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IS " N
. I ABSTRACT.

N The exchange of lecithin between rabbit erythrocytes and serum has

beer\l\inestigated. The erythrocyte lecithin was labelled in vivo by adminis- ™
™.

N -

tration ()\{%1332P04 which resulted in the acquisition of [32P] lecithin by the

by exchange, and _:}3 vitro by esterification with [3H] palmi-

cells primari

tate, ){14C] linoleate or [M’C linolenate. The rate of exchange in vitro of

“erythrocyte [32P] phosphqQlipids was independent of specific éerum lipoprotein

fractions, but was related td. the serum phos pholipid concentration. Analysis

e

of the in vitro erythrocyte inward and outwarci exchange rates of [3,(2P]
> .
lecithin revealed that only 55% of the cellular lecithin pgpl takes part in .
> the exchange. A sﬁnilar conclusion can be reached by comparison of the frac-
tional exchange rates of the acyl- and 32P—labelled erythrocyteD lecithin, or

by comparison of the ratio of acyl to 32P radioactivity of the er¥throcyte

. lecithin with tl'}a, ratio found in the serum after exchange ;i_nyit:_xg. .These
J1)

data indicated that the proportion of the acyl-labelled erythrocyte ﬁgcithin/

. j
pool (* S.E.M.) capable of exchange was 53 * 57, 64 * 12% a.md 95 * 6%"&*,when
esterified wi;:h [MC] linoleate, [BH] palmitate and [1’4C] linolenfte, rdespec-‘
tively. Intravenous }injection of labelled erythroéytes showed that in vivo
[laC] linoleyl lecithin was somewhat less exchangeai:le than [3H] palmityl

\ p

. /
s / lecithin, which exchanged at about the same rate as [32P] lecithin.-- e

differences in the proportion of the acyl-labelled hgryth;ocyte lecithin7 pool
P .
undergbing« exchange could not be attributed to the preferential exchange of*a

i '+ particular molecular species of lecithin, although the tetraenoic lecithin did

i

1 exchange to a relatively greater degree. This suggests that cellular lecithin
K 1

. ) Y s
formed by esterification of linolenate is found only in the porgio; of the

1
pool available for exchange, while that formediby esterifica/fz/ion of linoleate

I and probably palmitate is distributed throughout the entire lecithin pool. The
_ o

4
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fractional exchange rates of all labelled lecithins were greater in old

eryt'hrocytes than in young cells, but the fela‘cive differences in the frac-
tional exchange rates of these labelled lecithins did not vary with red cell
age. The fractional ee';?:ﬁange rate of [32P] 1ecithip (')sf isolated erythrocyte
membranes was three“times that of the lecithin of intact.cells. However, the
difference in fractional exchange rates between [3H] palmityl‘-lecithin or
[14C] linoleyl-lecithin and [§2P] lecithin is reversed in the membranes,
These observations sﬁggést that a portion of the total cellular 1ecithinl pool
becm;e/s ‘avvailable"‘for exchange oniy upon ldxisruption of the erythrocyte, and

may be located in a relatively inaccessible portion of the membrane such as

the inner surface.
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R e sérum aprés 1'échange in vitro. Ces résultats montrent que la proportion - .

o
» ' s
i
'
.

ABSTRACT

Nous avons &tudié les échanges de lecithine entre le sérum et les
érythrocytes chez le lapin. La lécithine érythrocytaire est marquée in y._j__y_g
par administration’de Na332P04 ce qui entraine 1l'entrée de [32P] lécitnine dans
les cellules, surtout par éch;nge. Le marquage in vitro se falt par estérifi-
cation avec le [3H] palmitate, le [MC] linoléate ou le [140] linolénate. Le
 taux d'échange in :YLt_r_(_)_ des [321’] phospholipides érythrocytaires est indepen-

. .
dant des fractions lipoprotéiques sériques spécifiques, mais il est relié a
la concentration des phospholipides dans le sérum., L'analyse des quantités
de [32P] 1écithine qul entrent et qui sortent des érythrocytes par échange \
in wvitro révele que seulement 55% du pool lécithinique cellulaire prend part
a cet échange, La méme conclusion est obtenue par com;;a'raison des taux d'échange
de 1'acyl- et de la 32P—léc/it:hine érythrocytaire ou par comparaison du rapport

4
entre acyle et 32P dans la lécithine érythrocytaire avec ce méme rapport dans

v

du-pool de lécithine éryshrocytaire acyl-marquée (* erreur//standard de la

moyenne) capable d'échange est de 53 * 5%, 64 + 12% et 95 * 6% selon que
i

1l'ésterification est faite avec le [140]“11noléate, le [BPi] palmitate ou le
1
[

que la [140] linoléyl-lécithine échange moins que la [3‘H] palmityl-lécithine,

4C] linolénate, L'injection, intraveineuse in vivo d'érythrocytes, marqués

- v

laquelle échange & peu prés & la méme vitesse que la [32P] lécithine. Les
différences dans la proportion du pool de lécithine érythrocytaire acyl- ..
marquée spumise a 1'échange ne peuvent &tre attribubes & 1?échange préfér-

v e
entiel d’une espéce moléculaire particuliére de lécithine, bien que la

lécithine tétraénoique soit échangée & un taux relativement bl‘ujé grand. « Ceci

it

suggete que la lécithine cellulaire formée par estérification.du linelénate——— —]

ne se trouve qué dans la portion du pool dig‘;}onib;e,pour échange, alors que la
. e . %

?
/

b

.
. !
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lécithine formée par estérification du linoléate et probablement du palmitate
est distribuée 3 travgrs\ le pool entier de lécithine. Les taux d'échange ‘dé
toutes les lécithines (marquées‘sont plus élevés dans les érythrocytes Agés

que dans les jeunes globules, mais les différences des taux d'échange de ces
lécithines plarquées par rapport a la [32P] lécithine ne varient pas avec 1'dge

du globule rouge. Le taux d'échange de la [321’] lécithine des membranes
érythrocytaires isolées est 3 fois plus élevé que celui de la lécithine des \/\\

» -
cellules intactes. Cependant, dans les membranes, ‘la difféLrence dans les taux

d'échange entre la [3H] galmityl—lécithine ou la [lAC] linoléyl~lécithine et

32 Ces observations suggépént qu'une partie

T

le ["“P] lécithine est contraire.

r
e

de la lécithine c€llulaire totale devient disponible pour échange seulement

aprés rupture des érythrocytes et que cette lécithine serait localisée dans
H <

v

"une portion relativement inaccessible de la membrane, telle la surface interne.

-
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' 1. INTRODUCTION

The mammalian erythrocyte is an unusual cell since it is anucleate (1).

It has a definite Spécies-depe;dent life span (2). W%en it 1is first released
into the circulation from the bone marrow-as the reticuiocyte, the cell con-
tains only RNA (1), mitochondria, and microsomeé (3). At this stage theJFed
cell is still capable of lipogenesis (4,5). However the intracellular otrgan—

elles are lost within 36 hrs. (1), and in the absence of the organelles,

_lipogenesis by--the red-cell does not occur (4,5). The pathways by which the

mature‘erythrocyte may renew itq phospholipids are quite limited. Our ¢
laboratory has been interested in the mechanisms by which the phospholipid

renewal may occur particularly with reference to in vivo red cell age.

Previous studies of the %?nds esterification pathway have been publighed ?6,7).
The p;esent study examines the pathway of exchange of phospholipid between

the erythrocyte and serwm particularly in terms of the participation of ,
phospholipids derived from the Lands esterification pathwqy in thisibrocess:
This study\Qas been presented (8) and has led to a recent publication (9).

1.1 The Red Blood Cell - General Description

1.1,1 The Reticulocyte .

o

The reticulocyte is the last stage of development of the’erythrocyte
_beforewmaturity an?fnormally is the only immature form present.’in the cir-

culation. It is more adhesive than the mature erythrocyte and this property

Ll
may account for its tendency to remain in the bone marrow under normal con-

ditions (10). The circulating reticulocyte matures in 1-2 days depending -
on the species (11) and compr?ses only about 1-2% of the total circulating
red cells (10). «

Because the anucleate reticulocyte still contains RNA, which is

present mostly as free ribosomes (12), it retains the ability to synthesize

proteins. Although it can produce various proteins (12-15), including those\\

4

-
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of the membrane (14,15), most of the protein synthesized by the reticulocyte
is élobin, which along with heme, is necessary for hemoglobin production (1).
The reticulocyte still possesses mitochondria and g;crosomes'and therefore

the electron transpert chai? and the Krebs cycle are still functional (3). ,

AN

There 1is also evidencé that/the reticulocyte can synthesize lipid

de novo (5,16-18). The reticulocyte'is 20% larger in voluﬁe (19), contains
more water, and at least 50% more lipid than the mature erythrocyte/(20,21).
In addition to the reduction in volume and loss of water and 1ipid upon
maturation, '"stress" or macroreticulocytes have been shown to lose up to

25% of their,pemoglobin (20, 22). However, in other studies in which mor-

mal erythrocytes were separated according to age, the youngest, reticulocyte-
rich fraction contained no more hemoglobin than aﬁy of the other fractioms,

¢

all of which contained the same amount of hemoglobin (23-29). As the
reticulocyte matures,‘i; expélls its mitochondria by the mechanism of’
extrusion. 'lVac;olég develop in an irfbgular fashion and surround individ-
ual mitochondria,ﬁ'As the vacuoles grow larger they join Po form larger
vacuoles containing sevegal mitochondria. The membrane of these vacuoles
then fuse with the plasma membrane of the cell, resulting in the expul—h

o

/r .
sion of the mitochondria (26). ‘

1.1.2 The Erythrocyte i

., The mature erythrocyte is a biconcave cell about 8.5 p in diam-
eter, 1 p thick at the centre and about 2-5 u thicﬁ,at the rim. It con-
tains no RNA or subcellular organelles (27) and thus is not cappble of

3 -

respiration. The erythrocyte depends mainly on glycolysis for its energy

requireménts (1). In addition the erythrocyte no longer has the ability
to synthesize lipid de novo (5,16-18). As_the mature erythrocyte ages,

its metabolic activities decrease with a general decrease in activity of




3
its enzymes. It continues to }¥se water, lipid (1) and becomes more osmo-
tifally fragile (28). Although there 1s a small amount of random destruction
/(29), most erythrocytes survive to the end of .their life span. In the rabbit‘
the erythrocyte circulates for about 65 days (30), after which time it is

dest‘royed irn the reticuloéndothelial system (31).

1.2 Erythrocyte Lipid Composition

1.2.1 Total Lipids

‘ Since the erythrocyte is devoid of any organelles (27), essentially

”

\ .
all ofothe cellular 1lipid is found in the plasma membrane. The lipid con-

7

stitutes about 407 of the dry/weight of the erythrocyte membrane (32).

N
e

Table I represents the average values for the lipid content of 14 differén_t

o

.
species of erythrodyte, including man, taken from an excellentrecent review (33).

