morvigon, 1971) and non-

. . . s 35T
ponetrghiug anionic cheical labelling reajzents such as [ 3[w
formylaethionyl sulphone methylphosphate (Bretsener, 1971).

Phe labelling of wembranc carbobydrate can be carvied out
wsing two fairly specilic wethods, Galmberyg & Hakomori (1973)
labelled cell surlace galactoso/galactosamiue uging salactose
oxidase oxidation and tritiated sodium borohydride wreduction.
Bluaenfeld el al. {1972) labelled membrane N-acetylneuraminic
acid by seguential sodiww melaperiodale oxidation and tritiated
sodium borﬁhydride reduction.

1.2.2.2 Use of l.ectins

Lectins arve plant proteins possessing the ability to
agerlutinate erythrocytes by Lindiog specifically to cell surface
carbohydrates,. Their properties are well reviewed by ﬁis &
Shiaron (1973). Leclinsg were found to be able to discriminate
between normal and transforuwed cells in that transformed cells
showed au increcased suscephbibility to aggzlutination by lectins,
Attenptls to relatc tnis to an’ increase in bthe numbers of leelin
binding sites, using radioactively labelled lectins, gave con-
flicting results, Uleclron microscopy studies, to show how the
distribution of receplor sites on the cell surface delermined itls
agglutinability, were eguivecal, However, it was observed that
treatwent of normal cells with proteolytic enzymes often resulted
in an increased susceptibility to agglutination like that of
transtformed cells. This suyggested that there may be some [oyw of
electrostatic or steric effect involved in agolutinability,
Receptors, on the erythrocyte membrane, for a lorge nwaber of
lecting, have been shown to be associated with the najor

3

cvlyvcoproteins (Fukuda & Usawa, 1973, ¥Yinto da Bilva « Xicolson,
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1974). Proteolytic cleavayge of these veceplors has been shown to
increase erybbrocyte agglutinability and studics by Pollack
(1965) show the importemce of surface charge and steric effects
in apgplutination. Horeover, there is evidence that the distribu-
tion of glyceprotein receptors in the ved cell membrane may be
restricted by interaction of the recephors with the fibrous
protein spectrin on whe cytoplasmic membrane surface (Nicolson &
Painter, 197%; HWlgeaeter & Brauton, 197k).

The use of lectins, which could be conjugated with an
electron deunse molecule lilke ferritin, enabled the study of the
distribution of carbelydrate on the membrone surface by electron
nicroscopy (Nicolson & Singer, 1971), In conjunction with
frecze~cleaving and freeze-~ctehing, this technigue allowed com-
pariscns of surface topography and intrvamembranous orvganisation
to be made (Tillack et al., 1972).

1.2.2.3 Freeze=~iraclture lilectron Microscopy

- iy

Freezme-fracture of erytirocyte membrancs, within the lipid
bilayer, exposes globular particles of approximate diameter
8.%nu (Pinte da 3ilva & Branton, 1970). These intrameumbranous
particles have been associated with glycoproteins belioved to
span the membrone (Pinto da Silva et al., 1971; Pinto da Silva &
Nicolson, 1974). In freshly prepared ghosts, the particles are
not easily agygrezated without a pretreatment whieh removes a
substantial awount of the fibrous protein spectrin from the
cytoplasiic wenbrane surface (Blgsaeter & Branton, 1974).
Particles can then be aggregated by changes in pl or ionic
strength ox by treatment of the nmewbranes with trypsin or

neuraninidase.,

Similax properties have not been deseribed for intact red



cells (Blgsaeter et ol., 1973), again suggesting that spectrin
places & constyraint on the mobility, within the membrane, of
intrusenbranous paviticles,

1.2,% Oroanisation of the sembrane

Bxtensive situdies on the intact eyythrocyte and its izolated
menbrane suggest that there is no protein component which is

symuctrically distributed at both the eytoplasuic and exlra-—

celluvipr menbranc surfaces. For example, Marchesi & Yalade

(1967) end Schatzmann & Vincenzi (1969) assigned the ATP-ascs of

the red cell to the cytoplasmic surface. bharchesi et al., (1909)

'3

sugoest that speetrin is also on the cytoplasmic surface., in
contrast, sugars have been shown to be exclusively located on the
extracellular surface. Iylar et sl. (1962) were able to release
all the Neacetylneuraminic acid from intact bhuman erythroeyics
using neuraminidase. Nicolson and Singer (1971) showed that the
carbohydrate binding sites of lectins were exclusively located at
the extracellular surface,

A third possibility is that components may be exposed at
both surfaces, either by spanning the wembrane or by being
orientated differently at each surface. The coumponents involved
in this type of distribution are the sialoglycoproteins and coﬁm
ponent 3 (Figs. la & le). Jividence for this is that, while
carbohydrates have been uxclu&ively assigned to the extra-
cellular surface, Leichstein & Blostein (1973) and lorrison et
al. (1974) Lave shown that the polypeptide chains of these cowm-
ponents can be labelled at Doth the cyloplasiic and extra-~
cellular membrane surfaces. Steclk (19?&) reviews cvidence for
the theory thal component 3 spans the stembraue, based on

differcances in recactivity of this cowpenent, at the twe membrane

—
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surfaces, tewards enzymatic aund chemical modification. More
compelling evidence is availeble fov the wajor sinloglycoprotbein.
Sequence data on this cowponent shows it to be an amphipathic
molecule with carboliydrate lecated at the amino terwinue (Segrest
et al., 197%), It also possesses a hydrophobic domain bhetween the
amino bterminus and the hydrophilic carboxy terminus. These
aunthors, using enzymiec radioiodination, have shown +that the amine
terminus is exposed at the extracellular surface, while the
carboxy terminus is exposed at the cytoplasuwic surface. Moreover,
£y

the size of the hydrophobic domain is sufficient to span the

T

membrane . These studies, together with the observations of Steck
solubilise component 3 and the sialoglycoproteing Irom the
membrane, suggest thal these conmponents do in facl span the

membrane .

1.2, Propertics of Specific Brythrocyie leuwbrane Proteins

Specific solubilisation procedures and specific labelling
tecliniques in conjunction with sodium dodecyl sulphate/
polyacrylamide gel electrophoresis and electron microscopy have
enabled detailed studies of the properties of individual membrone
protein components Lo bLe carried out,
1.2:5.1  Spectrin

Components 1, 2 & 5 (Fig. la), vollectively kunown as gpectrin
(starchesi & Steers, 1968), can be isolated from erythrocyte ghosts
by exposing theﬁ'tb mildly alkaline, low ionic strength buffers,
especially in the presence of chelating agents. These authors
suggested that these proteins are structurally siguificaﬁt in

that their removal results in the breakdown and vesiculation of

the membrane. The speetrin complex is responsible for the

1%
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fibrillar structure observed al the eyloplasmic surfsce ol pgheostis
(Marchesi et al., 1969). lioreover, ¥u et al. (1973) have shown
that esxtraction of ghosts with non-ionic detergent solubilises
the glycoproteins and leaves behind a ghost~shaped reticular
structure, consisting largely of the spectrin polypeptides.

These subhers suggest that these polypeptides self~associate to
form s submembranous continuum rather than being specilically
bound to {the membrane,

A number ;f lines of evidence bave implicated the spectfin
complex in an erythirocyte contractile system fox maintaining ved
cell shape and deforumability. Weed & La Celle (1969) have shown
that suelt properties of the erythrocyte arve dependent on ATP and
divalent metal ions. Avissar et al. (1975) have isolated spec~

L 5 \ 24
trin from human erythrocytes and demonstrated Ca

-AlP-ase
activity and Mg2+~ATP~ase activity in the presence of skeletal
muscle actin., This suggests the presence of a myosin like
protein in the red cell. These authors have also shown that
component 5 of the spectrin complex co-electrophoreses with
rabbit muscle actin and Dunn & Maddy (1973) showed that this
component is capable of forming aggregates.

Apart from the structural or the actomyosin-like voles
described above, spectrin hag been implicated in another membrane
function., Nicolson (1973) haé shown that aggregation of spectrin
on the cytoplasmic side of the membrane, by sequestration of
antispectrin Xuglobulin inside resealed ghosts, produced
aggregation of the sialoglycoproteins at the extraceliular
membrane surface, Thus peripheral proteins on the internal
surface of the cell nay, under certain conditions, exert a form
of control on the external topography of the membrane receptoy

sites.
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L.2.4.2 Component 3

The major Coomascie stained band of the erythirocyte meme
bhrene, component 3 (Fig. la), is a component of wolecular weight
88,000, and accounts for approxiumately 24% of the membrane
protein (Steck, 1972). It is an integral membrane pretein in
that it can only be solubilised frow the membrane by detergent
disruption of the lipids (Yu et al., 1973}, Tonner & Boxew
(1972) have shown it to be a glycoprotein containing about 10%
carbehydrate¢‘ Steck {1974) has reviewed evidence that this
glycopretein spans bthe membrane and Pinto da Silva & Nicolson
(197%) have shown that component 3 is involved in iptramembranous
particles,

ioreover, a number of studies have implicated component 3 in
facilitating the transport of various solutes aerocss the membrane
Cabantchik and Rothstein (1972, 197hka, lQ?éb) have shown thbat the
permeability of red cells to the anions sulphate ond chleride can
be blocked by compounds which are themselves anionic and bind
component 3, Taverna & Langdon (197%) have also iwplicated this
component in the glucose transport mechanism., Avruch &

Fairbanks (1972) have shown it to be involved in a Mg2+
dependent Na+/K+ ATP-ase, DSome reservation should be expresséd
concerning these Abservatiuns since component 3 on electro-
phoresis is a very diffuse band and nay consist of several co-
migrating species.

Steck (lQ?é) has suggested that component 3 polypeptides
way seli-associate within the wembrane, as they can be c¢rossge
linked to form diuers by sulphydryl oxidation both in the mem-
brane and when solubilised by detergent. Wang & Richards (1975)

suggest taat couwponent 3 woy exigst in a tetramerie foruw, on the
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basis of their crogs—linking gstudies. Although sveh tetrameric
unitg would correspond to the number of anioenic inhibitor sites,
suggeslting Lhe possibility of anion chaunels, there are notb
enough component 3 tetramers to account for all the intra-

pesbranous particles.

L.2.4.% Sialorlyconvoleins

The major glycoproteins of the cryithroeyte wmombrane, the
sialeglycoproteins shown in Fig. 1c, can be solubiliscd only by
detergents or organie solvents {Juliano, 1973). They are there-
fore integral meubrane components aund evidence was presented in
1.2.3 that they span the membrane., Yhe component IAS 1 has been
generally referred to as the major sialoglycoprotein since, afiex
reduction and detevgent solubilisation of ghosﬁs atl 3700 prioxr to
electrophoresis, this coumponent is the major staining band.
Pig. lc sbows PAS 2 to be the major stained band and in this case
solubilisation was cerried out at 100°C. These obscrvalions were
first made by siarton & Garvin (1973) and bave been extended by
Tuech & Morrison (1974), who have shown that the intercoenversion
of PAS 1 and PAS 2 is reversible and talkes place in Twis but neot
phosphate buffers. Marton x Garvin (1Y73) have proposed that
PAS 1 is a dimex of PaS 2. lowever, lueller & lMorrison (1974%)
have shown ihat enzymatic radioiodination of PAS 1, but not
PAS 2, can btake place at the extracellulor membrane surface,
Since PAS 2 has. been shown to be accessible to proteolytic
degradation at thc extracellular surface (Steck et al., 1971),
this data supggests that PAS 2 con exist in different couforina-
tions in the nwembrane., Slutzky « Ji (1974) claim to have
evidence for the identity of PAS I and PAS 2 from peptide

mapping experimenmts, ‘Whe saue aunthors, studying the different
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response of PAS 1 and PAS 2 to protoolyﬁis{ propose a medel in
which PAS 2 can exist as tight or loose dimers witlhiun the mem~
brane., Although Steck (19Y72) was unsuccessful in cross-linking
the sianloglycoproteins, using aldehydes or sulphydryl oxidising
agents, Ji (1974) bhas shown that PAS 1 and PA5 2 can be cross-

AR

linked by dimetbyladipimate dihydrochloride. This provides some
evidence of association within the niecmbrane.

This affinity for agpregation may account Ler the variation
in molecular weights which have been rveported (reviewed in
Segrest et al., 1971)° These aulhors propose & molecular weight
of 55,000 from el electrophoresis, but this is nrobably for
PAS 1. Grefrath & Reynolds (197%4) report a molecular weight of
29,000 which agrees well with 31,000 veported for PAS 2 by
Marton & Gervin (1973). Ultracentrifugation studies of Kathen et
al. (1961) and Morawiecki (1964) give subunit molecalar weights
of 31,400 and 30,000 respeetively.

The composition and structure of "Uhe major sialoglycopro-
tein" hag Dbeen studied by Winzler (1909) and larchesi el al.
(1972). The molecule is (0% carbohydrate and 40% protein. The
major sugars are N-acebtylneuraminic acid, N-acetylgalactosamine
and galactose, with a significant amount of ﬁpacetylglucosamine,
some fucose and mannose., Winzler {1969) has shown that there are
at least two types of oligosabcharide chain, The sinpleal ia
alkali~labile Qnd centains li-acetylneuraminic acid, galactosce and

.

N~acetylgalactosanine.
marchesi's proup have investigated the structure of the pro-
tein woictly and have shown it to be aun amphipathic molecule with

carbohydrate at tlie amino terminus, a hydrophilic carboxy terminus

and a hydrophobic core reunion (Segrest et al., 1972; Segrest
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et al., 197%). This hydrophobic demain of the polypeptide chain
may be responsible for the aggregation discussed above,

Recently Lea et al. (1979) have shown that the hydrophobic

domain, which can be isolated as a trypltic peptide, can interaci
with lipid bilaycers and affcet tlhieir permeabilily propertiies,
Segrest et al. (19724) bave also shown that, at a given concentra-
tion, these tryptic peptides will aggregoate to form atructures
gimilar to intramembranous particles., It is doubtful if this
could happen under physioclogical conditions, MHowever, the
gialoglycoproteins have been dmpliceted in intramembranous
particle formation by Pinto da Silva et al. (1971), Tillack et al.
(1972) and Nicolson (1973). ‘These workers altercd the distribu-
tion of sialoglycoprotein surface receptors and showed a parallel
alteration in the distribultion of particles.