TABLE 1
Average Lipid Content of the Mammali/am
. B \
Lipid " Lipid Content Stindard error Range
(mgm/ml of mean (mgm/m1)
packed cells)
Total Lipid "4.98 $0.2 4, - 4.0 - 6.1
,\)/ ’
Cholesterol 1.32 +0.05 / 1.0 - 1.5
Phospholipid 2.90 +0.3 | 2.6 - 4.0

Degpite some vg;iatibn for the pho/sl;holipid values,.the lipid
content of erythrocyte; ‘fs remarkably consistent and similar for all the
specles. Ii’;, gen"éral, of the’ ﬁyéal 1lipid conéent, neutral 1lipid accounts
for about '3“'07.? £34,35). At least 80-90% of this has been repdrted to be
free cholestei:x;:sl, the remainder being made up of chole;terol esters, free
fétty acids, ar[c,l mono-, di~ and t":riglycerides (34,36,37). Nelson agreed
with these findings, but showed in a single experimeﬁt that when sheep

erythrocytes were washed ten times with phosphate buffer, only cholesterol
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could be detected (38). Phospholipid generally cg&stitutés about 60% of lhe
total 1ipid of mammalian erythrocytes with the remaining 10% accounted for
by glycolipids (39).

1.2.2 Phospholipids ‘\

‘BQOsphplipids, forming 50-60% of the erythrocyte lipid (39), are an

extremely important and complex type of 1lipid. 1In addition to the major

E »
[ L )

classes of phospholipids listed below in Table II, there dre other known
classes of phospholipids [eg. ﬁﬁogphatidyl—serine derivatives (40) and

‘ )
cardioldipin (35)] as well asnmnyunknowdéhosPholipids which are preseng

in trace amounts (41). Table II outlines the distribution of the majex

///,/l///' erythrocyte fﬂospholipid; of several typical mammalian ruminant and no
ruminant species. For each species the values’given are the means of a
least four separate studies which were compiled by Nelson (33). |
! TABLE II |
ﬁistribution of Erythrocyte Phospholipids
A Species Percentage of Total*?hbapholipids a
- LPC  Sph. PC PS+PI PE PA  Other ) /
‘wl' Rat ' 4.8 16.2  47.8  10.3  24.2 0.2 - J“
Rabbit 0.2 20.9 37.0 10.6 30.8 1.6 —
Man * 1.6 29.8 - 30.6 14.8  27.2 1.8 1,5
Cow === 52.5 6.4 13.0 22.8 0.4 3.4
Sheeg® - 0.4 52.3 3.3° %2.8 28.9 0.8 3.2
It is obvious that lyso%ecithin, phosphatidic acid, and other
components are p;gﬁaat/iﬁzﬁigg;f;uantities in both puminant and non-ruminant
b ; .
,speciégf Theé relative amounts of phosphatidylethanolamine, and phosphatidyl-
///’,//,// S = ' |

inositol and ~serine-are similar among the various species. On the other
hand the relative lecithin and sphingomyelin contents are highly variable.

In general, the ruminant erythrocyte has a low lecithin content, whereas

. N
v i
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]
in the non—fuminagp cell the lecithin content is high. The sphingomyelin

content varies inversely with the lecithin content and so that percentage of

choline-containing phospholipids (lecithin and sphingomyelin) is rather cqn-

stant, generally about 45-65% of the-total-phospholipid (33).

" 1.2.9 Fatty Acids ‘ ;

3
Y The fatty acid composition of the erythrocyte has been pfigreat

" ¢

interest for many years and has been extensively studied. The historical
® G

work has been thoroughly reviewed (39). Nelson -(33) has provided an excellent

; . 5 -
review 6f the more recen§ data and the reader is referred to it for detailed

inf6rmatibn.

The-exrythreeyreappedars 0 have a tatty acid composition which

éenerally is not remarkably different from that of other tissues (33).
Although there is considerable variation from species to species, there
seems to be a basic difference between ruminant and non-ruminant species.’
In contrast to the non-ruminant erythrocyte, notably that of the rat, which
contains a largd amount of arachidonic acid, the ruminant erythrocyte con-

tains 1ittle arachidoni¢ acid and a somewhat reduced amount of palmitic

acid and a correspondingly greater quantity of mono-unsaturated fatty acid,

Py

"”'pgrticulafly_oleic acid. -

The fatty actd composition of ei&throcyte lecithin varies according
to the speﬁies,ﬁ?ut in general ?élmitic, stearic, oleic and li?oleic acid
accounts for 80-90% of all the lecithin fatty ac1d~(39,42144). Recently,
ﬁtthugh the use of frgentation chromatography and gas-liquid chronntsgraphy
it has become possigae to analyse‘ﬁ@g individual molecular species of
erythrocyte lecithin k43-45)f Table TII gives éhe mole per cent composition

of these species in man, rat and rabbit. In general the major molecular

species are similar for each mammal. Any mplecular species of lecithin

B4
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TABLE II

I

Major Molecular Species of Erythrocyée Lecithin.

Fatty Acids

Position Position Man Rat Rabbit .
S S S (24) (25) (26) (24)
16:0 "16:0 9.5 4.\2 20.2 10.3
18:0 16:0 3.7 1.3 4.3 3.0
: 16:0 16:1 1.8 - - 1.0
: 16:0 18:1 14.0 27.2 14.5 °19.5
. }
* 18:0 16:1 1.8 - v 1
18:0 18:1 4.4 2.3 0.8 -
16:0 18:2 20.4 19.5 12.4 24.0
18:0 18:2 11.3 8.5 5.6 17.8
18:1 18:2 9.3 1.4 0.7 e
. 16:0 18:3 1.0 - - - )
© )2.8 N
18:0 18:3 1.0 - - )
" 16:0 20:3 3.9 2.1° 0.4 )
_ : 4.1
18:0 20:3 1.3 0.5 0.3 ) N
16:0 ° - _20:4 6.6 8.5 - —9.4 20 e
18:0 T 20:4 3.4 3.6 7.5 1.4
e ‘
18:1 20:3 - 0.4 0.8 -
18:2 18:2 - 0.6 2.7 -
16:0 20:5 - 0.8 0.5 -
- 18:1 20:4 - 1.1 0.8 -
‘ 16:0' ©22:6 - 2.7 4.0 -
' ' ~
18:0 22:6 - 0.6 2.3 -
d
© 18:2 20:4 - 0.7 3.0
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which does not have a fully saturagéd fatty acid in position 1 of the molecule
is quantitatively minor. Unsaturated fatty acids are generally in position

2. The only major fully saturated molecular species is dipalmityl lecithin
which is quantitatively quite significant in the rat erythrocyte, and
distearyl lecithin is absent. Individual polyunsaturated molecular species

of lecithin are present -in minor quantities possibly because there would be

a need t; avoid peroxidation in a system which actively is ;nvolved in

oxygen exchange (45).

1.3 The Erythrocyte Membrane

Jl.3.1 Structure

frtiettmesinre Gorter At CYender (#6) and DA IEITT And

\\u
Davson (47) first proposed the bilayer model for membrane structure many

years ago, many models have been presented and reviewed”(48,49). Recently =

Sinéer, after analysing these models (49), conciuded that a fluid mosiac ‘
structure of alternating globular protéins and phospholipid bilayer is the
only one consistent witﬁ\thermodynamic-restrictions and the known data (49,50).

This new concept has since gained wide acceptance in general, and in terms

of the erythrocyte membrane in particular (51-56). Because of this and the

fact thag :‘diqcus;ion of the many models of membrane structure is beyond -
the scope of this review, only tﬁeﬁﬁluid mosiac model will be outlined.
In this model, the erythrocyte membrane is a lipid.bilayer into
which are imbedded molecules of globular proteins.- These proteins may
in one extreme be loosely associated with the surface of the bilayer,nas ‘
is the case with spectrin, or in the other extreme penetrate the membrane
— .

completely from one side to the other as is the case with a 100,000 molec~-

ular weight protein and a sialoglycoprotein (53,54,56): A schematic diagram

"of the erythrocyte membrane is in Figure 1. This model requires that the



Figure 1. Fluld Mosaic Model* of Erythrocyte Membrane Structyre (5)(9)
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protein components be amphipathic; that 1is, be structurally assymetric with
both polar and non—polar regions. The polar or hydrophilic regions, which
would be relatively»rich in ionic amino acid residues and éontain any pro-
tein éolysaccharide residues present, would be @refefentially located either
on the external side or the cytoplasmic side of the membrane. The non-
polar or hydrophobic portion of the protein, containing apolar amino acid
residues could 3e associated with the lipid interior. The lipid bilayer is
amphipathic as well, with the polar part of the phospholipid molecule exter-

nally oriented toward the aqueous environment, and the non-polar fatty acid

moiety directed toward the centre. The cohcept of intrpsion o£ proteins

P —_—

into the hydrophobic interior of the membrane 1s central for the model (50).
In the case of the erythrocyte membrane, the sialoglycoprotein, for example,
traverses the lipid bilayer with tae polar amino—termi;al part of the mole-~
cule and sialic acid residues on the outside of the membrane, and the car-

boxy-terminal portion, also containing polar amino acid residues on the

cytoplasmic silde. Spanning the membrane is a region high in a—helical con-

tent, containing about 30 amino acid residyes. Most of them are hydrophebic
,,4JnuLJJeewithin~the~hydmnﬁxﬂxkfeereeofithe1maﬂnnnmrf§5756j?‘ﬂk‘ﬁéfﬁttea_‘”“”ﬁgv"_

description of the erythrocyte proteins, which 48 beyond the scope of this

outline, has been given recently in ae excellent review b& Juliano (54).

Up to 40% of human erythrocyte membrane protein is in the right—handedndF

helical conformation (57) and Singer suggest#d that therefore the integral

g :
‘ proteins of intact membranes are largely globuia}: rather Ehan\‘gread out

+

e s |
as a thin sheet (50). The peripheral proteins, which are only loosely con- |
nected with the membrane surface, may be bound to integral proteins as well {

> 4 .

as 1lipid. They are not thought of as being an important part of the membrane

e -t

structure and are easily removed by merely waghing with a chelating agent
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or a bufférﬂof high ionic strength (50).

Although the amino acid composition and the conformation of the
proteins precisely determine thelr orientation with respect to énd;the degree
of intercalation into th ’memb;ane surface, the proteins are quite mobile
and may move about from 51e part of the membrane surface to another (50).
Proteins account for no more than.about 30% of the tofal membrane surfadg
area (58). Thus, there is no extensive system or organ}zation of proteins
and hegce no long-range order, although short-range local organization is

likely. Thus; random distribution and arrangementé or proteins in the

]
membrane are the norm (50).