A number of functions lhave been attributed to the sialo-
glycoproteins, kLatban & Winzler (1963) showed that FAS 2 is the
receptoyr for influenza virug and myxoviruses. The major sialo-
glycoprotein has been purified and shown to possess 3N entigenic
activity (Cleve et al., 1972). It is not clear however, if AD
blood pgroup activity can be attributed to glycoprotein or to
slight glycolipid contamination {Gardas « hodcielal, 1971;
Hamaguchi & Cleve, 1972)., %Yhe glycoprotein dees, however,
possess the receptors for a number of prant agglutinins (Fukuda &
Usawa, 1973).

.

Biolovical BSicuificance of Glyvcoprotein Carbohvdrate

1.3

1.3.3 Possible ltole of Carhohydrate in Cellulay Recognition
A proposal by Uoseman (1970), that cells may adhere Lo one

another by forming an onzyme/substrate complex between plycosyle

translerases on one cell and suitable glycoprotein acceptors on
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a complementary cell, has led to a gearch for plasna membrang-
bound glycosyltransferases in a numbeyr of cells.

Boswsnn (1971) described four suel glycosyltronsferases in
platelets. Two of (hege were very specitic for {ransfer of
slucose énd galactose to collagen. As platelets do¢ not
synthegise collagen, Josuann suggested that these translforases
weve involved in the adherence of platelets to collagen in
haemostasis. e also suggested that the other two glycoprotein:
glycosyltransferases might be involved iu pldelet-plateletd
adhesion, although no endogenocus accepiors were found., Jamicson
et al. (1971) .reported similar findings in their study of a
platelet membrance collagen-specific glucosylivansferase, They
sliowed that inhibiters of the collagen glucosy}transfcrasc would
also inhibtt adhesion of ploteletls to collagen.

Similarly, Roth et al. {1971) bhave shown tiie presence of a
galactosyltransferase on the surface of chicken cmhryo neural
retina cclla, The a@hesion‘specificity of these celle could be
interfered with by introduction of a suitable exogenons
glyceopeptide substrate for the glycosyliranslerase,

Roth &« White (1972), using cultured Malb/cBTﬁ cells,

provided evidence For meumbrane glycosylirnnsferases which could

transfer suvoar €

[»]

endogenous acceplors on adjacent cells. Their
results were dependent on the degree of contact between cells wnd
may supssest a role for glycosyliransflerases in contact inhibition
of growth. Bosm&nn (1972) found similar results for normal and
oncogenic virus transforized fibroblasts.

Altnough these studies support the lLypothesis thal iunbexr-
cellular adiesion, cell-glycoprotein sahesion and contact

inhibition may be mediated by a glycosyliransferoase/glyveoproicin



interaction, the generality of the phenomecnon is not established,
Indeed Evans & Wisber (197%) were unable to demonstrate glycosyl-
transferase activity in the plasws mewbrane between adjacent
hhepatocytes. They did in fact find a potent nuclectide
pyrophospkatase on the extracellular wembrane surface. This
would hydrelyse sugar nucleotides and so inhibit glycosylation
reactions,

1.%.2 The ltole of Carhohydrate in Cireunlstory Survival

The importance of the caxbobydrate moiety to the circulatory
survival of plasma glycoproteius was suggested by the observation

O e

of iorell et al. (1966) that desialylated caeruloplasmin, on

injection into rabhits, wes rapidly removed from the cirveulation.

horell et al. (1968) subsequently showed that the galactose

residues, cxposed on removal of sialic acid, were responsible for
recoguition of the desialylated.glycoprotein? since their removal,
wodification or resialylation enabled the glycoprotein to manifest
its normal survival time. The site of upteke of asialocaerulo-
plasmin was found Lo be the liver and shown to be exclusively in
the pavenchywal cells. Further study with this same system
(iticlman et al., 1970; Van Den Hauwer et al., 1970) supgested that
only a very limited removal of sialic acid was required for
exhibition of this uptake phenomenon. Subsequently, Morell et al.
(1971) carried out similar studies on a nuwiber of plasna
glycoproteins anq the observed phenomenon was found to be
generally applicéhle, with the exception of transfexrrin.

Ludgin et al. (1974) have isolated the binding protein from
rabbit liver wiich specifically binds desialylated plasna

glycoproteins, The binding protein ig a sialoglycoprotein whose

sialic acid is required for bhincding. Therve is alsc o requivement
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for caleium. Since desialylated glycoproteins are natural sub-
strates for a sislyliransferasce, ludgin & Ashwell (31974) looked
for plycosyltransferase acbivity in their purified binding
protein. It was slown to be obaent.
1t would appear, therefowe, that removal of desialylated
glycoproteins from the circulation is net wedialed by a
glycosyltransferase/glycoprotein interaction bul rather +that
there is some complementary recognition between two glycoprotleins,
Despite the venerality of this process and the elucidation
of the uptalse mechanism, the significance of desialylation in
the catabolism of plosma glycoproteins has not been established.
Ashwell and Morell (1974) supgest that demonstration of partially

desialylated glycoproteins i

iy vivo and the locus of the neuramini-
dose responsible for desialylation would be required, in order to
establish a physiological vole. BEvidence for such a neuraminidase
is equivocal (Schengrund et al., 1972; iternacki & Hosmann, 1973%).
Further evidence for a role for sialic acids in circulatory
survival coues from the work of Woodruff and Gesner (1969), who
showed that treatient of rat Lymphocytes with neuraminidase
caused them to be temporarily sequestered in the liver before
recirculating noxmally in the blood and lymph after twenty-four
hours. These authors did not quantitate the minimum loss of
sialic acid necessary to observe this plenowenon, nor did they
indicate whether exposure of an underlying carboliydrate deter—
minant was necesgary for this seqguestration. Since other non-
specific treatments, such as exposure to glycosidases {(Gesner &
Ginsburg, 1964%) or to trypsin (Woodruff & Gesner, 1908) gave
sinilar ceffects, again the physiclogical significance of these

observations is dilficult 1o assess. Jancik & Schauver (1974)

i3
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Lave sugurested that the twenty-four hour delay in recirvculation
of neuraminidase btreated lymphocyles may be the time reguired Lo
resynlhegise c¢ell surface sialic acids, in which case it would
he interesting to kvow 1{ trypsin treated lymplocyles recirculate

Jancik &« Schauvey (197&) have demonstiated that cofll surface
sialic acids are necessary for the Jn vive survival of rabbit
erythroeytes. They saggested thal, in contrast to plaszna
glycoproteins, the sugar residue exposced on vrewmoval of sialic
acid does not affect removal from the circulution, sdoreover, in
contrast to the finding with lymphecytes, ervihrocytes did not
appear Lo re-enter the cirvculation and Jancik & Schauer were
unable to demonstrate the presence of euzyvmes which could
regenarabe or lransfer sialic acids,

Thege ohservabions, in conjunction with those on plasma
glycoproteing and lymphocytes, supgest the indigspensability of
gialic acids for normal circulatory survival., They do not,
however, prove that loss of sialic acid is a process normally
talking place in vivo and leading to removal from the circulation,

However, Danon el al. (1971) have proposed that reuwoval of
sialic acid in vivo is a wajor factor in the elimination of old
erythrocytes from the circulation., They have obtained erybthro-
cytes exhibit a decweased electrophoretic mobility and a
decreased density of staining of the cell newbrane with a
positively chafgéd colloidal iron suspension.

Since the surface charge of crytirocytes is largely
suggest that in vivo erythrocyle aging is accompanied by loss of

sialic acid,

|y
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1.6k Adaas of the Present Study

b s

Studies on the in vivo apging of rcd blood cells have shown
that a nunber of degradative and metabelic changes occur, four
which the erythrocyle, as an enueleale cell, cannot compensate,
Any ox all of these changes, outlined in 1.1, might dictate that
a cell is too old to remain in the cirvculation.

Tt might be anticipated that the rcecognition ol sueh effete
cells would be mediated by the surface nenbrane chavacteristics
of the senescent exythroeytes. With tlhe advent of new teclhnigues
for studying membranes (1.2), it was decided to characcterise the
membrane surface properties of old and young erythrocytes in
anticipation of detecting changes which might be recognised in
vive and lead to the removal of effete cells from the circulation,
Since there was some tentative evidence that carbohydrate might
be involved in cell recognition processes (1.3), these studies

concentrated on membrane glycopreteins,
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MATERIALS AND METHODS




2.1 Separvation and Chavracterisation of Brythrocytes

Fresh human bloocd was obtained by venepuncture and prevenled
from coapgulating hy imuediate suspension in ene tenlh volume of
Algsever's solution (Bukantz el al, 1946). Plasme and the buffy
coat of white cells ond platelets were aspirated after centri-
fugation at 800 for I10win and resuspension in a buffer of pi 7.4,
which contained 5mil sodium dibydrogen erthephosphate and 0,154
sodium chloride (PBS 7.%), for a total of four washes. Con-
tamination with white cells was assessed by staining a sample of
cells with Giemsa stain (British Drug Houses Chemicals Litd.,
Poele, England). Cell counting was performed in an improved
Neubouer haemocybometer. Determipation of the ABU blood group ef
a donor was carried oubt using bwnan antisera optained from
Hyland Div. Travenol Laboratories Inec., Costa Mesa, California,

U.S A

2.2 Preparation of Hrythroeyte liembranes

Pl

Taemoglobin free erythrecyte membranes (ghosts) were pre-
pared by lysis and washing in Smi seodiwnm dibydrogen ertho-
phosphate, essentially according to the wmethod of Steck el al
(1970), These authors advise the discarding of a hard-packed
pellet of material allegedly from white cells and possessing
proteolytic activity. If care is taken lo rewmove white cells

during crythrocyte washing, this step is unnecessary.

2.3 Preparation of {so-osmotic Bovine Albumin Solutiong
Bovine albémin, Fraction V, (Sigma Chewmical Co., St Louis,

iisgouri, U.S5.4.) was dissolved at 4°C in deionised distilled

water to yield a 20% {w/w) seolution, which was dejonised by

passage through a column of analytical grade Amberlite monobed

resin B3 (British Drug lHouscs Chemicals Ltd., Poele, Bugland) .
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Phe resulting solution was dilutedts 5% (w/w) and lyophilised.
The protecin was powdered and dissolved in a huifer oX composition
15%ml sodium hydrogen carbonate, 5.21M magnesium chloride and Subl
potassium chloride (Bishop & Prentice, 1906), containing 0. liay/ml
strephomycin sulphate and 0.6mg/ml penicillin (both obiained frou
Glaxo laboratoriecs, Greenford, Buogland). The desired protein
concentration was approximately 42% (w/w).

The osmotic aqtivity of an albumin selution was determined
on an Advanced Digimatic Osmometer, model 3D (Advanced
Instrument§ Inc., Needham Heipghte, Massachusetbts, U.S.A.),
employing tine method ol Piomelli et al, (1967). The desired
osmolality of +the albumin solution was 291 milliosmoles per lg.
The osmolality of the concentrated albumin solution was
determined by measurement at twofold dilubtion in a solution of
composition 148ml sodium chloride, 5.2mk maguesium chloride and
Smil potassiun chloride (diluent solution), which was 291 uilli-
osmolar. Adjuslments of the osmolalily of the concentrated
aibumin solution vere achieved by the addition of solid sodium
chloride until a twofold dilution in the diluent solution lefw
the osmolality unchanged at 291 milliosmoles/kg.

The specilic gravily of the concentrated solution was
determined by weighing in a 100ml volwmetric flask at 20°C on a
Stanton Unimatic balance (Stanton Instruments Ltd., London,
England). ¥ractions of required specific gravily were prepared
by dilution of the concentrated albuwnin with the diluent solution
and yielded solutions ol pH 7.4,

2.0 Fraoctionation of hHwian Brythrocytes

Washed, packed erytbrocytes (lal) were applied to the top of

a discontinuous density gradient of igo-vsmolic bovine albumiu.
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Phe gradient consisted of five 2,.3ml fractions layercd in 34" x

9/16" cellulose nitrate centrifuge tubes., The specific gravity
range of the {ractions for blood greup O eryithrocyles, from
donor A.B., was luﬁyﬁwl,llﬁg/ml by steps of 0,005, while for
hlood group U erythrocytes, from donor J.G.U., the range was
1.090-1.1 4y /m) by steps of 0.006. Gradients were centrifuged at
5°C for AOmin in a Beckman SWAQ rotor at 40,000 r.p.m. in o
Beckman L2-0633 ultracentrifuge, The resulting six fractions of
cells were obtained by slicing the tubes using a Decluan tube
slicer and washing the cells free of albumin by four washeg in
P8BS 7.4, The distribution of cells aﬂong the fractions, was
obtained by measuring the baemoglohin content of each fLractien.

2.5 Determination of Hoemoplobin .

o

Haemoglobin was measured by the method of Van Nampen &
Zijlstra (1961). Sodium dodecyl sulphate (British Drug Nouses
Chemicals Ltd., Poole, Englan&) replaced Sterox S in the assay
gsolution. It was present at 0.05% (w/w) and did not affect the
colorimetric assay. This and all subsequent eolorimetric assays
were periormed in a Becluan DB spectrophotometer. Human haemo~
glebin, type IV, obtained from bigma Chemical Company, St Louis,
Missouri, U.S.A., was used to prepare gtandard curves.