4%

—Eﬁﬁgiy in the membrane many phospholipid molecules interact -very little if

at all with protein, while other phospholipids interact very strongly with—

32— tipid=Protetn Interacrion

Protein-lipid interactions appear to play an important role in

membrane functions. Most membrene phospholipid is in the bilayer at a dis-

tance from_any protein molecyfle, such that little if any interaction occurs,

However, a small fraction’of the 1lipid is adjacentato the protein and inter-

& ./\
acts with it. An interesting consequence of this is the fact that simultan-

the protein (50). Both properties appear to be necessary and lead to various
/ u
membrane properties. Extensive hydrolysis of the phospholipids of the intact

erythrocyte into diglyceride with phospholipase C profoundly affects the

physical state of the residual lipid but has no apparent éffect odothe average .

.. 3

conformation of the membrane proteins (59). On the other hand, the membrane

proteins of sheep erythrocytes, which contain a high proportion of sphinéo-
myelin,’preferéntially bind sphingomyelin when presented with a mixture of .
lipids (60). In many membrane systems, membrane-bound enzymes require lipids,

often specific phospholipids for activation (61).



&

- "These interactions are considered to occur through the side-by-side juxta

. , .
with phosphatidylethanolamine) may also be the distinguishing feature 24,

-Also, formation of these hydrophobic bonds results in iﬁcreasing stabiliza-

11

Since the lipids and proteins of the membrane can be separated by
organic ;olvents, thelr interactions must be weak and non-covalent, involving
electrostatic or ionic interactions, Hﬁhrogen bonding, London-van der Waals
forces®™and hydrophobic bonding (6la).

@h se interdctions are ;¥obably important %f;the sﬁructural role
of the different phospholipids in the membran;. Anionic phospholipids such
as pho;bhat;dylserine and E;:sphatigy— nositol miéht be distributed difffrenyly

{

. e :
from zwitterionic phosphol ds,»é%ih as| phosphatidylcholine, in areas

- /'
near membrane proteins due to the influence of electrostatic interactions. ¢
. ’ . N :

position of anionic lipids and the cationic residues of protein and these

intéracting ionic groups would remain in contact with 'water. It is possible

too that the difference in size of the zwitterionic group (compare lecithin

between two otherwise very similar phospholipids (49). - For proteins with
apolar amino acid residues, as wel?d as for lipids, exposure of apolaf regions
and groups to water is thermodynamically unfavourable. As a consequence,
these ;roups ténd to arrange themselves inlsuch a way that they cluster

together exciuding wateg, (thus forﬁing hydrophobic bonds), therefore decreasing

the energy state and increasdng the entropy of the whole system (the membrane).

4 .
tion of peptide hydf%gen bonds within these apolar areas, since water, which

the favoured conformation for hydrophobic polypeptides (6la). Thus,'a lipid

{s a competitor of hydrogenrbond formation, is excluded and the a+~helix is

bilayer with an apolar core in intimate hydrophobic contact ,with the apolar

amino acid residues of°the membrane proteins is thermodynaﬁically the most
favoured structure. Zwaal and van Deenen in recombination experiments

\

%
@ .

s
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of membrang lipids and proteins, concluded that both electrostatic and hydro-

phobic interactions were involved (62).
b, i

U
1.3.3 The Role of Lipid in the Membrane

In the fluid mosaic model the fluidity of thé membrane is depen-
dent oﬂ the\lipid component. The fatty acid moiety of the phospholipids
appear to be involved. The fatty acid chains mﬁy be in a relatively fluid
state where they have a great deal of rotational and vibrational freedom or

P

in a relatively closely packed ordered structure in which motion is
rest;icted (51,54,55). At a particular temperature, the lipids pass through
a phase change from the fluid to the liquid crystalline state or vice versa
(54,55). The transition temperature of the membrane phospholipids is likely
a function of the polar group, the fatty acid moiety, and the cholesterdl
content of the membrane (55). Generally, the shorter thgﬂchain length and
the greater the degree of unsaturation, the lower transition temperature is.
It haSbeen.éqggested that as the saturated hydrocarbon chains get shorter,
there is a decrease in London-van der Waals forces, allowing a greater
mobility of the &hains (63). This is basically true for phospholipids with
unsaturated fatty acids as well (63), since such lipids have larger cross-—
sectional areas and therefore pack less effectively between choles;ef&l
molecuxgs and against protein molecules (Si). Since phospholipids con=
taining unsa§uratgd fatty acids are more bulky‘than tﬁg saturated phos-

pholipids, Ehe bilayer containing these phosﬁholipids will tend to be more

permeable to non-electrolytes (51,55,63). The suggestion of variability im
fluidity of some areas of the membrane compared to others might be advan-
tageous, due to the fact that membtrane functions requiring different degrees
of fluidify might be operative simultaneously (55).

The concept of the asymmetrical distribution of phospholipids

P
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external layer will be.mostly lecithin, whereas in erythrocytes with a low

13 R

across the erythrocyte membrane has been proposed recently (64), primarily
based on the labelling of erythrocytes and ghosts with the ngn—penetrating
reagents 4-aceto-4'thiocyano stilbene disulphonate (65) and formylmethionyl
(sulphone)methylphosphate (t:)lw). Gordesky and Marinetti have since reached
essentlially the same conclusions using yet another non~penetrating probe,
trinitrobenzenesnlphonate (66). Zwaal et al. in 1973 reviewed (67) their
own extensive studies as well as those of others on the differential hyc}ro—
lysis of membrane phosgholipids in intact erythrocyte and ghosts by various
phospho}.ipases. A1Y of the‘selinvestigations, ahd those which they have done
since, which in'clltid.ed the 'technique of freeze-etch electron microscopy (68),
further substantisted the concept of membrane phospholipid assymetry, |

me5§é;;ra1_view appears to be that the outer layer of the bilayer
consists mostly of choline-containing phospholipids (53,55,68), although up
to 20% of the cellular phosphatidylethanolamine may also be present (68).°

In erythrocytes with a low sphingomyelin content (eyg. gulnea pig) the

lecithin content ‘(cow and sheep cells), the outer layer would c}msist mainly
of gphingomyelin (68). In this context, it has been claimed that essentially
only sphingomyelin dan.be detected by :}mmunélogical means on the Surface of '
sheep erythrocytes (69) and ox and sheep cells, in contrast to those of the

guinea pig, are resistant to haemolysis by phospholipases A2 and C (68).

The inner 1ayer consists mostly of phosphatidylethanolamine and pho phatidyl~

serine although a small fraction of the choline phospholipids may also be

present (53,64,68). Bretscher has suggested that protein may help make up

the volume deficit df the inner half since more protein is associated ‘with
;

the inner surface of the erythrocyte membrane than the outer surface (53,64).

He further speculated that because of the difference in fatty acid composition

LN
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.of the various phospholipid classes, the fatty acid composition of the inner

}’ f
surface 1s more unsaturated than the external, resulting pe;rhaps in a less /

2

ordered environment which might bé 'better for accommodating proteins, com-

‘pared to that of the outer layer (53).
!

) For the proposed asymmetry to exist, it would have to be very
stable. Any diffusion of phospholipids from one éide of the bilayer to
the other would have to be slow enough not to disturb-the partition (64).
Kornberg and McConnell have shown in synthetic bilayers that phospholipid
molecules diffuse laterally across the surface very rapidly (70). The
neighbour exchange rate was of about 10 -6 seconds (71)., Howev Ver, migration
of these phospholipids from one side of the bilayer to the othe; ("flip-
flop") is very slow (at 30°C the half life is about 6 hrs.) (272).' Bretscher
(53,64) speculated that inA the erythrocyte membr?,ne the presence of chol-
esterol and proteins wh:[ch'K p-enetrate both 1lipid layers will both decrease the

rate of "flip-flop" to a point where the rate may be measured in weeks or

months.

‘ Cholesterol forms an iﬂ?:ej;gr'al part of the erythrocyte membrane and
o

has a.profound effect on its properties. Chc;lesterol and phospholipid inter-

act closely in such a way that the long axes of the cholesterol and the hydro-

carbon c‘t{e;ins of the phosp’h'olipid are nearly perpendicular to the surface /

of the membrane (73-75). ‘The interaction between the molecules is complex ’

(73,75,76) . It -is thought that there is an ionic interaction between the

polar group of thfe phospholipid and the 3-Bf~hydroxy group in the cholesterol
molecule, but more dominant is the hydrophol;ic interaction of the phospholipid
fatty acid chains with cholesterol (73,75). ‘
.Chol'estei'olr apparently alters the fluidity of membrane fatty acid

chains in a complex manner (77,78). As a result, at physiological temper-

H
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atures the erythrocyte membrane is less fluid than the completely fluid or

"melted" state but more fluid than the liquid crystalline or "ice-like"
state (54,75). The latter states exist above and below the "transition"
eemperature respectively of pure phospholipids (54,55). The effect of v
cholesterol is achieved by a direct steric interaction of the cholesterol
with the fatty acid moiety of the membrane phospholipids (75). the ;rans~
vtion temperéture of the saturated acids is decreased while that of the
unsaturated fatty acids is increased (75,79,80).

van Deenen recently suggested that in a monolayer with cholesterol

present, natural phospholipid species having one unsaturated fatty acid
constituent present undergo a reduction in molecular size (63). This seems
applicable to the erythrocyte membrane, since-quantitatively most species of
erythrocyte lecithin have the above structure (43,44) and the permeability
of the er&throcyte membrane varies ﬁith the cholesterol content. The lipid
bilayer is compressed and the permeability decreased when the guinea,?{gvﬁ

red cell is loaded with cholesterol (81,82). Conversely, cholesterol ae— o
pleted erythrocytes become more permeable (83). ’

It hes been suggested some time ago, thatbcholesterol is assym-
etrically distrib;Eed over the erythéocyte membrane surface, being con- !

centrated around the periphery of the biconcave disc (84). Recently however,

data has been presented which suggests that while it may have local organ-

ization, cholesterol overall is ran

surface (85). Obviously, this is a problem which needs further attention,
In afly case, the amount of cholesterol present in the erythrocyte membfane
appears to affect the shape of the ceil. The cholesterol content of the

red cell can easily vary within a wide range with propqrtional changes in

membrane sufface area., Incubatkédns of normal red cells with serda of Varying
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__,.aboyt._balf of-that of cholesterol (90,91).