2.0. Measurenent of Lrythroevie Glucose~bG-phosnhate

Dehydrogenase Activity
The assaj of glucose~6-phosphate dehydrogenase (EC 1.1.1.49) was
based on the method of Piomelli et al.{1363). Packed red cells
were lysed by 250-fold dilutiom in distilled water. Lysate (1lml)
was made up, in the substrate-containing assay medium, {to a

volume of 2.9nl to which was added 0,lml of 0.03%4 disodium XKADP,

obtained frow Boehringer Mannheim Gubll, Mannheim, Geraany, to
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start the reaction. A blank, fvowm which the subastrate sodiuvm D-
plucose~honlhosphate {Sigma Clhemical Co., St louis, lissourd,
UﬂS.Ac) was omitted, was used. 7The assay was allowed ©0 proceced
for 20 min at 2500 in a Cary iledel 15 recording speclrophetometler
(Cary Instruments, donvovia, Califernia, U.8.4.). The rate of
change of absorbance at %&0mn was measurcd and related to the
formation of NADPH veing the extinction coefficient of 6200M"l
cmwl. The enzyme activity was related to the haenmoglobin
present by assaying an aliquot of lysate for haemoglobin,

2.7 Chemical andinzymatic Mydrolysis of Bryibrocytle

N-eficetyincuraminic Acid

Ne-fcetylneuraminic acid was assayed by the method of
Aminof f (1961), whieh requires the presence of.free New
acetylneuraminie acid. 7The free acid wayg released from intact

cells by Clostridiumm perfrincens neuraminidase (BC 5.2.1.18) or

by acid hydrolysis. The neuraminidese (Type VI) was obtained
from Bigma Chemical Co., St Louis, Missouri, U.S.A. Bnzymatic
Iiydrolysis was carvied out Ly iucubating'cclls equivalent to
4&06.9mg haewoglobin in a total voluase of Lul of buffer of com-
position Humil sodium acetate and 0,154 sodium chloride at pid 5
containing 0.03 mg enzyme protein. Incubation was for 1lh at B?OC
with shaking,

Condilions of acid hLydrolysis were standasrdised to allow for
the huffering effect of haemoglobin., A sample of cells,
equivalent to 40.9mg haemoglobin, was made up to Lluml in 0.05:5
sulpliuric acid, Hydrolysis was carried out at 80°C for 1h.

Samples from enzynatic and acid hydrolysis were treated with
an egual voluwe of 5% (w/v) dodeca-tungstonhosphoric acid

(British Drug Houscs Chewmicals Ltd., Poole, Bngiand) and the



precipitate was centrifuged at 20,000g for 10min. The precipitate
was washed with Iml of 2.5% (w/v) dodeca-tungstophosphorie acid
and the N-acetylneuraminic acid content of the combined supexr-
natants was determined.

2.8 Uydrolysis and Purification of Brythrecyte lewmbrane

Nedcebylneuraminie Acid

NeAcetylueuraminic acid wos releoased from erytbrocyte phosts
Ly hydyrolysis in 0,025i sulphuric acid at 80°C for 1h. Sub-
stances which interfere in the assay were removed by binding the
Neacetylneuraminic acid to an ion exchange resin. Iydwolysatbes
were treated with an equal volume of 00,0254 barium hydrexide,
pit 6, to precipitate sulphate ions. After centrifugation at
20,000g for 10min, the supernatant was passed bthrough a
column of Dowex 1X8-100 formate. The colwun was washed with 10
volumes of water after which the N~acetylneuraminic acid was
eluted in 18 volumes of 0.3M formic acid. Sauples were lyo-
philised and redissolved in a small volume of water for assay.
The recovery of N-acetylnecuraminic acid by this procedure was
determined by yunning standards simultanecously undeyr identical
conditions. Recoveries were routbinely 76%.

Dowex 1X8-100 formate was prepared by washing the chloride
form of the resin, obtained from Sigma Chemical Co., St, Louis,
Missouri, U.85.A., with acetone, water, 7M hydrochloric acid,
water, 3it sodium hydroxide, water and 2il sodiuwm formate.

2.9 The Thiobarbituric Acid Assay of Nepcelvlineuraninic Acid

An aqueous sample (0.,5ul) containing N-ucetylneuraminic acid
7as treated with 0.25m1 of 25mil sodiwm metaperiodate pit 1.2, and
. ey O S . . _ ‘4
incubated at 37 °C forxr 30min. This was followed by the sddition

of 0.2ml of 2% (w/v) sodiuw arsenite in 0.5 hydvochlovic acid,
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Blanks were obtained by addition of arsenite prior te periodate.
After the disappearance of the yellow colour, 0.1i Z-thiobarbitu-~
ric acid (2ml), obiained from Loch-lLight Laboratories Lid.,
Colnbrook, Uucks., Ingland, was added and the sample hoiled for
7.59min. The sample was cooled in ice and the colour was
extracted into 5ml of butan~l-ol containing 5% (v/v) hydio-
ehloric acid. 'The colour developed was determined at 54%9nm and
compared to that of N~acelylneuraminic acid standards. N-
acetyluearaminic acid was a product of woch-Light Laboratories
Ltd., Colhbrook, Bucks., Ingland. The agsay is that of

Aminoff (1961},

A number of aqueous solutions, potentially capable of inter-
fering with the assay, were subjected to the conditions of the
agsay hoth as samples and as blanks., These were unhydrolysed
ghost supernatant,; aqueous solutions of malonaldehyde big -
(dimethyl acetal), obtained from ialph N, Bmanuel Ltd., Wembley,
England, and the supernatant of a linseed o0il emulsion. Linseed
0il was obtained from Affchem Ltd., Talkirk, Scotland. Spectra
of the colour developed by all these substances were oblained on
a Pye-Unicam SPB8000 ultravielet recording spectrophotometer (Pyew
Unicam Ltd., Cambridge, Bngland).

2.10 Determination of Amino Sugars

The release ol N-acetylglucosawine and N-acetylgalactosanine
from ghosts was carried out in 44 methane-sulphonic acid {(Joche
Light Laboratories Ltd., Colnbraék, Bueks,, England) at 100°C for
24h in evacuated, sealed pyrex tubes,

Ghost suspension (0.2ml), containing approximately 0.%mg
protein, was made up to a voelume of 0.5ml in 4i methane-sulphonic

.

acid. DL-norleucine (50nmol), obtained from Sigma Chemical Coo,




St. Louis, iisseuri, U.S.A., was adaded as an internal standard.
After hydrolysis, 3.54 sodium hydroxide (6.5ml) and LA sodium
hydroxide (0.2ml) were added., This was followed by further small
additions of alkali wuntil a pif of 2~2.% was achieved. The
resulting solution was analysed iuv an amino acid anolyser JLC-
584 of the Japanese Lleetron Optics Laboratory Company Lid.,
Tokye, Japan, using LlOcm and 50cm columns of LCHL resin.

2,11 Determination of Galactose and Glucose

Ghost suspension (0.3%ml), containing approximately 0.4%5mg
protein, ﬁ&s dried down over phosphorus penvoxide under vacuuwu.
Samples werxe then prepared for gas chromatographie anclysis by
the wethod of Clanp gi‘giu(l97l)a Sugars were run isothermally
at 165°C in a Pye scewvies 10k gas chromatograph.with a flawe~
ionisation detector. Mamnitol was used as an iaternal standard.
Determination of the sugar of interest was carrvied out by
measurement of peak aveas and relating these to a series of
standard carves devived from sugar standards covering the
expected concentbration range.

2,12 Determination of Frotein

Erythrocyte wembrane protein was estimated by the method of
Lowry et al,(1951), using deionised, lyophilised bovine albumnin
as standard,

2.13 Incorporation of a Tritium Label into NeAcetylaoeursminic

of Tryithroceyte iMembrane Glycoproteing
The lalielling procedure is based on that of Blumenfeld et al,
(1972). A 50% (v/v) suspension of packed, washed erythrocytes in
P33 7.k, containing sufficient sodium metapeviodate to give a
tenfold molar excess of periedate to N~acetylneuraminic, was

o .

shalken for 1l0win at 20°C. fThe oxidation was terminated by the

-
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addition of cold PBS 7.4 and centrifugation ot 860g for 1l0min for
a total of three washes. The packed ved cells were vesuspended

in an ecgusl volume of P8BS 7.4 and a guantity of itritiated sodium
borohydride (130 mﬁi/mmal) in 0.0LM sodium hydroxide wag added to
yield a twelvefold molar excess of borohydride to j-ascetylneura-

.. . N . . )
miniec acid. Aftex %0min atl 20

¢ with frequent shaking, the
reachtion was texminated by the addition of cold PBS 7.4, with
centrifugationland waghing as above, until the supernatant was
essentially free of radioactivity. All radiochemicals were

obtained from the Radiochemical Centre Litd., Amersham, Lngland.

2,14k Incorporation of o Tritium Label inte Galactose/

Galactosamine Jiesidues of the Brvithroeyvle Membrane

The labelling procedure was based on that:of Gahmberg &
Hokomori (1973). Packed erythrocytes {0,lml) were suspended in
2 volumes of PBS 7.0 containing 80 units of galactose oxidase
(BC 1.1.3.9), and the suspension was incubated at 3708 for 1h
with gentle shaking. Galactose oxidase was obtained from
Wortlhington Biochewical Corp., Freehold, New Jersey, U.S.A. The
reaction was terminated by the addition of cold P38 7.4, with
centrifugation and washing for a total of three washes. The
pacled cells were resuspended in an equal volume of PS8 7.4 and
0.8mCi of tritiated potassium borohydvide (130mCi/mmol) in 0.01
sodium hydroxide was added. After 30min at 20°C with shaking,
the reaction was terminated by the addition of ice cold PBS 7.4,
with centrifupation and washing until the supernatant was
essentially free of radiocactivity.

I

i

.15 Sodiuwn Dodecyl Sulphate Gel Blectrophoresis

Blectrophoresis of erytlhrocyte membranes was performed as

described by Fairbanks et al.{(1971). Sodium dodeeyl sulphate,
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amtonium persulphate, N,Nlnmethylenebisacrylamide, dithiethreitol
and N,N,Nl,Nlmtetrumethylenediamine were oblained from British
Drug llouses Chemicals Ltd., Poole, Eopgland, derylemide was o
product of Koeh-Light Laboratories Ltd., Colabrook, Bucks.,
England. Pyronin Y was obtained from George 1. Gurr, Lenden,
England, Coomassie brilliant blue I and basic Lfuchsin were
obtained from Gurr/searle Diagnogtic, High Wycombe, Ducits.,
England,

Erythroc}te membrane samples, containing approxivately
0.lmg protein, were incubated, in buffer containing reducing
agent and sodium dodecyl sulphate, at 100°C row Fmin, before
application to l0em x 0.0cm polyacrylamide gels.

Gel densitometry was carried out using a Gilford spectro-
photometexr model 240 with a linear transport attachment model 2410
(Gilford instruments Litd., Teddington, siddlesex, England).
Coemagsie stained gels were scanned at 550nm; periodate-Schiff
stained gels were scanned at 560nm.

Stained or unstained radiocactive gels were sliced inte lmm
slices for counting, using a niickle gsel slicer (hickle Laboratory
Engineering Co., Gernsiall, Suvrrey, Pngland).

2,16 ° Licuid Scintillation Counting

Tritiuwn was determined in a scintillation fluid, compatible
with aqueous samples, which tolerated 1-2ml of aqueous sample per
10ul scintillator. The scintillation fluid was a 35% (v/v)
solution of Triﬁon X 114 (ioch-bLight Laboratories Ltd., Colndroolk,
Bucks., Mngland) in toluene and contained 0.5% (w/v) 2,5
diphenyloxazole (also foch-Light) and 0.05% (w/v) p-bis (L
methylstyryl) benzene (Fastman Lodak Co., Rochester, New York,

U.S.A.).



Agueous suspensions cf erythrocyte wembrancs were added to
scintillation fluid without additional treatment. iWhole cells
(Spl) were decolorised with 0,.%m1 %0% (w/v) hydrogen peroexide
(British Drug Uouses Chemicals Litd., Foole, Bngland) . WVater wae
added prier wo scintillation fluid, Gel slices were treated with
0.%ml 30% (W/v) hydrogen peroxide and solubilised overnight at
60°¢c prior to the addition of water and scintillator. Counts
were determined on a Nuclear Chicage fsocap 300, Efficiency of
counting was dppyoximately L5949,

2.17 Applutination Studies

Human anti~-B serum was obtained Irom dyland Div, Travenol
Laboratories inc., Costa iMesa, California, U.S5.A. Wheat-germ
agglutinin was purificd by the affinity method of LReitherman

ale (1974) and was used at a concentration of O.hmg/ml. Carcinus

lectin was partially purified from the haemolymph of Carcinus
crabs by adsorption and clution from a column of N-acetylglyeyl-
At-sepharose {(A. Baxter, unpublished work). '"The concentration of
agglutinin in this preparation was wunknown,

Serial dilutions of the agglutinins, into PBS 7.4, were
carried out in a plastic agglutination tile and to cach well was
added one half volume of 1.5% (v/v) erythrocytes. Erythrocytes
were fractionated, trypsinised or neuraminidase treated, depend-
ing on the conditions being studied,

Trypsinised cells were obtained by incubating 0.2ml washed
red cells for 15 at 3700 in 5.3%al of PRS 7.4 containing Smg
bovine pancreatic trypsin (EC 3.4.21.4), obtained f£rom loch-Lisht
Laboratories Ltd., Colnbrook, Bucks., England. After 3 waslhies in

PR3 7.4, the cells were resuspended to 1.5% (v/v).



Cells treated with neurawinidase (HU Go.21.1%) were obtained
by ineubating 1.7ml paclked red cells in 1.0ml 5Smid sodium acetate,
0.15i sodium chloride buffered at pil 6.5, containing 0.2ng

L - . tod at 27% faw 160 11
neuraninidase. Samples were ineubated at 37 °C for 15min or 1lh
and after washing, werc resuspended at 1.5% (v/v) and used for

agglatination.

2,18 Standardisation of Aesiutination Procedure

Lalm

In the previous section, the preparation of erythroceytes,
the agglutining used and the buffer have heen defined.
Agglutinotion was allowed to proceed for 50win with occasional
shaking. After this time, the well in whieh 50% agglutination
bad taken place was noted. Assuming bthe initial concentration
of the agglutinin in each case to be unity, each well in a row of
serial dilutions can be agsigned a nwubey, corresponding te the
agglutinin dilution factor. For example, well L would he
designated 2, well & designated 4, well 3 designated 8, ete. In
assesging the responge of differently treated erythrocytes to

ejqual concentrations ol agglutinin, the dilution factor at which
50% agglutination of a particular type of cell oceurred, was
defined as that cell's agglutination.index‘ In this way, the
interaction of differvently treated cells with the same agglutihin

could be assessed semi-~gquantitatively.