" loss of CDP choline:l,z—diglyceride phosphocholine transferase and CDP-

By

16
cholesterol concentration result in changes in erythrocyte cholesterol con-

tent, and there is a close correlation between tﬁésé changes and osmotic

fragiiity, which is a reflection of membrane surface drea (86) . Although
the overall picture is still unclear, the increase in cholesterol content

in certain diseases may be responsible for the formation of abnormal and

[S

¢
sometimes bizarre changes in red cell shapes. 1In hepatocellular disease

the cholesterol content is greatly increased, sometimes up to 75%,“ﬁ§th no
concomitant ‘increase in phospholipid content (87). The erythrocyte beéoges
"gpurred" or covered with spike-like projections (88,89). Obstructive

Jaundice is ac;ompanied by the form;tion of so-called targe;lgells. This(

"targetting" of the erythrocyte may be due to a 25-50% increase <in cellular

cholesterol accompanied by percentage increase in phospholipid which is

1.4 Erythrocyte Lipid Renewal and Metabolism

Upon maturation from the reticulocyte stage, the erythrocyte loses

its capability for lipiﬂ biosynthesis de novo which includes that of fatty
acid and other neutral lipids (7,17,92,93), phospholipids (17,93), and

- ¢
cholesterol (94). Fatty acids are not synthesized de novo from acetate due

to the absence of acetyl-CoA carboxysase (4,16). There is no de novo

7
pathway in mature erythrocytes for the synthesis of phospholipids due to

'

/
diglyceride:inositol phosphatidyltransferasd (5}, Deepite—the—toss—of

these important pathways the erythrocyte does havé three major mechanisms
of 1ipid renewal available to it: esterification of fatty acids with
lysolecithin (7,95—975, exchange of cellular phospholipid with plasma
phospholipid (98-100), and exchange of free céllular cholesterol with,that

. of plasma (101-103): -

/
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1.4,1 Esterification of Fatty Acidss’
1,4,1.1 Mechanism ’ ’

T

The pathway in which free fatty acid is esterified with lysolecithin

was briginally proposed by Lands in rat liver microsomes in 1960 (104) and
4

4

first detected in erythrocytes by Miras et al one year later (105). The

» 0
J Y

reaction is as _\follows:

0

Il |
R-C-OH + CoASH + Arp —thiokinase, o r ccon 4 avp + PRI

free fatty acid ) fatty acyl CoA

('IHOOCR lysolecithin acyl CoA

RCOSCoA + HO-(|:H = acyltransferase \
Fatty acyl _ _ a

CoA , CH20P03 CHZ CHZN(CHB)C

lysolegithin

cBéocr

RCOQCH +COASH

énz-opo3cnzcuzn(cri3)3 ,
lecithin

The Land“s,Esterification Pathway
Miras et ;l showed that in addition of phospholipid, there was great incor-
poration of fatty acid into neutral lipids. However, Winterbourn and Batt (112a)
have shc}vgﬁ’ that leucocytes incorporate fatty acid much mor.:e rapidly than
erythro::ytes and that all of the raglioactivity.found in tt'le‘ neutral lipids

could be' accounted for on the basis of leucocyte contamination. Therefore,

since Miras et al used whole blood, their results are questionable and one

must-also-suspect that“The eYYTNIocytes of those workers who reported incor-

" poration into neutral 1lipids, may have been contaminated with leucocytes (105-

109). y

It has been demonstrated that rat and rabbit erythrocytes which

rare high in lecithin, incorpora}:e fgtty agid to a greater extent than human

A

AJ""—'
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erythrocytes which have a lower lecithin content. Ovine and boviné erythro-
cytes, which contain v\gry small amounts of' lecithin, incorporate ver& little
fatty acid (96,‘1.\5\.0). It has been suggested that these differences are /more
oA, ;
due to the relative permeabilities of the erythrocyte membrane to free fatty
acid than to the relative abundance of the receptor for this precursor, since
hemo:lysgtes of rabbit and ox incorporate fatty acid at the same rate (96).
The mechanism by which free fatty acid is tak;n up_ by the erythro-
cyte membrane and es;:erified has been extensively studied.. Gc;odman au) -’
ori‘ginally suggested that free fatty acids are tragnsfered from serum aibumin
to the receptor binding sites on the surf;ce of the cell, all.of which have

the same binding affinity, and in a manner which is independent of metabolic

activity (111). Donabedian and Karmen (108) have also guggested that this

t
’

occurs and that it constitutes the first step éf the mechanism of fatty acid

esterification. This step is rapid and reversible and the distribution of

free fatty acid between albumin and the cells depends on the relative amount

of each. Additionally, the distribution for each individual fatty acid is
different and appears to be unrelated to the esterification rate for.each
acid. The rate of esterification is proportional to the fatty acid concen-

tration in the medium. The second step involves the actual incorpor.;étion

r

N \ v -
by esterificatiom. Shohet et al (112) have studied the overall mechanism in

'

detail. In agreement with the previous studies they suggest that the trans-—

v

fer ~of fat®#y acid from albumin to the superficial meﬁ]rane pool "F1" {is

independent of cellular enmergy, and is extractable by defatted albumin. The

;
~

second step, which involves transfer of free fatty acid from pool "F1" to
"F2" apparently requires ATP{ Fatty adid in pool "F2" is ingccessible to

removal by albumin. The authors did not suggest how the cellular energy

required for the transfer is spent, since thé fatty'acid in this pool is still

-

L4
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unesterified. However, they liid state t;hat the "F1-F2 step” may involve an
““openirﬁhﬁp of the membrane alquving the third step, the actual esterifica-

tion, which /al'so has a requirement fo:: ATP, to proceed 5:: a maximal rate.

Shastri and Rubinstein (6) i\‘l"so suggested that the incorporation step may

be rate-limiting. Shohet et al .calculated that the total energy cost of

ester(ii\fica-tion to the cell is 5% of that derived from glycolysis (112).

When erythrocyte '"ghost" preparations are incubated with free P

fatty aéids, ATP and CoA must be added to the tedium for esterif’ication-

to proceed (96,110,_113). Intact erythrocytes require no added cofactors .

(2,7). although one report claims otherwise (113)./ Such a clase would

require theitransfer of the very large CoA molecule across the\ membrane,

an unlikely situation, .

The esterification enzyme, lysolecithin acylCoA acyltransferase
has bgen demonstrated to exhibit specif-icity both with rpe’s/pect to the |fat,ty ’
ﬂacid precursor (96,97,108,110,114) and to the posit}aﬁ/ on the lysolecithin
molecule to which the fatty acid 1s esterified (/9§,§6,113,114). ‘In gen~
eral for rat, man and rabbit, linoleic acid is esterified more rapidly -
than any other fa‘tty acid (96,97,108,110,114), althou‘gh in rat arachid:onic
acid is estertfied equally fast (97). As in fatty ac.:td composition (115),

the rat appears to be the exception. Although linoleic acid 1s in each -7

case esterified the most rapidly, tgle exact order of relative esterification
/ ! -~ '

rate for the other various fétty aclds appears to vary considerably with ,

the species (96,97,){68). In general, however, the unsaturated acids are

esterified more ry{idly, and lauric (12:0) and myristic acid (14:0) are '

esterified very //ittle, if at all (95,96,97,108). Bovine erythrocytes

/

esterify linol ic and linolenic acid equa‘lly’well, and oleic and arachi-
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this source is not quite as sgpecific, or there may be more than one enzyme.

'
Positionally, 'lysolecithin acylCoA acyltransferase esterifies

the fatty acids at' position 2 of the lysolecithin molecule, in most species

~

(95,97,113). 1In the rabbit however, while 92% of the linoleic, and 84% s
of the oleic acid is esterified at position 2, only 9% of .the palmitic acid
i“s thus esterified. 1In other words, 917 of thig fatty.acid is esterified
at positio"n 1. Waku and Lands (97) have suggested that, for human erythro-
'!hcytes -at .lea'st, ttlle cellular "acyltransferase's could be the significant
enzymatic factor controlling the fatty acid c'omposit:lzm at the 2-position".

These workers successfully predicted the fatty acid 'composition of this

position from a knowlédge of the esterification rates and plasma free fatty
acid composition. ' / . V

i
1.4.1.2 Diet and Other Extracellular Effects ) i

1 ]
Many studies have been carried out on the effects of various fat

diets on erythrocyte lipié:s. These diets have included butterfat, which
contains large amounts of short chain fatty a'cids, cocoanut oil ('50% lauric
acid), castor oil whicly contains 80% ~]/.2,0H—oc‘tadec-9—enoic acido, a;,x,xon—
mammalian fatty acid (116), corn oil (59% 1linoleic acid) (1i7), and gther
vdiets which are fat free. As egrly as 1959, it ,wat; found that a\corn oil
diet doubled the erythrocyte linoleic acid content over a matter of two

years and it was assumed that this was due to incorporation during syn-

-

thesis of new cells (118). However, it was soon shown that the 18~22 carbon

unsaturjated fatty acid content could be elevated with a similar diet in
4 AN

10 days (119). 1In 1963 Farquhar and Ahrens (120) noted that equilibrium
between dietary and erythrocyte linoleic acid is achieved in 4-6 wee/ks/,

a rate slower than that for plasma but higher than that of ad:lposé tissue. ,

No change in total lipid, phospholipid or cholesterol cofitent was noted.

s
,

.
[\




c 21

Mulder et al (96) found that when the déeét of a rabhit~matﬁf§Iﬁéd on coco-
anut o1l (lauric acid) was switched to corn oil (1inoleic acid), the lin-
oliec acid content in the red cell ddlhbled within 10 days, mainly in
lecithin and phosphatidylethanotamine.

Significantly; desgite the cocoanut oil diet, the lauric acid
content was never significantly increased although the plasma level was.
Both Farquhar and Ahrens (120) and Mulder et al (96) noted that changes
in oleic acid dont;nt were rec%procal ﬁith those of linoleic acid. It
was also concluded that these changes occurred rapiﬁiy enough that it
could not.be solely due to maturation ofaghe red cells in the bone marrow
(96,120). A butterfat diet, which is rich in short chain fatty acids does
not cause a;changé in the erythrocyte short chain fatty acid composition
(116). 1In fact, fat free diets and diets deficient in linoleic acid in
general result only in a very limited cﬁange in the erythrocyte fatty acid‘
composition. The decrease in li;oleic acid content is accompanied by a
corresponding increase in the oleic acid content. Ad&tcioaally, the con-
centration of arachidonic acid decreases (42,121,122); and this is due to
the fa?t that; in the ;at for example, arachidonic acid is synthegized from
li%oleic acid. This ability is reduced or missing 1n.the she?p, and the

arachidonic acid concentration does not vary (24). Also in essential fatty

acid deficiency, eicosotrienoic acid (20:3) appears and it 1is normally

absent from the erythrocyte (42,116,121-123), It has been suggested that
these changes in erythrocyte fatty acid composition are restricted mostly

to lecithin and phosphatidylethanolamine (42,122,124), but it has also been

@

pointed out that the changes in erythrocyte fatty adid cgmposition with
4 . 1

-

diet is also species-dependent, particulari§ when comparing ;uminant ‘

erythrocytes with non-ruminants (121). There is little doubt that in the
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specific fatty acld changes the specificity of the lysophOSpholi';;id acyl
i

CoA acyltransferase enzymes of the erythrocyte is heavily implicated (96,

&

121,122,124)., This is further reinforced by Waku and Lands observas

tions that the fatty acid composition can be predicted from a knowledge

"of the enzyme specificity and the levels of the vafious fatty acids in

k2

plasma (97).

As well as changes in the extracellular concentration of fatty acids

‘there are other factors which can affect fatty acid esterification. Sev-
eral groups of workers have reported that addition of lysolecithin to the
medium in which %gher hemolysates (96,113,114) or intact erythrotytes (6)

were incubated, stimulated the rate of fatty acid esterification. It
&

was suggested that lysoleéithin acted by making the membrane more permeable

to fatty acid (§). Oliviera and ‘Vaughan (95) however, could not show this
effect with hemolysates and suggésted that the endogenous level of Yyso-
lecithin was sufficient to saturate the system.