2.19 todination of Wheat-Germ Agrlutinin

The iodinaﬁion reaction was a modification of the method of
Marchalonis (1969). Tlhe reaction was carricd out in a total
velume of 0.4ml containing 0,154 sodium chloride,0,054 sodium
dihydrogen orthophosphate, 0.02uil potassium iodide, 0.LM ¥-
acetylslucosamine (Sigma Chemical Co., St Louis, uissourt, Ueb.A.),

20pg lactoperoxidase (B6 1.11.1.7) (Calbiochem, Los Angeles,
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Califeruia, U.8.A.), 2mg wheot-germ agglutinin and lcapci soGiun
1250 . .. . s . _— .

. I} ~iodide, The weaction was initiabed by the addition of
hydrogen peroxide to give o final concentrvation of 0.170mM.

o %
After %0min abt 207C, the reaction was terminated by the addition
of lml 20mld Zemercoptoethancl {Hech-Light Laboratorics Lid.,
Colmbrool, Bucks,, Bnglaund). The agglubinin was dialysed
s : ) \ s

againgt distilled water for 24h at & C, followed by {twoe 24k
dialyses against PBS 7.4. 1t was subscquently used ol a concen-
tration of Oa&mg/ml and its specilic activity was detlermined as
O,B&PCi/mg.

ks : . . 125 - s
2,20 Binding Studies Using { g ~Wheal-Germ Apslutinin

Binding studies were carried out in polypropylene Declonan
Bio-vials which had been presoalked for &h with 2ml of bovine
albumin, which was 5mg/ml in PBS 7.k, The albumin was aspirated

. 5 s . ) : 1125,
before use, For binding studies, 0.8pg-12pg of | 7771 |=wheat-germ
. . 0, .
agglutinin and 107 erythrocytes were incubated at 20°C in a total
volume of O.4wml P8BS 7.4, For the purposes of studying saturation
binding, 8pg, 12pg and lopy lutinis re added to 2 x 6
binding, 8pg, 12pg and lopy agglutinin were added fto 2 x 10

erythroeytes. After 30min witii occasional shaking, the cells

were washed three tines with 2Zrl PBS 7.4, and the amount of

! m «
.. . . . . JANS N}
bound agelutinin was determined in a Jeckman Biogamma ~°°
tHth D

counter (Beclkman Instruments Inc,, Palo Alto, California, U.S.4.).
Corrections were made for noﬁmspecilic binding to the poly-
prepylene tubes, although this was minimised by the allumin pre-
soaking step (Lescuey et al., 1972).

Inhibition of bhinding to erythrocytes by ovomucoid fraction
11 (Beeley, 1971) was carried out by incnbating 12pp agglutinin
and 107 erythrocytes in 0.4l P88 7.4 containiug 0,05ng-5ng

ovomucoid fraection I1,

3
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2,21 freeze-lracture of Intact krythroecyies

Treeze-fracture was carried oub on both fixed and unfixed
cells. Where Fixed cells were used, washed, packed cells were
suspended at 1% (v/v) in PHS 7.4 which was 0.5% (v/v) in

glutaraldehyde (Taab Laboraterics, BEuuer Green, Heading,

Bngland). The cells were iummediately pelleted by centrifugation

at 800g for Smin, followed by washes in distilled water and 204
(V/v) agqueous glycerol (British Drug Houses, Chemicals Litd.,
Poole, England). Samples of fixed, glycerinated or unfixed
packed cells were applied to gold specimen support dises, using
fine capillary pipetbe, and were immediately rapidly frozen by
imaersion for 2-3s in frecon 22 at liquid nitrogen temperature,
Samples were sgtored at thisg tewperature until used. Freeze-
fracturing was carried out in a Balzer's 360u Freeze-Bteh Unit
with a gpecimen temperature of ~100°C duoring the fracturing
process. Ileplication was started iluwediately after the last
fracture stroke., After Lloatinpg on to distilled water, the
replicas were cleaned by overnight immersion in 704 (v/v)
Chloros., The replicas were rinsed twice with distilled water,
Vfollowed by transfer to a 70% (v/v) sulphuric acid solution lor

3~4h and three 30min rinses in distilled water. The replicas

were collected on grids carrying cavbon~coated forwvar films and

examined in a Philip's Ba%00 electron microscope operating at

60kV,

.

. . . . 1125 . . : .
2.22 Liicorporation of [ JI ~Lnbel into the Bxternal Surface

Proteinus of urythrocytles

Washed erythrocytes were suspended to a 30% haematocrit in
ha . ) . .
P88 7.4 and incubated at 20°C with 0.2mg lactoperoxidase and

. . 25 1 . . . ‘
4Pb1 sodzium [l )l]mlodlde. To this was asdded 20P1 2,112an

a



hydrogen peroxide at Zwin iutervals fox 1h. Labelled erytihrocytes

were wasbhed and aembrancs isclated ag descrihed.

Gnroarsandiios

2.25 Ireatwent of prythroeytes with Proteolvtic Eneymes

A grade ol ~chymotrypsin (B¢ 5.4.21.1) Lrom bovine pancreas
and B grade pronase (BC %.4.2hk.4) were obtained from Calliochem,
Les hngeles, Californin, U.8.A. Subtilisin Type VIL (EC F.k.21,
1%} was obtained from Sigma Chemical Co,, SbL. Louis, lissouri,
U.S5.A. TPCh-trypsin was prepared from Sigma's bovine peancreatic
trypsin by the methed of Carpenter (1967).

Brythrocytles, at 3%% haematocrit in PUS 7.4, were incubatced
at 3700 in tie presence of 0.9mg enzyme peyr ml red cells.
Duplicate samples werve withdrawn at 3, 20 and 60 min, and
immediately centrifuged in cold PBS 7.4 for a‘total of four
wvashes, OUne sample was hydrolysed under standard conditions to
determine its MNw-acetylneuraminic acid content. Mewbranes were

prepared from the duplicate sample for electrophoresis.



RESULTS



T——— AR ——

Figure 2a

Figure 2b

Fractionation of Iwman Grythrocytes on Discontinuous

Density Gradients of Iso—osmotic Bovine Albumin

Brythrocytes (Iml) frow three donors, L.C., J.G.B.

& A.B., were centriluged on five-step discontinuous
gradients, of density range 1.095—1.115g/m1 by steps
of 0.005, to yield six fractions of differently aged

cells at the interfaces.

Recentrifugation of firythrocyte Fraction 3

(i) Brythrocytes from A.B. were fractionated as
described above. Fraction 3 was removed, washed free
of albumin and reapplied to an identical gradient,
(ii) 78% of the erythrocytes returned to the expected
position, The remainder banded at a position of

increased specific gravity.

39



LC

40

JGB

(ii)

AB



(@)
60 ¢

40 ¢

20 ¢

—
<yl

CELLS

20

% TOIAL

(¢)
40

20 ¢

1 2 3 4 5 6

o

2 3 4 5 6 |

LC JGB AB
- ] ]
‘—I—-LM
123 45 6 1 2 3 4 56

I

Iss

1 2 3 4 5 6

1 23 4 5 6

Fraction

Number

2 37475 6



Figure 3 Digtribution of Human Brythrocytes on Discontinuous

Density Gradients of lso—osmotic Bovine Albumin

(a) Brythrocytes from 3 individuals L.C., J.G.B. and A.D.
were separated into six differently aged fractions on
a five-step gradient of density range 1.09%5-1,115g/ml
by steps of 0.005 to yield the distributions shown.
These conditions were considered suitable for the

cells of A.D.

(b) Brythrocytes from J.G.B. were separated on a slightly
modified gradient of density range 1,090-1,1l4g/ml by

steps of 0.006,

{e¢) The fractionation procedure yielded fairly reproducible
distributions of the cells of A.,B, in three separate

experiments,
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Gel.l Yraclionabion of liuvman Hryihrocytles

Phe separation of human erythrocyies on gradienls of bovine

albumin is dependent en the specific gravity distriobntion ol an

individual's red cells. Yis. Z2a shows Lhe distribution of cellis
of three indiyiduals on a five-step gradient of dengity 1.005-
1.115g/ul by steps of 0,005, Fig, 3a siows these distiributions
as percentﬂgeshef the total cells applied to the gradients.
Subject L.C. dis a feuale donor whose erxythrocytes were of
sinnilicantly lower wmean specific gravity than those of the other
two male donors. JIn all subseguent sindies, fresh erythrocytles
were obtained frowu male subjects J.G.U. and A, 5. Cells From
J.G.BE. were, however, fractionated on a five-gtep gradient of
dengity 1.090~1$11&g/m1 by steps of 0,006 (Rig. 3b). These cone
ditions were considered suitable for the investigation of changes
oceurring on aging, since Lhey allowed the isolation of 1lhe
densest 7-10% of the cells.

Fig. 3c demonstrates the reproducihilibty of the fractionation
procedure [for Llhe erythrocytes of subject A.B, on the same
gradient systen in three separate experiwments. Furlhermore, if
cells isolated from density fraclion 3 are washed and re-applied
to a ffesh gradient, 78% of the cells reappear at ithe expected
pogition (FPig. 2h). The remaining 22% show an increase in
density, possibly due to additional maunipulations or change in
sample size.

.

3.1.2 flomogseneity of Cell ¥Fractions

The preparation of a sample of erythrocyteg for density
sradient fractionation required removal of plasua and bulfy coat
of white cells and platelets by aspiration. Jo do this effectively

entailed a loss of sowe 3«10% of the youngest eryvthrocytes bhul as

o




a rvesult residual contamination by other blood cells was limited
to the least dense fractien. Staining of ihe diffevent density
fractions with Giemsa stain indicated that winoy contamination
of the least dense fracbion by white cells was of the order of
0.1%. Rleticulocytes were present in the lecast dense fraction
but were not woutinely guantitated., Platelets were nol observed
under the microscope in any of the cell fractions. Furthermore,
polyacrylawide gel electrophoresis in sodium dodecyl sulphate of
ghosts prepared from cell fractions, consistently showed no
contaminating non~erythrocyte polypeptides. Therefore all
fractions, with the exception of the lecast dense, were considered
to be homogeneous erythrocytes.

3.1.53 Haemoglobin Content of Iractionated (ells

Table 2 shows the cellular haemoglobin coﬁhent of crythro-
cytes from different density fractions. The mean value obtained
over the six fractions was %0.5pg haemoglobin per cell. The
deviation from the mean is not consideved to be significant,
because of the large errors involved in visual cell counting,
although these errors were minimised by counting at least 600
cells for each fraction, Leif & Vinograd (1964), using an

electronic cell counting method, found that the haemoglobin

Table 2 laemoglobin Content, of Fractionated Prvthrocvies
Fraction Numbexr - P Haemoglobin/cell
1l 50

@ 48
3 15
1’1. . )1 2
5 ha
6 46

4



These observalions preclude the necessity of routine cell
couuting. Bgual numbers of cells from different density fractions
can be obtained hy a simple haewopglobin assay.

Geloh Glucose~0~Phosvhate Dehydrogenase Activity of

Fractionated Trytbrocytes

The relationshipy between age and specific graviiy was
established by studies on labelled huwman erythrocyles., Since
gimilar labelling experiments with buman erybthroeytes were cone
sidered impracltical in these studies, an independent parameter
ltnown to vary with erythvocyte age, wasg measured to test whether
the fractionation on the basis of density was indeed yielding
cells of different age. Table 3 shows the relative activity of
glucose-6~phosphate dehydrogenase for different density fractions.

Table 3 Aetivity of Glucose-6~Phosphate Dehydrosenase of

fractionated Lrythrocytes

¥raction Digtribution Glucose=-G-phosphate delydrogenase
Numbex % of total cells relative activity (%)

1 19.5 ' 100

2 26.9 37.1

3 21.9 37.1

u 10.6 38,6

5 10.% 14,7

6 10.8 7.6

Piomelli et a)l. (1968) have shown that the activity of this
enzyme decreaséé by about 75% during the human eryturccyte lifew
span, the mean value being 4,95 units per g haemoglobin. In the
present study a wean of 4&.1Y units per g heemoglobin was found
and the enzyme activity was found to decrease progressively,

egpecially auong the densest cells. These findings support the



sugeesbion that fractionation of hwaan exythroeytes by ultra-
centrifugation on discontinuous density gradients, yields popula-
tions of cells of diffewvent in vive age,

3e1:H General Observations on Fractionated Trythrooytes

The deunsest fraction of cells obtained was warkedly more

svsceptible to lysis on in vi

ro storage in isotonic bulfer at
1. Morcover, the two densesl cell fractions yielded pelilels on
centrifugation at 800g for 1dmin which were move difficult to
resuspend thon those of lesgs dense fractions. Neuraminidase and
trypsin treated cells were also more difficult to resuspend than
control cells. Thirdly, it was observed that, in the densest
fraction there were more cells per unit packed cell volume than
in the lighter fractions.

F.2.1 The Dstimation of N-Acetylineuraninic Acid

The most sensitive method available for the determination of
N-acetylneuraminic acid is that of Aminoff (1961) whick requires
the presence of the free acid. This is oxidised by acidic
sodium metaperiodate to f-formylpyruvie acid whiech reacts with
thiobarbituric acid reagent to yield a pinii chrowogen of Amax
549nm (Warren, 1959).

The release of Ne-acetylneuraminic acid by acid hydrolysis ﬁf
cells was carried out under standardised conditions because of
the buffering effect of large amounts of huemoplobin on the low
concentration of acid required to liberate N~acetlylneuraminic
acid without its destruction., Tig. % shows the relcase of XN-
acetylneuraminic acid at different concentrations of sulphuric
acid, from samples in whiel the concentration of haemoglobin was
kept at hG.ng/ml, Hydrolyses were performed at 80°¢C for 1h.

Under such conditions, the optimwsw concentratlion of sulpluric

LG



Figure 4

ng AcMeusmg Hb x107

~

Effect of Sulphuric Acid Concentration on the Release

of N—Acebylneuraminic Acid from Intact Brythrocytes

3F
25k
14
ot
A 2 )

0 005 ’ 0

M H;30,

EBrythrocytes, equivalent tq 46.9mg haemoglobin, were
hydrolysed at 8OOC_for 1h in a total volume of 1lml of
varying concentrations of sulphuric acid. AcNeu was
assayed bg'the;method of Aminoff (1961). 'The optimal

acid concentration was determined to be 0.05M.

+
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Figure 5 Spectra of Chromogens Obtained in the Thiobarbituric

Acid Assay
vor Mal
‘ RBC SN
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The thiobarbituric acid assay of N-acetylneuraminic

acid was carried out according to the method of

Aminoff (1961)., Under the assay conditions, a

‘hydrolysed red blood cell supernatant (RBC SN) and a

'étabdard solution of N-acetylneuraminic acid (Std

AcNeu) gave identical pink chromogens Of A oo 549nm,
Malonaldehyde (Mal) gave rise to a pink chromogen of

Rmax 532nm.



acid was 0,050 and all subseguent hydrolyses were csrried out
uwnder these standard conditions.

The colorimetric determination of Neacetylneuraminic acid is
subject to interference by substaunces such as 2~deoxyribosge,
which on treatment with periodic acid gives rise lo malonaldehvde
(Waravdekar & Saslaw, 1959). The latter substance will react
with thiobarbituric acid to yield a pink chroﬁogen of Amax 5320
(Pig. 5). dowever, the supernatant from a standardised hydroly-
sis of red blood cells can be seen in fig. 5 to he identical to
the N-acetylneuraminic acid standard under the assay conditions,
and so cell hydrolysates were assayed, after precipitation of
the protein, without additional treatument,

G522 Lipid Peroxidation

In the course of these studies il was necessary to carry out
two experiments,

(i) to measure the Ne~acetylneuraminic acid content of
erytlirocyte wembranes.

{ii) to treat erythrocytes with tritiated sodium borohydride
in order to reduce aldebyde functional pgroups, generated by
treatment of erythrocyte membrane carbobydrate with sodiwa meta-
periodate oxr palactose oxidase.

It was observed with regard to (i)} that a control sample of
ghosts, which had not been hydrolysed to release N-accobyl-
neuraminic acid, nor treated with periodate prior to the
addition of thiobarbituric acid, gave rise to a pinlk cliromo;en

OfJKnat 5%2mm {(Fig. 6). Its spectrum was identical to that of

malonaldehyde and {o that ol a substance present in oxidised
linseed o0il (Fig. 6), which has a high content of unsaturated

fatly acids.



Figure 6 Spectra of Chromogens Produced by Substances which

Interfere in the Thiobarbituric Acid Assay
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The éﬁpernatant of a ghost suspension (Ghost SN), the
supernatant of a linseed oil (LO) emulsion and
;malonéldehyde (Mal) give rise to pink chromogens of
N o 532nm under the cohditions‘of the thiobarbituric

acid-aQSaj‘of N-acetylneuraminic acid and so could

interfere in thé determination of AcNeu, Anmx:549nm.

20



Yt wasg obgerved wilth vegard to (ii)} that control preparaw
tiong of exrythroeytes, which had net been oxidised by sodiwm
metaperiodate or galactose oxidase, incorporated {tritiuwm label
into the mewbrane. Gel eleetrophoresis showed that the non-
specific label was predominantly in lipids. This non-~specific
labelling was greatly increased if ghosts were first isolated
and then labelled (Table &4).

Table & Non-3Specific PTritium Labelling of BEeylthrocyte

preparation labelled d.pom, per mg wembrane protein
intact erythrocytes 8,200
erythroecyte ghosts 64,900

Since a thiobarbituric acid assay has bheen used to measure

the products of the oxidation of lipids (Wilbur et al., 1949),
the above observations suggest that oxidation of the lipidg of
red cell membranes does take place especially in haemoglohin-[ree
membranes, Since producls of lipid oxidation interfere with the
assay of Neacetylneurawminic acid, a colwun purification step was
incorporated into the assay procedure, when K-acetylneuraminic
acid of isolated membranes was being determined (2.8).

‘ In labelling experiments, specific labelling of membrane
compounents was jdentified by a separalion of proteins and lipid
on polyacrylamiieAgels.

% e2.% Nefpcetylncuraminic Acid of Iractionated Cells

Table 5 shows the N~acetylneuraminic acid content of blood
group O erythrocytes for the density distribution shown. The
data shows the average values of analyses of two separate experi-

ments. 1In both cases assays were carrvied ocut aftler release of
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Neaceiylneuraminic acid by Clostridiwe perfringens neuraminldase

in an scetate buffcr at pl5, and by 0,034 sulphuric acid
hydrolyeis under standard conditions.

Table % Nepcebvineuraninie Acid Content of Uractionated

Group U Bryihrocytes

ng hN~fcetvincuraminic Acid/

F?action ?istributiog wy Hacmopglobin
Ruubes p tobal cells 2ok neuram$nidaseu 06055 MQSOQ
1 23.1 407 12
a 28.9 387 572
3 21 .k %570 349
i 9.8 375 41
5 8.1 340 320
6 8.7 335 320

The adcuracy of these values was estimated by analysis of the
N-asecetylneuraminic acid released by acid hydrolysis from
replicate sauples of, erythrocytes. The value obtained was 354
f5 (S,D‘, for eight determinations) ng of Negcetylueuraminic acid
per mg of haemoglebin, These flipgures demonstrate that a decrease
in N-acetylneuraminic acid of the order of 18-22% accompanies
aging.,

In order to establish thal these results are not limited to
one individual ox blood group, the erythrocytes from a hlood
group B male doner were similarly hydrolysed under standard cone
ditions. The r;sults are shown in table 6. Since the trend of
&alues in fractions 2-0 parallels that of the group U erythrocytes,
it -may be recasoned that tlhie exceptionally bigh value in fraction 1
is due to conlamination by cells otber than mature erythirocytes,

and is exaggerated by the swall size of fraction. ), Thus if the
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Pable 6

Ne-pcebylacaraainic peid Content of Fractionated fGroup

B Brvithrocyles

fraction

Digteibution ng N-Acetylneuraaninic Acid/

Number % total cells mg Haenoglobin
1 5ol 539 4
2 23.9 3753
3 36,2 565 .4
i 18,6 359.75
5 8.8 3577
6 7.1 2L .53

values of fractions 1 and 2 are averaged, in which casge the con-

tamination

neuraminic

vaolue with

becomes less important, tie value of 405.95ng Ne-acetyl-
acid pexr myg haewmoglobin is obtained. Comparing this

32h.% for fraction 6, it can be sgeen that there is

again a decrease of tlic order of 20% in the cell countent of -

acetylneuramwinic acid accompanying aging.

3.2 0

Chovacterisation of N~Acelylpeuvaminic Acid Losses

The Ne~acetylneuraminic acid of red cells can be labelled

specifically using a mild sedium metaperiodate oxidation followed

by tritiated sodium horolydride reduction (Blumenfeld et al,,

1972). 9Yable 7 shows the composite resulis of two such experi-

ments in which fractionated cells were labelled. These vesulis

Table 7 Labellinyg of ited Cell llembrane d-Acetylneuraminic Acid
N . ¢.p.om./ug Laewoglobin
Fraction sodiam metaperiodate sodium AcNeu
ik . 3.7 . . 3. . .

fumbexr sodlum.[)quborohydrldc [ }ﬂlwhorohydrlde labelling

1 20715 6575 14140

2 19559 6770 12789

3 L7387 5702 11685

bk 17059 5717 11542

5 17941 5637 12304

6 154596 7011 51335

N
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Figure 7 N—Acetylneuraminic Acid Specific Labelling of the

Sialoglycoproteins of the Erythrocyté Membrane

y
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A tritium label was incorpbrated into membrane
sialoglycoproteins and lipids of young (a) and old
‘(b) erythrocytes by sequential periodate oxidation/ .
[3H]—borohydride reduétion (Blumenfeld et gl., 1972).
Membyanés were isolétéd, subjected to Sps/poly—
acrylamide gel electrophoresis and the gels were
sliced and counted. The labelling patlerns were

indistinguishahle.




show a 37% decrease in specific labelling, supporting bthe
analytical data which showed a decrease in N-acetlylncuraminic
acid.

There are three major Nw-acebylneuraminic acid conteining
glyeoprotein components of the red cell wembranc, and these can
be demonstrated on polyacyrylamide gel electrophoresis in the
presence of sodiwa dodecyl sulphate (Fig. le). These are
designated FAS 1, 2 & 3 by Fairbanks el al. (1971) and their
labelling profile after sequential treatment wilh periodate and
tritiated borohydride is shown in figuve 7, for an old and
young Lraction of group O erythrocytes, It can be sceun that
there is no chanpge in the general labelling profile of the
glycoprotein components accompanying aging. Moreover, if the
counts in each peak,vindicated by the bars in figure 7, ave
sunmed up and expressed as a percentage of the total counts
incorporated, it can be seen from table 8 that there is no
significant cliange ip the relative counts in each pealk. For the

glycoproteins, this indicates that there is no specific loss of

Table 8 babelling of individual Red Cell uewbrane Components

Cell Traction PAS 1 PAS 2 PAS 3 LIP1D
YOUNG 25 . 0% L7 4G 12.5% 1h.5%
OLD 25.0% L5, 0% 13.6% 15.9%

ﬁracetylneuramigic acid frowm any one particular componcent, bul a
generalised loss from all three. With regard to the lipid, these
figures indicate that there is no maried increcase in lipid
oxidation within old cell meuwbranes, despite their having been
exposed Lo oxyren for a mwmech greater period of time in the cells!

lifespan.



Figure Ba

Figure 8b

Agglutination of Fractionated Blood Group B

Irythrocytes by Human Anti-B Antiserun

Equal numbers of bldod group B erythrocytes of
different age (1-6) were added to serial dilutions
of human anti-B antiserum in PBS 7.%. 01d cells
(fractious 5 & 6) were more agglutinable than
younger cells for any given concentration of

agglutinin,

Agglutination of Fractionated EBrythrocytes by

Lectins

This figure is representative of the agglutination
of blood group B or O human erythrocytes by serial
dilutions of the lectins wheat-germ agglutinin ox
Carecinus agglutinin, Identical results were
obtained in all cases and showed that old cells
(fraction 6) were more readily agglutinable at a

16~fold dilution of the lectins than younger cells.
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3.53.1 The Asprlutinability of Uractionated Cellg

Since changes in cell surface carbohydrate take place as
erybihirocytes age in vive, it is possible that these changes arve
recognised in the mechanism of removal of old ecells from the
cirvculation. As the nature of this removal wmechanism has not
been establislhied, the intevaction of fractionated crythrocyles
with various apgglutinins was studied as a model of the recogni-
tion process,

The agglufinatian of fraétionatcd group § crythrocytes with

hunan anti-B antiservm isg shown in figure 8a. Using

R

the
agplutination index, defiuned in 2.18, it can be scen that young
cells have a value of 6 aund old cells have a value of 32,
indicating a warked increase in the agglutinability of old red
cells. Iigure 8b shows a similar though less dramatic effect

for Carcinug agglutinin, whose specificity is for Ne-acelyl sugars.
Identical results were obtained with wheat-germ agglutinin (WGA),
whose specificitly is for J-acetylplucosamine. In both these
cases, for {ractionalted cells of blood groups B and 0, agglutinaw
tion indices of 12 and 16 were obtained for young and old cells
respectively. This again demonstrated the increased agglutina-

bility of old cells. Concanavalin A and soya-bean agglutinin did

=R =
not agglutinate unitrypsinised erythrocytes., It appears, however,

thot some c¢ell surface change, peculiar to old cells, can be

"recoznised" by certain agglutinins,

.

R . C . L1125 . oo
3.5.2 The dindine of [ )1,~&ueatmﬁerm Acolutinin to

Brytorocytes

In order %o discover if the incrcased agglutinability of old
cells was due to an increase in the nuwmber of exposed asglutinin

binding sites, binding studies were carried out using wheat-germ




Yigure 9

WGA bound pg

15

-
[«

"

.
Binding of [221] -Wheat-Gern Agglutinin (WGA) to

Human Erythrocytes

Y )

60 80
WGA added pg

_Erythrocytes'were incubated with different amounts of
125 . oy s N o, . - ’
1]-wGA for %0min at 20 C in PBS 7.4, Cells were
bentrifuged and washed and the bound lectin determined
by gamma-counting. The binding curve plateaus at

about lBPg WGA bound‘per 9 x 106 erythrocytes.

L
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. . . s C s ;
agglutinin wideh had been labelled with rvadicachive iedine, The
5 1
biunding was initially characterised on unfractionated greoup U
erythroeytes. Figure 9 sbows the binding curve which ig
initiall ‘airly linear ¢ bends toward lateau at aboult 17ng
initially fairly linear and tends toward a platesu av abou )
o 1 1 1 1 - 6 ~-b'1 .yrt;-u 'i‘“(c

wheat-~germ agglutinin hound per 9 x 107 eryturocytes. ig

. AR . N — analvse .
represents 1.7 x 10' binding sites per cell. IFrom analyses of
N—acetylglucosamnine (3.&f5), il can be estimated thet there are
about 2.5 x 10/ molecules of N~acetylglucosmmine per cell,
iioreover, Greenaway and Le Viane (1973) supgest that wheat-gern
agglubinin also binds N-acetyloeuraainic acid., 1t can be
estinated that there are about 2.9 x 10' molecules of X~acetyle
neuraminic acid per cell (3%.4.3). Some evidence that wheat-germ
agglutinin does bind N~acetylnewrominic acid is shown in table 9.

10
Table 9 Binding of [l'”bI] -heat={(erm Avrlutinin to

Neuraminidase Treated Dryithrocytes

% Acheua molecules WGA
Treatuent f fRER TR 7
removed bound/cell x 10
- 0 1.83
Neuraninidase 1%min 67 1.30
Neuraminidose 60min 78 0.89

Erythrocytes were trealed with neuraminidase for diflerent periods
of tiwe and table Y shows the decrease in the number of molecules
of wheat~germ agglutinin bound, which accompaunies the removal of
ﬁ-acetylneuramiﬁic acid., Furtheraore, the data shown in figure 9
cannot ve fitted to a double reciprocal plot by the metlhod of
Steck o Wallach (1965) to yield a straisht line., This indicatles
that tlie biuding is not simple and that tlere is more than one
type of binding site. Uhe complex bindiug is not due to

A

none

specific bindiug since, in the presence of the glycoproiein

G0
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Figure 10 Inhibition of WGA Binding te luwan EBrythrocytes
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[}QSI]—WGA (12Pg) ;nd erythroéjtes (107) weré
incubated with varioﬁs amounts of OMII at 20°C for
30min iu PBS 7.4, After the cells were washed, the
bound WGA was &etermined by gamma-counting. Binding

could be completely inhibited by OMII.
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Binding of E125I]—WGA to Fractionated Brythrocytes

Figure 11
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o) and old (o

Young (o o) erythrocytes were

~ incubated with [1251}—WGA and the binding was

determined by gamma-counting. The binding curves
were divergent and values at saturation binding
(extreme right) indicate that old cells have 10%

. .

féwer Dinding sites than young cells.