Several potent;tél inhibitors of the este;fificagior: pathway have
been studied. Cupric ion has been shown to l;e an effective inhibit.orﬂ (95,
125), as has p-chloromercuribenzoate (126). The evidence concerWNaF

is conflicting (110,126).

1.4.2 Exchange of Phospholipid

- . B

Exchange of phospholipid between erythrocytes and plasma was

_

first described many years ago by Hahn and Hevesey (98). They suggested

that the procemm—mot all of the phospholipids.of -

the erythrocyte were involved and speculated that perhaps the non-
exchangeable fraction was located in the "deeper layers of the corpuscle
membrane”. 15 years ago several papers on phospholipid exchange were

published, in which labelled acetate was used am a tracer in whole blood

t
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(127-130) . However, these -same authors also showed that most of the

/

acetate was incorporated by the leucocytes (131) and this is consistent

with the current view that 'mature erythrocytes #re incapable of incorp-
; .
. - - . "y,
orating acetate into lipids (4). Thus, their results must be interpreted _ -~
¥ 3
\
with considerable caution.

P

Currently, it is considgred that since erythrocytes are incap-

o &

able of synthesizing lipids de novo (4,5) and since during exchange there

. ¥
is neither gain nor loss of the exchanging phospholipid from the ce‘l} (100,

-

132), phospholipid exchange between the erythrocyte and serum involves

the intact molecule of the cell and its corresponding species in the

serum (99,100,126,132,133). Except for the lyso derivatives used in the
esterification pathway, it has been shown that a variety of" possil;le phos-
phalipid precursors are not incorporated é126,134)'. Thesw_clude inorganic
phosphate, CDP-jcholine, choline, ethanola;nine, serine, i1nositol, glycerol,‘

) o

diacylglycverol, glycerylphosphate, phosphoryl choline, aund glycerylphos-

vphor}";lcholine. The various p‘t}g%p,holipid classes exchange at different
(4 o

rates de?ending on the species}of'lgrytharocyte. In man and dog, Reed, has
shown that e‘rythrocyté lecithin ban;: sphingomyelin exchange with the}r gor.:\-;-‘
responding species in plasma, but phosphatidylserine does not exchange,

and phox;phatidyl‘ethanolamine only slightly so: He suggested that the

latter two phospholipids. do not exchange well due to the lack of these
- e

classes in plasma (100). The findings were essentially confirmed by

Shohet (126), although he showed that phosphatidylethanolamine is some-

what more, eztchange.;sble.f ~Additionally, he Found that lysolecithin, lyso~
¢ ; .

phosphatidylethanolamine, and phosphatidylinpsitol did nag exchange at

all. Mulder an\g van Deenen (134) reported that rabbit erythrocytes exchﬁnge

°

*
mainly lecithin but also some lysolecithin with sen{m. When sheep erythro-

aaer

W
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cytes were incubated with 32P—1abelled rabbit plasma th;re was,oﬁiy a
very slight; %:ransfer of phospholipid, mainly as lysolecithin into the
cells (134):5’ The. rait eryth'roc&t,e appears to be somewhat unusual in that
lysolecithin is the main phospholipid participating in exchange and it
exchanage§ extremely rapidly (99,133-136). Sphinéomyelin and lecithiy also
exchange but at a much slower rate (99,134-—15’»6). s, It has very recently’
been implied that lécithin is the main phospholipid eéxchanged between serum
and the erythrocyte of the pig (137).

*, With the exception of lysolecithin, which in the rat is exchapged

‘almost instantaneously (133), phospholipid in general is exchanged qui}a«

slowly, about M/hr. (98,100,133), in a manner independent of metabolic

—

— ™

-

energy (133).
It has long been suspecﬁ/thmmgeable and non-exchangeable

pools of er;throcyte phospholip,i/d exist (98,130,134), but they have been
quantitated only recent]'.y for two species (100)0. For example, Reed found -
that in man and dog,%i\ only: about 60% of cellular lecithin 1is available for
exchange. In human cells only 30% of the sphingomyelin is exchangeable,
while dog erythrocyte sphingomyelin 1is 75% exchangeable (100).

Since the fraction of serum lipoproteins which has a density

greater than 1 21  (including albumin) contains at least half of the total

serum lysolecithin (138) it is got su'rprclsing t:hat rat erythrocytes have

»
'

been found to exchang@&ﬂﬁﬁm@ﬂthﬂs-sm@ipepm&eia—»w«w«

fraction (136,139). Other observations indicate that other cellular phos- .

L Gl

pholipids, maini}y lecithin and sphingomyelin préferentially exchange with

. Y
., those of high density lipoprotein (HOL, d = 1.063 - 1.21) (136,139,140).

This would imply that there are two phospholipid pools in the serlg‘n_.‘ Reed

has made an intensive study of the characteristics of lecithin and sphin-

h J
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gomyelin exchange between the human erythrocyte and ser{m both in vitro and
c

in vivo. l-iit data is consistent with a system in which the erythrocyte has
two pools and the serum has only one, which is entirely exchangeable (100).

.

R;aed (100) has suggested that onev‘of the major factors affecting
exchang;e of phospholipid between the erythrocyte and serum is the presence
of the participating phospholipid in the serum. Of course, this is neces-
sary for ;aichange of any phospholipid to be ”possible, but by the same token
the phosphaolipid c'omposition of the erythrocyte'is likely tow have g b_ggring
,on exchange as well (134). No mention hasqbeen made of the effect of varying
the concentration of Ilipoprotei_t: in the serum on the rate of phospholipid
exchange. Within a given phosl;holipid clasis, the relative abundance of a

\

‘particular moleculax:. species in the cell or serum may have an effect, ‘'As
well e;s these quantit':ative factors, certain qualitative‘aspe,cts have to be
considered. The nature of the binding of a phospholi:pid molecule to a
membrane protein, i.e., electrostatic interactions vs .« hydrophobic bonding
is likely to ha;ve an effect on the, availabilit& of the ph'o'spholipid mol-
ecule for exchange (61,100). Perhaps (;ven more Important in this respect
+ may be the physical positi:on ‘of qthe ;;ﬁosphdlipid molecule in the membrane
(#3,100). In additiom to an a'ssyml—nzt.:ric distribution of certain phospho=
- 1ipids in the erythrocyte membrane (68) it is possi‘ble, altl?ough it has
not been commented on in the literature, that certain molecular species
of any given phospholipid may also be dssmetrically oriented ~in the

erythrocyte membrane. Fina}ly, the state of the membrane which may change

as the erythrocyte ages may also have, ah effect on the .exéhangg of phos-

.
pholipid—between-the—redcell-and—seram:—— = - e
PHOEERPIG—D 0 T
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1.4.3 Other Pathways ‘ o

in addition to the major pathways of 1lipid renewal available to the
eriihrocite, there have been reﬁorted several minor pathways of varying degre
of ;mportance. ’

Perhaps potentiélly the-most impo}tant péghway of these is the

Erbland-Marinetti pathway:

lysolecithin
acyltransferase

In this reaction, which was first déscribed by Marinetti et al (141) for

2 lysolecithin + lecithin + glycerylphosphorylcholine

es

- L2
rat liver, two lysolecithin molecules condense to form one of lecithin and ...

k] !

one of g;ycerylﬁhosphorylcholine without any requirement for'ATP or CoA (142—
5 144). The most ideal conditions for this path@ay to be operative signifi-

cantly appear to be those in which the pH is ;cidic and the lysolecithin con-

centration is relatively high (145). Mulder and van Deemen (114) first

repofted the existense of this pathway in the erfthrocyte, but it has been

shown that under normal physiological conditions, it contributes little to

the 1ipid renewal of the red ceil, compared to the fatty acid:esterification
" reaction (126,144). <

Qespite some reports to the contrary (146-148), it is generally

ag;eed that inorganic phosphate 1is incorporated only slightly by the erythro-
cyte solely into phosphatidic acid (33,149-152), thrgugh the action of a
diglycefide kinase (149,150); and into di- and triphosphatidylinositol (153).
It is possible that 1n‘sheep erythrocytes other trace and as yet unident-

ified phospholipids may also contgin phosphdrus derived from inorganic

phosphate (154). 1In the nucleated erythrocyte of fowl, inorganic 5hoaphate

v
‘
s

»
I

w.%MEmmémMHWWW —

vivo (157). Im ¥itro, phosphatidic acid and phosphatidylglycerol had very
high specific activities (155,156), but in vivo they were weakly labelled

(157) . ! h.
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Phospholipase A activity has not been demonstrated in the untreated
uintact erythrocyte despite repéated attempts (95,110,113,134,158).
Polonovski's group claimed recently that rat hemolysates treated wizh 1M
¢

s NaCl (159) and human erythrocytes and hemolysates treated with trypsin,
dequcholate, or I M NaCl (160), have phospholipase A activity. These
authors have also_suggested that human“erythrocxtes undergoing ﬁemolysis
afker being subjected to A prolonged incubation in isotonic media with
plasma or a NaCl solution, exhibit phospholipase A activity (lgi). The
significance of this activity in relation to physiological conditions is
uncertain.

S

Mulder and Van Deenen have demonstrated the presence of lysophos-

pholipase in-;;; rabbit erythroé&tes and suggested thﬁt its activity-may—— —- -~
be significant in the event Of failure of the esterification pathway (144).
In the rat liver, the'pathway in which ﬁhosphafidylethanolamine
is successively methyiated at the amino group, through the mediation of S-
adenosylmethionine to produce lecithin, has been demonstrated (162).

AN

However, in the erythrocyte, the methionine activating enzyme is absent

and there i significant incorpqration of 14C-labeiled methyl groups into

lecithin, sphingomyelin, methylate \onsphatidylethanolamiﬁeu and to some

extent lysolecithin, through the acti;;\n(\fethyl transferase, but only

when S-[Me-14C] adenosyl methionine is‘added to.the gystem (1635>\\

v B | .Pélonovski énd Wald have recently suggested that the hum;ﬁ\érythro-’
cyte contains a triglyceridase. In order to show activity it was necess;;;\\\
to use an hemolysate and to emulsify the substrate with Triton X-100. Serum \\\\\\

o | 4
eins—inhibited re—hydrolys T 11 a oleman reported

o . @, a lipase which attacks 1,2—dig1yc&n\'gde formed after phospholipase C treat~

ment of rat erfthrocytes (165).

! » ~
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1.4.4 Cholesterol Exchange ,

. ) / -
Exchange of cholesterol, which takes place b n the erythro-

cyte and serum‘lipoprotéins, is a very rapid process, reaching equilibrium
/

in vivo in about 8 hrs. (166). There 1s no energy requirement for the ex-
change (166), which involves free cholesterol but not esterified‘cholesterol
(167).. The erythrocyte can exchange 1its unesterified cholesterol with
plasma, isolated lipoprotain preparations, and artificial dispersions of.
lecithin-cholesterol and —sterolp(168—173). When erythrocytes are incu-
bated with cholesterol-deficient serum or lipid dispersions, the cell mem-

brane can become up to 60% depleted of cholesterol 2171,172) with a con-

3

@

comitant increase in osmptic fragility anq glycerol permeability (174).
The original cholesterol content and\fragilit? can be restored by incu-
bation éith plasma or lecithin-cholesterol dispersions (172,174).

Despite its rapid rate and lack of an energy reqpir;ment, the
cholesterol exchange between the lipoproteins and the erythrocyte does not
constitute a simple system. All of the low density’lipoprotein (LDL) free
cholesterol (171), but only“about 60% of the high density lipoprotein (HDL)
free cholesterol (170) and a variable amount of erythrocyte cholesterol’
(depending on the species) (83,167,171), is available for exchange.
Apparently the non-exchangeable erythrocyte cholesterol is essential for
célluiar integrity (175). d'Hollander And Chevallier (103) have recently

proposed a model in which tﬁe serum lipoproteins (HDL and LDL) exchange

" cholesterol with the erythrocyte and with egch other as well. They also

suggested that most of the cholesterol which 1s esterified in the serum

by lecithin cholesterol acyl ‘transferase comes directly from the'erythrocyte,

—the-remgimder comingfrom HDL103,176)
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‘ 1.5 Serum Lipoproteins and Phospholipid Metabolism

1.5.1 Lipoproteins
v

All of the major serum lipids, which includ€ free fatty acids,
phospholipids, cholesterol, cholesteryl esters and triglycerides are tran-
sportedlcompl‘exed with protein. While the free fatty acids and lysolecithin

- .
; are mainly bound to albumin, the other 1ipids are carried in the macromol-

serve as the - N

A,

ecular serum lipoproteins, The protein and phospho]iipids

solubilizing agent which keep the neutral Ilipids in solution as they are

transported in the circulation (177), There are four major families of

circulating lipoproteins. These are summarized in Table IV (178). The T

following abbreviations are used in this Table: ‘ .
VLDL - very low density lipoprotein, |
LDL -~ low density lipoprotein

‘ . HDL -~ high density lipoprotein

S ~ZLipoprotein Flotation Rate in Svedburg units (fLO'-3 cm/sec/dyne/

f
gm) in a NaCl solution of demsity 1.063 gm/ml.

Chylomicrons aorigit;ate in the gastrointestinal tract and serve to
transport dietary t;riglycerides from the intestine through the thoracic duct
into the bloodstream and eventually to'the tigssues. They consist mainly
of triglycerides with sma—ll amounts of other lipids and protein, ggd likely
are spherical-in shape. ".l‘he phospholipids a/lojf_lé ‘with the protéin form the

¢ L.
outer membrane-of the spherical particle, the cereé of which contains mainly

trigl}cer/i:dé, but also a small amount of cholesterol ester as well (179)‘.' |

\—" Very low density lipoproteins are a class of lipoprotein rich

¢h are endogenous

‘. lipoproteir;s are heterogeneous in their physical properties, resembling

chylomicrons in one extreme, and low density lipoprotein in the other. The
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" TABLE IV , J
Properties and Compositicn of Major Lipoprotein Families
Chylomicrons VLDL ! LDL HDL
i Density (gm/ml) < 0.95 0.95-1,006 1.019-1.063 1.063-1.21
Vi 9
Sf > 400 120-400 0-12 -
Molecular Wt. 10° - 108°  s5-10x 105 2.5 x 10° 200,000 7
Molecular Size (ig 750 - 15,000 300 - 800 205 - 220 75 - 100
Turﬁover Rate ‘ :
(Half Life) 5-15 min 6-12 hr 2~4 days 3-5 days
Lipoprotein Constituents .
% Dry Weight .
/ Protein ¢ 1-2 10 25 45-55
. /
. . Triglyceride 80-95 50-70 10 3
. - Free Cholesterol 1-3 10 8 15"
Esterified Cholesterol 2-4 5 37 22
Phospholip%ds 3-6 15-20 22 30
a ,
Carbohydrate, ? <1 ~] <1
'm A

‘
&

&
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predominant 1ipid of this' class 1s triglyceride and the density of\indiv-
idual VLDL partitles is related to the relative amounts of triglyceride
and prote?ln present. The protein molety is made up of a number of quan-
~titatively major and minor camponexts (180,181), wh;Lch are also found in
LDL and .IHDL' (182). Structurally it is cor;sidéred that VLDL is spherical
in shape 'and has a ne?utléal 1lipid core which is surrounded i>y a thin layer .I | |
of protein and phospholipid (178).

L

Low density lipoprotein 1is particularly rich in cholest(erol and
'it‘s esters (Table IV)., It is de;.'ived solely frog the metabolisxi; gf VLDL
in the serum (183). The LDL particle appears to be a spherically-averaged
structure consisting of a 1lipid bilayer cea;ed with a layer of protein and
presumably phospholipid which are present on Abl.n')th the inner surface an;i
the outer surfage of the bilayer {184). This is in gontrast to the total |
structure of VLIﬁJand chylomicrons (178,179). In the LDL structure, the

cholesterol moiety of the cholesterol esters is associated with the protein

and some of the polargroups of the phospholipids are exposed to the plasma

(184) . LDL is physically heterogeneous, components ranging from the lighter

1

triélyceride—rich VLi)L—like particles.in one extreme through to a heavier
HDL~1like component (185).,—«» e - o ‘

High density lipoprotein 1s present in the serum as two sub~classes
HDL, (d.1.063-1.125) and ‘HDLa (d.1.125-1,21). As a class HDL 1is higher in
proteins and phospholipid than any other lipoptotein. The cholesterol con-

tent is also high altfwugh not as high as in LDL (Table IV). H])L2 has less

!

protein, triglyceride and free fatty acids, but more cholesterql than H])L:?'__°

(186). It has been speculated that HDL may be.a multi-unit structure-{187)~

:
1
f
i

\ _ I
—HDL i likely made up of physically similar or idemtical globular units

1

/

g
i3
5{;{
6

probably linked together by™lipids through non-polar bonding so that the




32

N o

hydrophebic portions of the protein and pRospholipids, as well as the
neutral lipids‘are ‘oriented away from the aqueous environment. In this
thermodynamically stable structure\ the polar areas of the protein ‘and the
polar groups of the phospholipid are in contact with the water (187). A
possible alternate structure for HDL has been suggested to be that of an
organized system of micélles (187). HDL 1is secreted byfthe liver (188)

and apart from lipid. transport, its exact fun/ctional role is unknown (187).
It is known that an HDL peptide is an activator of serum l_ipoprotein lipase
(189) and that 1ecit1i‘in-cholesterol acyltrénsferaae 1s associated with HDL
(190).

1.5.2 Serum Phospholipid Metabolism !

Phospholipid metabolism in the plasma appears to be qui;:e limite&.
No esterification or condensation pathways analogous to those found in the
erythrocyte have been observedHysophospholipase activity appears to be
negligibie (191,192). 1In post-heparin plasma of man a phosphoiipase which
sefgctively hydrolyées phosphatidylethanolamine has been described (193,194)
and in heparinized rat plasma.a phospholipase hydrolyses lecithin signif-

N

icantly (195,196). These post—heparin phospholipases have little of no

0

activity in normal plasma. By contrast, a similar enzyme has been found

in normal human plasma which hydrolyses lecithin (197) and in normal rat

‘plasma which hydrolyses phosphatidylethanolamine (192). The reason for

these apparently contradictory observations 1s unclear. The contradiction

may be real but it is also possible the heparin is having' some direct effect

| A~

on the phosphalipase or is caueing the release of auother phospholipase, or

Teity appears to, vary with

. - b — "

vi—‘——’"‘ﬂfe mammalian species. Indeed, it is posasible that, in some species, there

may be virtually no phospholipase activity in normal plasma.




. 7 Gme pathway of plasma phospholipid metabolism which has been
documented for many different s'p'ecieé (198,199-201) is the reaction first
describ;d by Glomletret al (202,203), the enzymatic tranéfer of fatty

acid from lecithin to cholesterol.

3 : “EHOCOR +

" ROCO , |
'v H2-0P03—Choli§e ' HO Cholesterol 1
Lecithin ~ o '
Lecithin-Cholesterol .
o Acyltransferase
rd
CHOCOR . + ;
HO-?H
CH2-0P03-Choline T

Cholesteryl Ester

Lyw/ ROC

This acyltransferase reaction is apecific for lecithin only (204) and ohly
the fatty acid in position 2 is transferred (203,205). Although thees
appears to be 1little specificity with regard to the species of sterol (206), ki

the enzyme does show preference for certain specles of fatty acids, depen- |

Le

™

ding on the species of animal (200,207-~210). In rabbit plasma, the relative :,g,
rate of t}ransfer of fatty acids in descending order is linmleate > arach: ,
idonate - > oleate > palmitate (200 208) The ‘rate of linoleate transfer has

been escimateci' at 6.8% over a2 20 .hr. }mubation (208).

3

Under notmal physiological con&itions LCAT :I.s well suited to

ansfer of_fatty acid aud from lecithin to choW

~—“catalyse tr

1mum rate. In rat (211) and human (212 213) serum at least, the optimuim

'pH is between 7 and 8 and a pH below 6 0 inactivates the enzyme (198). ‘ o

A}
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The reactibn also prgceeds more rapidly in isotoq?c galine than in either
more dilute or concentrated salt soiﬁtions (213,214) . Although LCAT readily
becomes oxidized when partially purified;'it appeazs to be quite stable
under normal conditions in the plasma (198). On the other hand, if exper-
imental coh&itions require the inaétivation of the enzyme withoutf;hanging
normal plasma cq%ditions, heating at 56-60°C fg;/aﬁigo min. is quite effec~-
tive (215) LCAT 1is inactivated but the capacity of the plasma lipoproteins
to act as substrates is unaltered (216)

~

1.5.3 Summary of Erythrocyte and Sérum Phospholipid Metabolic

and Renewal Pathways

~
-~ o

The pathways of phospholipid renewal and metabolism ‘are summarized

in Figure 2,

1.6 Membrane Alterations With Red Cell Aging
A

1.,6.1 Total Lipid Content and Composition

‘ lost, ‘Shattil and Cooper (20) could find no change in cellular phospholipid

\ compoéition, and, Warrendorf and Rubinstein (7), reported that the lecithin

The fact that the 1lipid content and composition change as the red cell
matures and ages had .been known for many years. Reticulocytes were first
shown to contginfmore lipid than the maturé erythrocyte in 1950 (217).