.
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ovomucoid {raction i1, all the binding is inhibited (IFig. 10),

. D . 12“.1 , ; o

3,573 The findine ol [ )L ~iheat~derm Acclutinin Lo
-

3.3:3 LThe tiinding of [ mji}mﬁheatwicrm Aprclutinin to

Bindincs assays were carried oul on the six density fractions
of group 0 eryinreeytes using [lzﬁl]mwhemtmgerm agrlutinin.,  The
binding curves foxr fractions 2 and O are shown in figure 11. 1he
values at saturabion binding are also shown and it can be seen
that there is no increase in binding sites for wheab-gernm
agglulinin onr old cells. JThere is in fact a decrease of the
order of 10%. 1owever, the important conclusion from this
experiment is that the increased agglutinability of old cells
with wheat-germ apglutinin cannot be accounted for by an

increase in the number of lectlin binding sites.

4

.

b The Intramewbrancus Particles of Fractionated

Brythrocytes

Since intramembranous particles and lectin Dinding sites
both involve glycoproteins (Pinto da Silva & Nicolson, 197k),
the digtribution of intramembranouws particles of old and young
erytbrocytes was compared to determine if the distribution in
old cells had changed in such a way as to predispose the old
cells to agglutinate more readily in the presence of lectin.
The freeze~fracture electron micrographs of young and old cells
are show: in figures lZ2a and 18b resgpeetlively. It can be secen
that there is no marked change in the distribution of intra-
mewbhranous part;cies in the old cell membranes which might
account for their increased agglutinabhility,

3.5.5 Interaction of Vheat—Uermn Avglutinin with Enzvme

Treated Cells

Table 10 shows one further observation concerning the

o
ot



Figure 1l2a

Intramembranoug Particle Distribution of Young

Erythrocytes

Young glutaraldehyde fixed, glycerinated intact
erythrocytes were subjected to freeze-fracture
electron microscopy to expose the intramembranous

particles.

e e
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Figure 12b Intramembranous Particle Digtribution of 0ld

Brythrocytes

01ld glutaraldehyde fixed, glycerinated intact
erythrocytes were subjected to freeze-fracture
electron microscopy Lo expose the intramembranous

particles.
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interaction of evythrocytes with wheatl-gern agglutinin.  The

Takle 10 Bifects of pnzyme Treabuent of hed Cells on

Acolatination and Lectin Jinding

fnzyae % hcleu Apglutinatbion molecules WGA
Treatnent released Index buund/cell X lOM/
- 0 32 1.87
Lrypsin 58 512 Lo%h
neuraminidase 67 128 1.7%0

characteristics ol in vive aged cells, namely, iucreaseﬂ
agplutinability, decreased binding sites and loss ol j—acetyl-
neuraminic acid can be mimicked not only by neuraminidase treated
cells but also by trypsin treated cells,

341 Mydrolysis ol Meubrane Bound Awino HSuuzarsg

Pigure 1%a shows the lime course of release of uenbrune
bound amino sugars by 4¥ methbanesulphonic acid bydrolysis at
100°%. High values at Gh are possibly due to interference by
products of incomplete protein hydrolysis. Since the relcase of
amino sugars appears to be maxiwal avound 24h, and this results
in fairly complete release of awino acids (Fig., 13b), o 24h
hydrolysis was roulinely employed,

3.h.2 Amino Acid Conposition of liryihvoeyle Nembrancs

Table 13 shows the amino acid coumposition of the membranes
isolated from three cell fractions of different age and, lor com~
parison, the mean of some literature values (itosenberg « Guidotti,
1969). There are no siguificant variations in amino acid coua-

position amon: the dilferenil aged fractlious, and all correspond
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Figure 13 Time Course of Hydrolysis of Membrane Amino Aéids

aind Amino Sugars
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Erythrocyte membranes were hydrolysed at 100°C in kM
methanesulphonic acid for differgnt'time intervals,
Amino sugars (a) and amino acids (b) were determined
on an amino acid analyser, Optimal time of hydrolysis

-

for both, was 24h.
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Pahle 11 pmino Acid Composilion of Vroctionated Dryiiiyocyte

siembrances

Amino esidues per 100 Hesidues

Acid Fraction 1 Fraction & Froction 6 Literature Value
Lys 4,90 5.15 5alk 4,96
is B2k 2.79 2.62 2.38
hrg 5.36 5.72 5.22 L. 62
Asp 9.37 © 8.86 9.05 8.69
The 5.kl 5.58 5.52 5.76
Ser 9.37 8.72 8.21 7.20
Glu 13,12 13,08 12,27 12,739
Pro 6.19 7.01 6.60 4.28
Gly 7.21 7.01 6.82 6.80
Ala 8.605 8.36 8,51 7 .84
Cys : 0.22 0.29 0.3%0 L.14
Val L, 0k k,15 b1k ' 6.59
et 2.53 2.50 2.38 1.85
Ile 2.95 3.07 2.76 k.92
Leu 11.03 11.29 11.04 12,06
Ty 2.59 2.57 2,53 2.25
Phe 5,82 5.80 3.83% 5,09

well with literature values, hiorecver, table 12 slhiows the alanine

Table 12 Membrane Alanine Content of Fractionaled Cells
Fraction Number Nmoles alanine per mp haoemoglobin

1 5.96

2 6.0k

3 6.54

A 6.56

5 6.31

6 6.59

content of eambranes isolated from eoual nuwbers of {racltionated
cells. “Yhese values show that the protein countent of red cells

remaing relatively constant during the erythrocyte lifespan « an
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Figure 14
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Hexose, Hexosamine and AcNeu Content of Red Cell

Membranes
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Membranes from fractionated erythrocytes were analysed

for carbohydrate. Gal and Glc were determined by gas

liquid chromatography by the method of Clamp et al.
(1971). Amino sugars and alanine were determined on
an amino acid analyser and AcMNeu was assayed by the

method of Aminoff (1961). All carbohydrates were

" found to decrease as the cell age increased.
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observation supported by the protein profiles obilained by poly-
acrylaaide gel electrophoresis of membrancs (Figs. 108 & 16b) .
Consequently carhohydrate analyses of erythrocyte wembrancs are
all related to alanine content.

Bk, Carbohyvdrate Contenl of lied Uell siembranes

Fipure 14 shows the carbohydrate cemposition of ghosts of
fractionaled proup 0 erythrecytes. Ii can be scen that there
are fairly coitplex changes occurring in the neuwmbrane carbo-
hydrate as the’cell age increascs., The magnitude of the overall
decreages in individual sugars is shown in table 13. The

Table 13 Changes in Membrane Carvohydrate of Fractionated

irythrocytes

Sugar % decrease
N-acetylneuraminic acid 24
glucose )
galactose 31
N-acetbylglucosamine 24
N-acetylpgalactosamine 37

decreasc in N~acetylneuraminie acid of 24% conlirms the findings
> v Lol ~ N

for intact cells (3.2.3), where the decreasec has been rclated to
changes in glycoproteiuns.

Bl b Labellin: of Galoctose/Galactosamine Hesidues of

BErythroeyte uemdranes

The stractures ol glycopeptides, isolated frou huwan erythro-
cytes, show that the sugars interasal to h-acetylneuraminic acid
in oligosaccuaride sequences are galuctose and Neacetylpalacto-
samine (Thomas « Winzler, 190j; Xornfeld & Kornfeld, 1970).

Gabmberg & Hakomori (1973) have shown that a number ol proteins

and lipids of the erythrocyte membrane can be labelled using



salactose oxidase and tritiated sodium borohydride. MQroaver;
pretreatuwent of the cells with neuraminidase causes one particu-
lay protein component to become highly labelled, 1t minht bhe
expected, therefore, that the removal of N-acetylneunraminic acid
which accompanies agianyg, wmight lead to the exposure of galaclose
and galactosamine residnes in old cells, which could be pre~
ferentially labelled by this technigue. Figures 15a and 15b

show the labelling profiles of youny and old labelled fraections.
Figure 15e¢ sho&g the sialoglycoprotein profile of control
memhranes for comparison, The profiles in figures 15a and 15b
are very similar, with possibly the sugpgestion of an increased
band of labelling in old cells around 4cm, Dowever, couparison
with figure 15¢ shows that this does not correspond to a
sialoglycoprotein component. ioreover, table 14 shows the c.p.m.
per pg protein applied to the gels, for the peaks indicated by
the bars in figures 1%a and 15b. %he protein specific activiiy
showg that there is no increased incorporation of label on aging,
suggesting that galactose/ﬁfacetylgalactosamine residues are also
being lost from menbrane glycoprotein as the cells age. The

Table 14 Distribelion of Galactose/Galactousamine Label Between

Protein and Lipid in Youne and 0ld Brvihrocyte

Memhrancs

~.

Cell Type . c,p,m,/pg protein applied to gels
I protein lipid
Young 2085 1507
0xd 2067 1187

lipid specific activity is seen to decrease as the red cell ages.
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Figure 15

Specific Labelling of Galactose/Galactosamine

RNesidues of Brythrocylbe iMembrane Glycoproteins &

Glycolipids

A tritium label was incorporated into galactose/
galactosamine residues of membrane glycoproteins and
glycolipids of young (a) and old (b) erythrocytes by
sequential galactose oxidase oxidation/{jﬂ]—
borohydride reduction (Gahmberg & llakomori, 1973)
Membranes were isolated and subjected to electro-
phoresis on 7.0% polyacrylamide gels in the presence
of $DS. Gels were sliced and counted. A control

gel (c) was stained with periodic acid/Schiff reagent

and scanned at 560nm to reveal the sialoglycoproteins.



Figure 16

Membrane Proteins of Fractionated Brythrocytes

Erythrocytes obtained from A.B, (a) and J.G.B. (b)
were fractionated into populations of increasing
age (1-6) and (3-6) respectively. ilembranes were
isolated and subjected to 5DS-polyacrylamide gel
electrophoresis., Gels were stained with Coomassie
blue to reveal two new components present in the

oldest cells (arrowed).
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Pigure 17 Appearance: of Proteins in In Vivo Aged Erythrocyte

Melbranes
a b
q td td

Absorbance 550 nm

L

v

2 4 & 8 10 2 4 6 8 10
Migration cm

d

I

Cells obtained from two individuals were fractionated
into populations of differeﬁt age. Membranes'were
isolaﬁed and gubjected to electrophoresis and gels
were'étained with Coomassie blue and scannéd at 550nm,
Comparing old and young cells {c¢ with a and d with b),
the components which appear during aging can be seen
(arrowed). td represent; the position of the tracking

dye.
18
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.Figure 18 Molecular Weight Determination of Erythrocyte

Membrane Polypeptides by $DS - Polyacrylamide Gel

Blectrophoresis

7 AB, JGB

Kiol.Wt. x10™?

‘ A A 3 L 3
0.2 04 06 0.8 10
Mobility

The electrophoretic mobilities of membrane proteins
are shown as a linear function of the logarithm of.

their respective molecunlar weights, Moldcular weights

were taken from Steclk (1974). Arrows indicate the

mobilities of the components which appear during i

xiig-éging of the erythrocytes of two individuals

A.B. and J.G.B., I'rom these mobi;itieslmol. wts. of
F"65,000 and 25,060 were estimated for A.BD. and 61,000
| and 25,000 for J.G.B. .
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5.5.1 Membrane Proteins of Brythrocyles Aced ln Vivo

The proteins of the erythwocyte membrane way be separated by
polyacrylamide gel electrophoresis in Ip sodiws dodecyl sulphote
and stained with Coomassie blue. TFigures 16a and L0 show the
changeg in protein pattern which oceur as the red cells of two
individuals age in vivo. Figures 17o-d show comporative
dengitometric scans of the young and old fractions frow these
two sets of gels. In cclls of J.G.B. (blood group B}, two bands
of molecular weights 25,000 and 61,000 appear (Figs. 16bh, 170 &
170)u In ecells o A.D. (blood aroup D), two bands of molecular
weights 25,000 and 65,000 appear., The molecular weight valuces
are obtained from the electrophoretic mobilitlies of the bands
relative to the mobilities of membrane components (Fig. 18),
whose molecular weights are known (Stleck, 1974). It is also
possible that component 3 is decreased in fraction 6 of figures
16a and 16b,

3.5.2 Proteolysis of the Brythrocyte Membrane Surface

The ohservations, made on in vivo aged cells, of additional
protein components, decrease in compenent % and substantiel loss
of carbohydrate, suggested that apging moy be accompanied by
proteolysis of the extracellular membrane surface. Thevefore
unfractionated erythrocytes were treated with protleolytic enzymes
for different time intervals and the effect on the nenbrane
proteinsg was inyestigated by electirophoresis of the isoloted
membranes. The énzymes used were chymotrypsin, pronase, sub~
tiligin and trypsin,

Table 15 gshows the release of ﬁyﬁcotylneuraminic acid from the
cells by these enzymes, over the time during which proteolysis

took place. It can he seen that N-acetylneurauinic acid is
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Figure 19

Bffects of Proteolysis on the Sialoglycoproteins of

Human Brythrocyte Membranes

Intact human red cells were incubated with pro-
teolytic enzymes for different periods of time and
the effect of proteolysis on the membrane sialo-
glycoproteins investigated by gel electrophoresis in
SDS. Gels were stained with periodic acid/Schiff
reagent and scanned at 560nm. (a) control PAS
profile; (b) pronase %min; (c), (d) subtilisin 3,
60min; (e), (£) chymotrypsin 3, 60min; (g), (h) tryp-

sin 3, 20min.
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Tabhle 195 Proteolytic Release of Hed Cell lembrane