Since th;n a number of studies have been made (7,20,21,218,219) and young
reticu;ocyfes have been, reported to contain anywhere from 1.5 (21) to 4 (20)
times as‘meh phospholipid as mature cells. The contribution of lecithin

oo

loss to the overdll loss of phospholipid upon red cell maturation deems to

be in dispute. Raderecht (219) suggested that lecithin is preferentially

el R _ B e ~ . ° ~ v’t{ o e
content 1s—gréHtér‘tn‘matute*erythtacytes—thnn*reticuiocytesi-fhe;foss of

<k Sl S
FEONT

cholesterol is not as prggg;rioﬂaxéIi'gréat as that of phospho;ipié-(ZO,ZIQ).
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. Figure 2

Schematic Diagram of Pathways of Phospholipld Renewa] and Metabolism in the Erythrocyte and

Serum. .-
: I - - !
o {
. _ Erythrocyte LPC | FA .
9) ‘ ' ‘
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LPE ) ) 4 ®
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Arp ' - Cholesterol
LPC (7) tholesterol ester
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Exchange of Lysolecithin (LPC) between Enythrocyte and Serum (r&pid)

Esterification of Fatty Acid (Lands Pathway) esterification of LPE

much sTower than LPC

(4) Exchange of Lecithin (PC) between Erythrocyte and Serum (not all. PC

derived from Lands Pathway may exchange)

Erbland-Marinetti Pathway (not normally 1mportant)

Lysophospholipase (not normally significant) . |

Cholesterol Exchange (rapid) , J

Lecithin-Cholesterol Acyl Transferase Pathway , |

Serum PhosphoHpase A2 ‘ o : 1
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!
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§1§ Ipcorporation of Fatty Acid (FA)
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eryéhrocytes (20,21) but the C:P.ratio for their respective plasma membranes
is the same (20). It has been suggested that much of the retieculocyte lipid
is lost when the phoséholipid—rich, cholesterol-poor organellés are lost
from these cells' (20,21), but Warrendorf an;—Ruéinstein noted that these
organelles contained little lipid when compared to the total lipid of the
plaséa membrane (7). Shattil and Cooper noted that the spleen also has

a role in this 1ipid loss but the mechanism is not known (20).

After the erythrocyte matures it continues to lose lipid although
the amoun® lost is relatively small (22q;222). Lossldf cﬁglesterol is sig-
nificant when expressed in terms of-per single cell as well as per unit
surface area (221,222). Total 1lipid and phosﬁﬂgliﬁid lqss appear to be
significant only when éxpressed on a single éell basis rather than per unit
surface area (221,222). Lipid-loss from the mature erythrocyte asJit ages

appears to be on a proportional basis, such that the lipid composition.of

the cell does not change with age (222), ' ‘ 1

1.6.2 Red Cell Shape Alteration with Age’
| The biconcave shape of the erythrocyte is depsndent on an excess

of surface area‘relative to cgé} volunme (223,224). This biconcavity iendé .

to the cell an almost infinite ability to bend and deform (225) which the

erythrocy;e must dq;in passing thréugh the narrow cﬁanngls of the spleen

i

(225,226). The erytﬁrocyte membrane hasuan;y_é very limited ability of
. ‘
stretch and the biconcave shape circumvemts this problem (223). As the

red cell ages, the lipid is lost (220~222), accompanied by a depletion of

~———intracellular ATP (227,228), surface ares is decreased (229), and the erythrocyte

tends to become spherical (230). The erythrocyte in this -shape has 1ost
- B ! .o ) !
its deformability with the result that it 1s susceptible to entrapment and ”

destruction iﬁ‘the microcirculation of the spleen‘t226). The adverse pH ~
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conditions of the spleen may further aggravate the erythrocyte's lack of \;

deformability (226) and the low levels of ATP likely reduces the deoxygenatéd
senescent red cell's chances of survival of the effects of stagnation in

the spleen in the same way (224,226).

L
Likelysdué to a loss of deformability of the membrane the osmotic

,
fragility of th? erythrocyte increases with age (231-232) and destruction

- of the senescent cell by osmotic hemolysis or by direct physical perforation

likely occurs to some extent (229).
In an electron microscopic study of erythfoeyte membranes, Danon

-

and Perk (233) noted that the young membranes were granular, relatively
thick, and gener;lly had large concentric féldings, while membranes from

old cells were "smooth and thin", 1es§‘granular, and had mostly radial
fdldings. Later studies’ (232,234) showéd the the young erythrocyte mem-
brane contained a large number of long’' filamentous protrusions, which in

old cell membranes were almost non-existant. These observations are con-
sistent with the process of fragmentat%on, which Weed and Reed (229) have
suggested as the mechénism for the symmetrical iess of 1lipid with increasing
erythrocyte age. It had been previougly suggested that membrane fragments
may be lost vep;atedly without haemolysis (225), wifh a resulting increasing
sphering of the erythrocyte each time (529). Whi}e fragmentgtion itgelf
may not be fatal to the cell, it.qpy, along with decreasing ATP concentration
(227, 228) and possible loss of mambrane—&ound enzy&é activity. predispose

the cell to further fragmqug;ion with the final deleterious consequence

of inability to traverse séi&hii micro¢irculation (fragmentatidn hemolysis

%

.
oo _ L

»

. ‘\"
1.6.3 Fatty Acid Composition Changes

o.

The fatty acjd composition of the erythrocyte appears to change

2
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with age. It has been-ﬁoted the cells of patients withreticulocytosis are

low in linoleic acid (235,236). An early study of age-related fatty acid
composition changes indicated that in general the content of unsaturated

fatty acids increase whi}e that of the :saturated, fatty aclds decrea\éa with ‘
age (237). van Gastel et al (238) on the other hand, noted that while the
linoleic acid content is-slightly higher in old/Ceils, thelarachidonic con~

tent is decreased somewhat. In agreement with this, Phillips et al (239)

recently found that four of the five fatty acids studied with chains of 18

carbons or less (stearic acid being the exce?tion) increase in content with
the age of the erythrocyte and all 19 fatty acids with 20 carbons or more
show a decrease. The authors suggested that while the change in content of
not every fatty acid longer than 20 carbon atoms is statiétically significant,
the direction of change of this group of fatty acids is very significant.
Walker and Yurkowski (122) studied change in the erythrocyte fatty acid
composition “in erythrocytes from rats fed different diets. They, found that
significant differences océur with-age on all diets and the pattern depends
on the particular fatty acid and its concentration, and on the nature of

the diet. They.suggested that the fatty acid esterification pathway is

involved and that the activity of the acyltransferase enzyme changes with ’

the age of the erythrocyte. .

1.6.4 Esterification of Fatty Acdids .
A number of other ‘#nvestigators have studied the esterification of
fatty acids in relation to erythrocyte age. The reticylocyte incorporates

fatty acid into lepithin:at a rate which 1is four times that of the mature

“the fatty acid isvincorporated into the plasma membrane but a very small

amount is taken up iﬁto the mitochondria. Elevation of the ATP level by
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50% or depletion of it to mature cell céncentratior:iﬁas no effeét. THe
authors concluded that dlthough esterification of fatty acid by the retic—-
ulocyte ié,much’ more ac,t;ijve ethar} that by the mature erythrocyte, it follows
the 'same pathway and is es?éze;éially restricted to the plasme membrane. |,
Several laboratories (6,241,242), have shown that the oldest degment of the
, erythrocyte population esterify fatty acids at a reduced rate compared to
’the remainder, However, if the hemolysates of le cel]:s are suppiied with
ATP (241) or the intact old cellts are supplied with glucose (6), the difference
in esterification rate is abolished. \The reactivity of the a:‘eyltransferase
, e e

system therefore appears. to be dependent on the availability of endogenous
ATP (6,241). \ .

.1.6.5 Other Lipid Pathways

f’a)

Other pathways of lipid reg»é’wal and metabolism have remained
largely unstudied in relation to: the age ov? the red cell. Ferber et al
(242) have reported that lysophospholipese activity is diminished by about
half 1;1 old erythrocytes. Sloviter et al. (94) have shoé:r'i‘ btA:hat cholesterol
biosynthesis and exchange take place in tixe reticulocyte and th;at the
system 19“ quite compléx, ~ Virtually no work has been reported compari’n_g the

exchange o.f phospholipid in reticulocytes, or young and old erythrocytes.

2. MATERIALS AND METHODS

5]

2.1 Materials

[9,10—3H] palmitic acid, (l— C] 11noleic acid and [ Fe] ferrous

] ‘1
citrate were obtained from New England Nuclear Corporation, Boston, Mass,,
¥ B '

o) -
"'[1-1401 linolenic acid f¥om Amersham/Searle Corporation, Chicago, Ill.,

o 32

and Na3 PO4 from Charles E. Frosst and Co., Montreal, Quebec.

3
2

Bovine serum albumin (BSA), Fraction V, was purchased from

Nutritional Blochemical Co., Cleveland, Ohio. Phospholipids were obtained




7 Corporation, Bedford, Mass.
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from Nutritional Biochemical Co., Serdary Research Laboratories, London

72, Ontario and Supelco Inc., Bellefonte, Pa. Double distilled water,
(f.\r? - w7

produced by an all élhss system, and used in preparation of a buffered

saline with glucose solution to be described later was obtained through

the courtesy of Dr. Peter Weldon, Department of Physiology, McGill University.

Millipore filters and equipment were purchased from Millipore

PPO (2,4-diphenyloxazole) and POPOP [1,4-bis-2-(5-phenyloxazolyl

benzene)] were obtained from Packard Instrument Company Inc., Downers Grove,

-~

I11., or New England Nuclear Corporation. The 1iquid scintillation phos-

pH?n: cocktail was prepared as follows: 9 ‘gm PPO, 0.3 gm POPOP in 3 litres

v
toluene. .
A

Silica Gel powders were purchased from Machery, Nagel, and Co.,

Duren, Germany.

!
L

General re.agénts, all of which were reagent grade, and supplies were

obtained from Fisher Scientific Ce¢. Ltd., or Canadian Laboratory Supplies Co.
! Y L

<

Ltd., Montreal, Quebec.
[ ot

Rabbits were supplied by Canadian Breeding Farms, St. Constant, - —

Quebec.
2.2 Preparation of Labelled Material .
+2.2.1 In vitro Exchange Experiments a

10 mCi of 1‘15'11332P04 were iInjected intraperttoneally or intraven-
g

—

,ously into 5-10 1b. male New Zealand Wi’tehrabb,its. Three to four days

" later the blood was removed by cardiac puncture using 0.25 M sodium citrate

as the anticoagulant. The erythrocytes-were washed 3-4 times with ice-cold:

isotonic s%line, removing the buffy coat along with the top 10% of the

erythrocyte column each time. One ‘volume of packed washed 3zP—labelled

L



" rabbits. In one experiment 40 uC

41 ~
\

"t
~

erythrocytehs was incubated in 5 volumes of Krebs Ringer bféh:;bonaté‘pg\ffer
pH 7.4 (prepa.red by the method of De Luca and Chen (243) conta;.;:i\:tng \8 m;i\\
glucose for 2 hrs. at 37°C, with a gas phase of 95% 0,, 5% CO,. 30uci -
[9,10-3H] palmitate and 10uCi [1-140] linolenate or [1-1403 linoleate,
bound to defatted bovine serum albumin by a modification of the method of

Milstein and Driscoll (244), were added per ml of incubated packed cells.