Nefcetylneuraniinic Aeid

Tnzyie Pime/min % Achen releascd
chymotyrypsin 3 11.5
chymotrypsin 20 22,1
chymotrypsin 60 25.0
pronase 3 55.8
pronase 20 63.%
pronase 60 66,
subtilisin 3 17.3
gubtilisin 20 2.7
subtilisin 60 58,1
trypsin % 28.8
trypsin 2 ' 45.2
trypsin 60 ‘ 47.1

progressively released from the cellg, due to proteclytic
degradation of the sialoglycopréteins. This degradation can bhe
seen in figure 19, where the progressive proteolysis of the PAS
staining profile by the four enzymes is illustratéd. Pronase has
the most marked effect on the gel pattern (iig., 19b), followed by
trypein, subtilisin and chymotrypsih°

Figure 20 shows the elfect of proteolytic enzymes on the protein
pattern of red cell membranes, as scen in Coomassie stained gels,
Pronase and subtilisin cause exlensive degradation of component 73,
while with chymoirypsin, proteolysis of this component takes
place to a lesser cxtent, Frypsin does not appear to affect
component 3 at all. Also from figure 20 it can be scen that,
with the exception of trypsin, these enzymes progressively effcct

the appearance of a new protein component similar 4o that seen in

co




Figure 20

Effects of Proteolysis on the Proteins of Human

Brythrocyte Mewmbranes

Intact human red cells were incubated with proteo-
lytic enzymes for 3, 20 or 60min and the effect of
proteolysis on the wajor Coomassie blue staining
components of the membrane was investigated by gel
electrophioresis. Un chywmotrypsin, pronase oxr sub-
tilisin treatment, component 3 was progressively
digested and a new band appeared (arrows). Trypegin

treated membranes appeared unaffected.
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in vive aged cells. From gel densitometric weasurements, the
couponents produced by the three proteolytic enezymes had
electrophoretic mobilities corresponding to an approximate mole-
cular weight of 61~63%,000, There is no indication of a 25,000

molecalar weight product, similar to that secen in in vive apged

cells.
353 Todination of Erythrocyte kembrane Proteins Hxposed atb

The radioiédiuation of membrane proteins cxpesed at the
extraccllular surface of cells can be achieved specifically using
lactoperoxidase, hydrogen peroxide and sodium {lggljmiodideo
Lactoperoxidase is assuwaed not to penetrate the cell membrane and
so labelling is confined to the outside surface, <Therefore
labelling of fractionated erythrocytes was underteken to
determine if the proteins, which appear on aging, ave expoged at
the extracellular surface,

An old and young, fraction of blood group B erythrocytes were
itodinated and the membranes were isolated and subjected to
electrophoresis. Gels stained with Coomassie blue (Fig. 21)
indicate the prescence of two new proteins in the old erythrocyte
membrane. No peaks of radiqactivity wvere seen Lo corvespond to

the extra bands,

cc
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Figure 21

Radioiodination of Erythrocyte Membrane Proteins

Bxposed at the Extracellular Surface

Young and old intact erythrocytes were labelled
externally by lactoperoxidase catalysed iodination
with [125I]-iodide. Membranes were isolated and
subjected to gel electrophoresis, Gels were stained
with Coomassie blue to reveal the components which
appear on aging, Cowmponents are arrowed in (h) old
cells, relative to (a) young cells, Gels were then
sliced and counted. Overlay shows labelling profile
with no marked labelling of new components in old

cells,
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DISCUSSION



An aging process has been inveked to explain the non-randon
removal of humau erythrocytes Lrom the eiwculation, brougbtl about
By reticuloendothelial macropbhages {(Beriin, 1906Lk). A nunmber of
properties of the erythrocyte change progressively as the cell
ages in vive (Table 1}). It was reasoned therefore, that
vivo aging, and that such cell surface changes might culwminate in
an effete red cell being recognised and removed from the circula-
tion, ’

A sample of hlood, withdrawn from the circulation, has been
shown to relain residual ability for protein synthesis, due to
reticuloecytes present, and this can be used to label & cobort of
cells of similar age {reviewed by Berlin, 196k), If the cells
are reinjected into an animal, the fate of the.lahel over a
period of time can be followed, the erythrocyte lifespan can be
computed and, as the labelled cells will age in vivo, senescent
cellg can be identified and their properties can be determined,
Using cohort-labelled cells, Borun et al. (1957) have shown that
the specific gravity of human erythrocytes increases on aging.
Simon & Topper (1957) have shown that the osmotic fragility of
human erybthroeytes incrcased on aging, although there also seewcd
to he a fragile young population. Similarly a separatien method
based on countercurrent distribution save rise to contamination
of old cells by a young population (Walter et al., 196%), The
effectiveness of a centrifugal method for separaling yﬁung and
old erythrocytes has been improved by the use of density gradients
of iso~osmotic albuwin to enhance the small density differences
(Bishop & Prentice, 1960; Piomelli et al., 1967).

Since a ceutrifugal separation produced uncontaminated old




cells, sud since it gave vise Lo fractions of intoct cells,
density gradient ultracentrifugation was the method chosen to
provide old and young erytbrocytes.

The mean red cell specific gravity observed in the present
studies was 1,l00g/ml. A similar value wag obtained by Danon &

Marikovsky (1964), using density gradients of phthalate esters,
These results conflict with the mean red cell specific gravity
of 1,060m10085g/m1 obtained by Leif & Vinograd (1964). ‘These
authors have shown that the buoyant density al which a cell will
settle during centrifugation is dependent on the tonicity of the
solution., lowever, this author has found, using a number of
different freezing~point depression osmometers, thal osmometers
calibrated with identical standards can give varying values fow
the osmolality of dense albuwnin solutions. Illowever by standard.
ising the gradient solution preparation, reproducibility was
ensured (Pig. 3c). Moreover it is likely that the absclute
tonicity of a gradient solution is uniwmportant, provided that,
for a given series of experiments, the conditions are standard-
ised, since Leif & Vinograd (196%) have shown that the entire
distribution shifts with a change in tonicity,

L&belling studies have established that a fractionation of
human erythrocytes on the basis of density gives rise to popula-
tions of cells of different age. Piouelli et al. (1968) showed
that the activity of glucese-6-.phosphate dehydrogenase in huwan
erythrocytes w;s dependent on the age of the cell and so this
criterion was used to confirm that the separation obtained in
these sludies did in fact give rise to cells of different age
(Table 3). This conclusion Qas supported by other obscrvations,

The densest fraction of cells was most fragile, consistent with
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the observation of Siwon & Fopper (1Y57) that old cells are more
fragile than young. Morcover, the observation that bthere are more
cells per unit volume in the densest fraction agrees with the
findings of Leif & Vinograd (1964), who observed a decreased cell
volume for older erythrocytes,

The preparation of a sample of essentially pure erythrocytes
entailed the loss of some 5-10% of the total haemoglobin of a
whole blood sanple. Minor reticulocyte and white cell contamina-
tion was limited Hto the youngest fraction of exythrocytes. There-
fore the absolute value of any parameler, measured for the
youngest fraction, is subject to error in that this fraction
cannot be said to consist of homogeneous younyg mature exrylhro-
cytes., The other five fractions were homogeneous.

The gquantitation of any changes which takg place during
erylhrecyte aging in vivo, requires reference to some parameber
which remains constant with age. Leif and Vinograd (1964) found
that the haemoglobin content of human erythrocytes remains con-
stant during red cell aging. This was confivmed {3.1.%).

Two observations in the literature suggested that old
erythrocytes would contain less N~acetylneuraminic acid than
young 6ells° panon et al. {1971) had shown that old erythrocyies
lhad a2 reduced surface charge compared to young cells and Dylar el
al. (1962) had shown that wembrane bound sialic acids were largely
respousible for the cell surface charge., Such a decrease lias
been guantitated (5.2.3; 3.&,3) and shown to be of the order of
20% for the eryiireocyltes of two individuals., Membranes, isolated
from the fyactionated cellsg of one of these donors, exhibit a
similor decrease of 24%. Walter et al. (1965), using a counter-

current distribution method of cell scparation, were unable to
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demonstrate nu age related deevease in sialie acid. ‘these
aunthors, however, did not use a comparable method for the pre-
paration of ghosts, nor did they purify the sialic acid from
lipid contaminants. Greenwalt & Sleane (1973a) cenlyrifuged o
colwnn of red cells without resort to a gradient and showed a 93
decrease in red cell Neacetylneuraminic acid. However, this
technigue of separating cells probably only lcads to a velative
enrichment of the top end bottem fractions with young and old
cells respectively. Horeover their oldest fraction consisted of
about 14% of the total cells compared to about 9% in the studies
presented here, Balduini et al. (1974) prepored cell fractions
of different ages by differential lysis to yield three equally
sized fractioné, Although this does not correspond to very
young or very old fractions, these authors found that, after
pronage digestion to remove sialoglycopeptides, the decrease in
N-acetylneuraninic aecid was 20~30% in glycepeptides from old
cells,

Ag described previously, separation of cells by ulira-
centrifugation on a density gradient is probably the most
reliable method presently available for oblaining erythrocytes
of different in vive age. Therefore the data on the age related
loss of N-acetylneuraminic acid, measured alter releasc from
intact cells by neuraminidase or acid hydrolysis, and confirmed
by analysis of isolated membranes and on the intact cells of
another individual, provides good guantitative evidence that red
cell aging is accompénied by a deecrease of 20-25% in cell surface
N~acetylneuraminic necid, This estimate way be somewhat low
because of the loss of some very young erythrocytes, while

removing other contaminating cell types.

HYa




Eylor ol al. (1962) sugpested that the sialic acid of human
eryvthroeytes is wostly, if nol exclugively, H-scetylneurnwinice
acid, althoupgh they did not test for labile U-acetyl groups,
shown by Schaner (1973) to be present in sowe sialic acids,

They also suggested that all of the Neacetylueuraminic acid is
on the extracellular surface, since it can he removed by
neuraminidase, and that it is exclusively bound to glycoprotein.
Mowever, Wherret & Brown (1969) veport the prescnce of human red
cell gangliosides containing approximately 5% of the total N
acetylneuraminic acid. Despite thig, il is obvious that a
reduction of 20-2%% in N-acetylneuraminic acid is greater than
could be accounted for simply by loss of lipid bound sialic

acidg, These éhanges accowpanying aging are therefore related

to membrane glycoproteins,

The wmajor Schiff staining glycoprotein components of the
erythroeyte membrane (Figs, lc & 1d) are also sialoglycoproteins
as they can he labelled by the sislic acid gpecific lavelling
method of Bluenfeld et al. (1972) as is shown in figure 7.
Sialic acid labelling of young and old red cells showed a
difference of 37% in specific incorporation, again supporting
the finding that this sugar is lost from the cell surface on
aging. Yhe difference in the values of 20~25% reduction in N-
acetylueurauwinic acid couwpared with 37% reduction in incorpora-
tion of tritium_label, poessibly indicates that some of the
reuwaining 75-80% of the wolecules of N—acetylneurawiniec acid in
old cells are not so reactive in the chemical labelling procedure.
Blunenfeld et al. (19?2) noted that the labelling of sialic acid
residues was cnhanced in ghosts, suggesting that the trangition
from intact cells to ghosts exposed some previously uﬂreﬁctive

residues,
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There are three wmajor sialoeplycopreteins in Lthe humon red
cell memhrane and, as discussed in 1.2.1 and L1.2.4, PAS 1 and
PAS 2 may censlitute different forms of the some molecule.
Recent studies (Mueller & Morrvison, 1974; Slutzky & Ji, 1974)
have suggested that the components, behaving on acrylamide gels
as PAS 1 and PAS 2, wmay possess different reactivity, pessibly
due to different conforuations within the membrane., Thereforve
i PAS 1, PAS 2 and PAS 3 can be considered as scparate entities,
it was of interest to determine whether x~acetylneuraminic acid
was lost specifically from any of thesge lLhree components., It
was shown in table 8, that there appears to be a general loss
from all three componenubs,

The sinple removal of sialic acid froa a.glycoprotein would
reguire the action of a neuraminidase., Warren & Spearing {19060
report the presence of a neuraminidase iun a bovine plasma
fraction., “The enzywe was present at very low levels., liowever,
it can be calculated that to relecase 20% of the red cell N~
acelylneuramninic acid in 120 days reguires only 0.001 units of
enzyuwe .

Jancil & Schauer (1974) have demonstrated that 60l of
[510£]~1abellcd rabbit erytlhrocytes, from which 65% of the cell
surface sialic acids have bheen rewmoved, are lost from 1the cir-
culation within 24h. Yhis implies that sialic acids are
necessary Lor normal erytluarocyte circulatory survival., These
authors did not study the effects of rewoving less sialic acid
and so the circulatory survival characteristics of exybturocytes
from which 20-25% sialic acid hag been removed are not known.

Lectiug have been widely uged in the detection ol cell

surface diflerences between nornal and translforued cells.
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Yherefore, the interaction of agglutinins with the cell surfacesg
of old and young crythrocyles was conpared, 0OLld cells displayed
an increased susceptibility to agglutination with the three
agglutining used. Greenwalt &‘Steane (1973b) have obtained
similar results u. ‘ug other agglutinins. Binding studies using
[125 ] o s Eintn «l Y ke e :

I} ~wheat-gers wpelutinin showed that the increcase in
agglutinability wos not due to an increase in the numbers of
exposed lectin binding sites on old cells. The sialoglycoprotein
and a nunber of tryptic sialoglycopeptides of the erythrocyte
have been shown to inhibit the agglutination of red cells by
wheat-gern agplutinin (Jackson et al., 1973). This suggests that
the red cell sialoglycoproteins possess receptors for wheat-germ
agglutinin binding. The hinding specificity of thig lcetin is
generally accepted to be for N-acebylglucosamine (Najata &
Hurger, 1972). Ilowever Greenaway & Le Vine {(1973) presented
evidence that wheat-germ agglutinin also binds N-acetylneuraminic
acid. This has been confirmed in the present studies (Table 9),
where the treatment of red cells with neuraminidase has been
shown to reduce the number of wheat-germ agglutinin binding
sites.

The interaction of wheat-germ agglutinin with old erythro-
cytes could be mimicked by treating an unfractionated population
of red cells with neuraminidage or trypsin., Doth of these
treatients produced a reduction in the numbers of wheat-germ
agglutinin binding sites, but an inecrease in agglutinability
(Table 10), implying that agglutiuation is not simply dependent
on numbers of binéing sites, Since enzyme treatuent also

released sialic acids which are responsible for the red cell

surface charpge, agzlubinability of the cells may be dependent on




intercellular electrostatic repulsion. lowever, Luner et al.

(1979) bhave shown that agglutinalion can take place with protcase
treated cells at a higher zeto~-potential than that at which no
egglutination takes place with neuraminidase treated cells. This
implies that tlere is also a steric consideration in agglutina-
tion.

ne otlier possibility was considered. It was pointed out in
sections 1.2.2.2 and 1.2.2,3 that lectin binding sites and
intramembranous particles are randomly distributed and possibly
under the control of the spectrin complex. Since some workers
claimed that the increased susceptibility to agglutination of
transformed cells was due to a different topographical digtribu-
tion cof receptors on the cell surface, compared to that of
normal cells (reviewed by Lis & Sharon, 1973), it was thought to
be possible thatl such a vedigtribution might be responsiblc,4in
in vive aged eells, for increased agglutinability. This pfem
supposes that some change hoad taken place in the spectrin complex.
Therefore, in old cells, decreasing the electrostatic repulsion
hetween sialoglycoproteins, by loss of sialic acid, in conjunction
with less control over their distribulion by a less efficient
spectrin complex might lead to a redistribution ol these recep~‘
tors, suclh that the agglutinability of dd cells would be in-
creased., A similar mechanism has been used to explain such
findings in ghosts (Elgsaeter & Branton, 1974). However,
examination of £he freeze~Lfracture electron wicrographs of old
and young erythrocytes sugpgests that theve is no marked re-
distribution.,

It has already been pointed out that in vivo aged erytiirom

cytes can pack closer together Llhan youny cells, and the




agglutination moedel studies show that old cells, through the
action of an independent factor, can be brought together more
readily., This might iuaply that the in vivo removal of sepnesgcent
erythroecytes can be facilitated by their surface charge having
heen reduced, such that they can interact more readily with
phagocytic cells of the reticuloendothelial system, either
directly or after opsonisation. Sowme evidence for the latter
type of mechanism couwes from the work of Lee {1968), who showed
that heterologéus erythrocytes were more rapidly ingested by
mouse peritoneal macropbages after neuraminidase trealment of
the red cells.

plasma glycoproteins are removed from the circulation by virtue
of the exposure of an underlying galactose residue, suggested 2
possible role for sialic acid. Winterburn & Phelps (1972)
postulated that lhe olipgosaccharides attached to glyceproteins
contain a code for the destruction of the glycoprotein, but that
it is neutralised by the terminal sialic acid residues. Jauncik
& Schauer (1974) however, claim that, in contrast to the findinns
for plasma glycoproteins, the sgsequestration of desialylated
rabbit cells cannot be prevented by modification of underlying
galactose residues.

It is well established that sialic acid cen be removed from

- the red ecell surface, as part of a glycopeptide, by the action of

proteases (Winziér} 1969). 'fherefore, the loss of cell surface
a-acetylneuraminic acid frow in vivo aged cells could have
resulted frowm proteolytic digesﬁioﬁ, This would be accompanied
by the loss of other sugars. The analysis of some olher major

sugars of the erythrocyte meubrane required the preparation of
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chosts from fractionated cells. Table 12 shows that the mew-
brane alanine/haemopglohin ratio is constanl fox fyactions 2mb
sugpesting Lhot the membrane protein remains fairly constant
during aging. The loss of material in fraction 1 is probably
associated with removal of the button, Since membrane alanine
remains constant with age, carbohydrate analyses could he
relaoted to membrane alanine, for the different age fractions.

Carboliydrate analyses of ghosts showed thal in vivo aging
of erylhirocytes is accompanied by fairly complex changes in the
membrane bound sugars (Table 1%). The value for N-acelyl-
neuraninic acid confirms previous measureunents made on intact
cells., "The decrease in glucose suggests glycolipid losses,
since glucose is not normally a glycoprotein ¢onstituent. More-
over part of the decreases in N-acetylgalaclesamine, galactose
and glncose will be attributable to the loss of globoside and
its analopgues, shown by Sweeley & Dawson (1269) to accompany red
cell aging.

To atitompt to relate sone of these carbohydrate chLan<ses to
glycoproteing, it was reasoned that if Neacetylneuraminic acid
alone was removed from the sialoglycoproteins of the old erythro-
cyte membrane; galactose residues would become exposed,
Structures of the oligosaccarides of erythrocyte sialoglyco-
proteins bave shown terminal N-acelylneuraminic acid linked to
galactose (Winzler, 1969; Kornfeld & Xornfeld, 1970). ioreover
Galuberg & ilakoumori (1973) showed that removal of Ne-acetyl-
neuraninic acid from erythrocytes led to an increased incorporaw
tion of tritiwa label, after reaction with galactose oxidase and
tritiated sodium borohydride, into a specific component. liow-

ever, such a labelling experiient, comprring old and youns cells
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indicated no increase in galactose labelling of a siuilar com-
ponent, or of any other sialoglycoprotein component (Fig. 15 «
Pable 14), This implies that galactose, as well as Neacetyl-
neuramninic seid is lost from the sialoglycoproteins on aging.
This finding hags recently received support from the obscervation
of Lotan (personal communication}, that old red cells possess
fewer binding sites for the lectin soya-bean agglutinia, with a
specificity for galactose, than young cells,

Recently, Balduini et al. (1974) have isolaled glycopeptides
fyrom old and young erythrocytes and have analyscd the carbohydrate
content of a major glycopeptide. They yeport that sialic acid
and N-acetylgalactosamine are reduced by equimolar awounts. They
interpret this observabtion to mean that a disgaccharide, consist-
ing eof N~acelylneuraminic acid and N~acetylgalactosamine, is lost
from the red cell on aging.

Table 14 shows that the incorporation of tritium label into
the lipid fraction of old erythrocytg mwembranes is decreased by
20%., Previously it was shown (3.2.%) that there is little
difference in the non-specific labelling of the lipids of old and
young red cells, suggesting that erythrocyte aging does not
appear to be accompanied by any major membrane lipid peroxida-
tion, despite the fact that for 120 days this cell is constantly
exposed to oxygen., Therefore, the decreased incorporation of
label accompanying galactose oxidase/tritiated borohydride treat-
ment, is probably associated specifically with glycolipids and is
consistent with the obscrvation of Sweeley & bawson (1969) that
palactose and galactosamine containing glycolipids are lost as
the red cell ages.

The evidence presented so far indicates that specific carbo-

hydrate losses froa meubraune glycoproteins accowpany ved cell
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aging in vive. The data docs npt, hewever, distinpguish between
gsequential glycosidase action or proteolylic rewoval of glyege
peptides.

Gel electrophoresis of the wembranes of old cells obtained
from two individuals, showed the presence of two cowmponents not
observed in younzer cells (ig. 17). ¥or one individual (A.B.,
blood group 0), the components were of molecular weight 65,000
and 25,000, while fox the otheyr donorx (J.GoB., hlood group B),
the components were of molecular weight 61,000 and 25,000
(Fig. 18).

Since figures 16a and 16b indicated the possible degradation
of component 3 in old cells, and since the evidence prescnted so
far is consistent with aging being accompanied by cell surface
proteolysie, the effect. o¢f proteolytic enzymes on intact red
cells was studied, ¥Proteolysis of intact red cells by chyuo-
trypsin, pronase and subtilisin resulted in the appearance of a
polypeptide of molecular weight 61-63,000 (Fig. 20), similar to
that present in aged red cells., No lower molecular welpht come
ponents were detected. These three enzynes also digested the
sialoglycoproteins {¥able 15 & Fig., 19). However only one
degra&ation product was evident, although several mewbrane come
ponents were being degraded. The behaviour of trypsin presents
a similar anowaly in that, although the sialoglycoproteins were
digested (Figs;.l9g &« 19h), no new low wolecular weight component
was detlected., loreover, trypsin appeared unreactive towards coa-
ponent 3 (¥ig, 20). These findings are consistent with observa-
tions of lubbard & Cobn (1972), Triplett & Carraway (1972) and
Cabantibik & Hothstein (19?&b), on the effects of proteases on

the red cell. The most likely explonation of these observations
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is that the 61~06%,000 molecular weight component ig derived frouw
proteolysis of component 3. Proteolysis of the sialoglyco-
proteins must leave behind a residue too swall to be detected on
5,6% polyacrylamide gels. Trom the analytical doila of Segrest et
Ql,'(1973 , bthe hydrophobiec cove und the carboxy bterminal
portion of the sialoglycoprotein, whieh would not be guaceptibkle
to proteolytic attack in intact cells, accounts for abhout 75
regsidues - a peptide of approximate molecular weight 9,000.
Kadlubowski & Havris (31974) reported the presence, in old
erythrocytes, of a protein whieh possibly corresponds to the high
moleculayr weight component described above, Since these anthors
could not detect any apparent degradation of major membrane
proteins, they suggested that the new component was adsorbed to
the red cell membrane from the cytoplasm, There is no obvious
labelling ecxperiment which conld distinguish an adsorbed protein
at the cytoplasmic surface from a membrane protein which is
exposed at the cytoplasmic gsurface. Ifowever, an alternative
explanation for the new high molecular weighlt componenit might be
that it was adsorbed frow the plasma on to the extracellular
nmenbrane surface of old cells, since it hag been shown that this
surface is modified during in vivo aging. Lactoperoxidase
catalysed radioiodination of intact red cells did not lecad +o
labelling of the new components (Figo 21). They are unlikely,
therefore, to be adsorbed plasma proteins, although it is
possible that tﬂey may be such proteins and possess no reactive
tyrosine residues. A wmore attractive hypothesis, supported by
the work with proteases, is {that the high molecular weight com-
ponent is a degradation product of an integral membrane glyco-

protein, and has been digested such that no reactive tyrosine
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regiducs are available to be labelled. Sinece labelling studies
wilth radiocactive iodine have shown thelt the sialoglycoproteins
and compeonent 3 can be iodinated, the aobscrvation that the con-
ponents, vesulting from in vivo aging, cannot be lodinated at the
cxﬁ"acellular surface, suggests that proteclytic degradation has
taken place, rather than sequential glycosidase action, since the
Latter should not affect markedly the availability of tyrosine
residues,

There are a number of specialised proteclytic activities
associated with plasma. These are mostly related to the clot
formation mechanism, Movat et al. (1968) have shown that the
protease activity of rabbit serum has an acidic pi optimum, and
Bishop (1971b) points oul that pretease inbibitors are present in
plasm&. llowever, the time spent by the red cell in the plasma
males it likely thot the changes observed during in vivo aging
could be carried out by low levels of plasma protecage activitby.

Whether proteolysis is a further example of a deteriorative
change for whicl the erythrocyte cannot coupensate (compare 1.1),
oy whetuer it is a specific code for destruction, eitiiexr by loss
of a determinant necessary for gsurvival, or exposure of soume
eryptic determinant leading to recognition and removal, is a
matter for speculation. Maruta & Mizuno (1971) found that mouse
red cells, treated with trypsin, while not immunogenic in mice,
were neverthelesg phagocytised by isologous macrophages.
Although these authors did not test their systen in the presence
of serw, the results seem to suggest tihot phagocytosis of an
effete red cell is not nediated by itwunoglobulin antibodies.
They found tha%ﬂeiaholically depleted cclls bebaved similarly to
trypsin treated cells in their'system, Jancik et al. (197%), in

162




a study of the sequestration of desialylaled erythrocytes, have
shown, both in vitre end in vive, ilhal these cells will attach te
liver and splecn and that this attachment is enhanced in the
presence of serum, In contrast Lee {1968) showed ﬁhatlmouse
peritoneal macrophages would neither attach to nor ingest -
desialylated isologous red cells, This experiment was performed
with serum present. Phagocytosis of heterclogous red cells did
take place and was enhanced by desialylation, While there is
some conflict hetween the results of Lee (1968) and Jancik et al.
(1975), if they are compared with the findings of Karuta and
Mizuno {(1971), they suggest that desialylated and protease=
treated erythrocytes reguire a different mechanism of macrophage
recognition and uptake. Desialylated erythrocytes may not be
good models of in wivo aged erythrocytes.

Rifkind (1966) has reviewed the mechanism by which the
reticuloendothelial system desgtiroys damaged red blood cells,
YThree facltors are involved. Tirstly injury'to the red cell is
required, and evidence has been presented that this occurs during
in vive aging. The second step is sequestration, that is,
removal of the danaged cell by the organs of the reticuloendo-
thelial system, namely the liver, splecn and bone marrow,

Finally there is degradation, consisting of phagocytosis by and
digestion within the reticuloendothelial macrophages. This has
been brielfly discussed in the preceediung paragraph.

The posgssible relevance of the data presented in this thesis
to the sequestration mechanism will now be discussed. The liver
and spleen are generally accepted to be the main sites of red

blood cell destruction, Rifkind (1966) reviews the evidence that

thie liver is principally involved in the clearance of cells which
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have suffered major damage, whercas the spleen seems senpitive to
more subtle injuries. It wight be anticipated, therefore, that
if red cell aging does not lead to antibody recognition and com-
plement fixation, the site of sequestration ol old red cells
would be the spleen. “Yhe splenic blood flow can be resolved into
two components, Where a cell is obliged to negotiate the slower
splenic cordal pathway, it is exposed to relticuloendothelial
cells lining its narrow vascular channels., Any factor which will
prolong the erythrocyte's stay in this environment, such as a
losg of repulsive surface charge, will increase its chances of
being phagocytised,

In conclusion, the differences in membrane carbohydrate, in
membrane protein components and in reactivity towards agglutining,
which are exhibited by in vive aged huwman erythrocytes, relative
to their younger counterparts, are congistent with and can in
part be mimicked by proteolytic digestion of *the red cell surface,
This degradative change may be a primary factor in the recogni-
tion of effete cells and in their removal from the circulation by

reticuloendothelial macrophages.
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