The defatted albumin was prepared by the method of Chen (245), dialysed

"against water for two days with at least two changes of dialysate and

:ifophilized. After the pre-incubation the erythrocytes were washed at least

3 times with 2% defatted BSA in Krebs-Ringer bicarbonate buffer to remove

ﬁnincorpo}éted free fatty aclds. For experiments involving erythrocyte mem-

»
branes, ''ghosts''were prepared from the labelled cells by successive freezing

and thawing in an acetone-dry ice bath and a warm water bathectively,
three times. The membranes wer<e repeatedly pelleted by centrifugation at

10,800 xg for 10 min. and washed with isotonic saline until the supernatant
was nearly colourless, At this point, the membrane pellet was colourless \

or slightly pink. N

M

——————VUnlabelled verum required for the exchange incubations was obtained

after coagulqation of‘ blood collected by cardiac puncture from 18 hr. fasted
rabbits. Prior to use, this \sengm was centrifuged at 20,000 xg for 20 min.
to remove platelets, Ie;icocytes, and other g:ontamihants. Serum lipepro- *
teins were fractionated by the method of Havel et al (246), using am. Interna-
tional B-60 preparative ultracgnttifuge with a 8B 283 rotor at 100,000 xg

at 1l4°C. ‘

2.2.2 In Vitro Exchange vs. Red Cell Age Experiments 0

'18-20 mCiof Na332P04 were injected intravenously into 6-10 1b,

59Fe citrate had been injected a few days

-

a [‘\.
B

1




- any loss of red cells,

k2 _

prior to this (247). The blood was collected as already described above

either 24 or 40 hrs., after Na332PO4 injection. The erythrocytes were washed

3-5 times with a buffered saline solution containing glucose (8.10 gm NaCl,
1.22 gm Na2}1P04; 0.1937 gn NaHzPOA_'HZO, 2.0 gm glucose in 1’ litre double-
distil?.ed water, pH 7.f&, 291 mOsm/kg HZO) (.248) by the method of Préntice
and Bishop (247). After each centrifugation all except the last centimetre
of supernatant was aspirated and a cotton-tipped stick was rotated at the
top of the red cell ci/olumn. The leucocytes, But not the erythrocytes adhered

to the cotton. Thus, the leucocytes were quantitatively removed, without

*

-

.- The washed red cells were fract,ionatéd according to age by ultracen-
trifugation on a disc;ontinous BSA density gradient using a slight modification
of the mgthod of Piomelli et al (248) to‘be described later. . Thev erythro-
cylte fractions and the control populations wez:e pre~incubated with labelled
free fatt}; ‘acids as already descxj‘ibed, except for the followiti'g mociification.

135 uciof BSA-bound [9,10—3}1] palmitate and 45uci [1—14C] linoleate were incu-

bated in 17 il medium per gram of erythrocyte haemoglobin. All other pre=

incubation and washing conditions vere identical.’ The unlabelled serum for

//

| —
these experiments was prepW -described in the preceeding section.
Haemoglobin vw’a/s/dert{miﬁec\l by the method of King (249) as modified by

Brownstone and Denstedt (250).1 oo . /

2.2.3 In Vivo. Exchan‘ge Experiments

_ Erythrocytes of donor rabbits were labelled in the phospholipids

1

with 32P and radioactive fatty acids as already deascribed for the
“standard" in vitro excharge experiments. In addition, during the last

half hour of the preincubation with the labelled free fatty acids, the cells

51

were labelled with “lCr0, by the method of Mayer et al (251). 2§CLof >lcro
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per ml preincubation mixturé were added to the preincubation suspension.
Incorporation of radiocactive chromate was stopped five minutes before the

end of the preincubation by ad@ition of ascorbic acid (1 mg/ml preincuba-

tion mixture). The cells were then separated from the medium and washed

with defatted BSA as already described.

2.3 Separation of Red Cells According to Agéi‘

R
o

Separation of red cells according to age by ultracentrifugation
on a discontinuous BSA density gradient was carried out by the method of
Piomelli et al (248) with certain modifications, Impﬁfities were first
removed from the BSA before preparation of the concentrated'sslutions.
Insoluble particles were se?arated from BSA by millipore filtration (0.8 u
pore size) of 5-107% solutions and dissolved ions were then removed by

a
dialysis against distilled water for two days with at least two changes

of water. The BSA was then lyophilized prior to use. Osmolarity adjust~

el
.

an Advanced Osmometer Model 600-5 (Advanced Instruments Inc., Newton

e

Highléndé, Mass.)fff/deﬁé/gy addition of solid NaCl, and dilutions were

made with 0.92% Néél (291 mOsm): nprocedures suggested by Winterbourn and .
Batt (252). The-ultracentrifugation of the gradients at 100,000xg
for 50-60 min. at 4°C was‘prededed by a short centrifugation (10 min.) at

10,000xg to prevent any possible clumping at the first interface of the

~
o

gradient.

2.4 Exchange Incubation Procedures

2.4.1 In Vitro Exchange Experiments

One volume of labelled erythrocytes or the membranes obtained from one
volume of these cells were incubated with 4 volumes of serum orfgirum\lipopro—
tein solution for 4 hrs. at 37°C under an atmosphere of air. After incubation,

' ) 0

~
.
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‘the serum was removed and the cells were then washed 4 times with 2 volumes

of cold isotonic saline each time. This washing proéedure, necessitated by
total volume restrictions -of the subsequent 1lipid extracts, was foﬁnd to
quantitatively separate the serum from tﬁe erythrocytes. The washihgs were
extracted together with the serum fraction. ' In the in vitro exchange vs.
erythrocyte age experiments, the exchange incubation conditions were iden-
tical except that 17 ml serum per gm erythrocyte haemoglobin was used. The
lipids 'of the cells or(mgmbranes and serum were extrad%ed, fraction{ted,

and quantitated., See Appendix for details., f

i

“

2.4.2 1In Vivo Exchange Experiments '

15-20 ml of 75% suspension of the quadruply labelled (3H, ll’C,

32, 51

P, Cr) erythrocytes were injected intravenously by the ear vein per
recipient rabbit. ‘'Thirty minutes later a 5 ml sample of blood was taken
for a "zero time" control. Thereafter 5 ml samples were taken at intervals
for up to 5 days. The. erythrocytes of each sample was quantitated in terms
of total mgm haemoglobin and a small aliquot was t;ken for the counting of

51

the radicactivity due to “"Cr. The rest of t&g sample was then used for

-

extraction,and analysis.

2.5 Analytical Procedures

o

Cell and serum iipids were extracted by the method of Folch et al
[

(253) and evaporated to dryness under nitrogen. To avold possible contamin-

",

ation with radioactive free fatfy acids, the lipids were redissolved in

shloroform and separated into neutral lipids and‘phospholipidé on silicic
acid columns, Mallinckrodt 100 mesh, activated overhight at 110-120°C
according to the prodedure of Hirasch and Ahrens.(254). To all lipid extracts
was added 2,6-di-tert butyl—p-cteso; (BHT) in a final concentration of

50 mg/100 ml. The antioxidant was also added to the phospholipid fraction

¢
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after the silicic acid chromato&raphy. The lipid extrac’@:s were manipulated

or storgd under nitrogen wherever pos'sible. The phospholipids were separated
l;y thin layer chromatography on a binder—fxo-'ee silica.gel, MN-Silica Gel
N-lf@, using the solvent system of Skipskl et al (255) and marked after
being visualizedl with #odine vapour. After de-iodination (upon standing) thf
bands were scraped off ahd the phospheolipids eluted by the method of Wood eI‘:;al
(256) ; yielding recoveries of 85%. 1In some experiemmts, lecithin (PC) was

&

to be further separated into molecular species of differing degrees of unsat- z
uration. PC was separated from other phospholipids as above and visualized
with a water spray.. T'ile PC was then eluted as above, after the ‘bands had

dried and was agparated into thé molecular species by argentation thin layer
chromatography on MN-Silica Gel N (257). These bands were carefully scraped
off and the 1ipid quantitatively eluted with successive 10 ml portions of
chloroform-methanol-acetic acid water 100:60:16:8, chloroform-methanol 1:1

and finally methanol. The eluates were washed free of dye and silver ions

by the method of Arvidson (257) with. a recovery of radiocactivity of 70%.

Triple-labelled samples were counted in a Packard Tricarb Model

3003 l1iquid scintillation spectrometer using PPO-POPOP mixture in toluene
as the phosphor. Corrections were made for crossover and quenching. Decay

of 3%piwas corrected back to the time of incubation for the in vitro exper-~ \

iments and to time of injection of radioactive eryéhroc;tes into the recipilent
rabbits for the in vivo experiments (addurate to less than 6 hr?.). Lipid
phosphorus was estihated by a modification of the method of Bart;ett (258). -
The modification entailed the use of 0.6 ml concentrated perchloric acid in

the digestion of the samples so that it would be complete in less than 10 min.

instead of after several hours.
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3. Results

~

3.1 Behaviour of Phospholipid Exchange with Time

Since the incubation conditions for studying phpspholipid exchange -
in vitro have not yet become standard in the %iterature, a study was under-
taken to determine a convenient® incubation time. ' '

Exchange of phospholipid from.erythrocytes labelled in vitro after
administration of Na:,‘:)’ZPO4 and in vitro by incubation for ’-2 hrs. with BSA-
bound [1—140] linoleate, was obs2rved in vitro with time. As ghown in
Figure 3, exchange of phospholipid labelled Iby' both methods was linear for
at lfggxt 6 hrs. confirmijllg the findings of Reed (100). Therefore, a 4 hr.
incubation period was 9éed as a convenient incubation time for subsequent
studies. During these incubations there was no significant change in the
quantit\ies of phospholipids present in the erythrocyte, a finding which is

consistent with an exchange process, rather than a net transfer.

3.2 _Exchange of Bhospholiiaid with Specific Lipoproteins .

Serum phosphblipids are transported throughout the body by the

circulating lipoprc;teins. Since these lipoproteins are metabolically and

‘

’ [+ e ne whether

phospholipid exchange preferentially takes place with any specific ldip-
oprotein or merely depends on the phospholipid content of the incubation
medium, Varyixig quantities.of VLDL, i‘DL, and HDL in separate samples_ were

incubated with erythrocytes which had been labelled in vive:rafter injection

with Na 32P04. . The data in Figure 4, which represents the combined results

3

of two experiments, sBow that the rate of ’exchange of phospholipid is not
influenced by any particular lipeprotein fraction. It is, however, propor-
tional to the concentration of phosphoi:lpid in the 1ncﬁbat10n medium.

Figure 5 is a plot of specific activity of the labelled phospholipid

¥
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Figure 3: Time course of exchange of labelled phospholipids from erythrocytes

3

into M—QMW
experiments. . Incubation conditions: Washed BZP—labelled erythro~
cytes were pr,e:i.ncubated_in Krebs-Ringer bicarbonate buffer, pH. 7.4,

&t i i
containing 10 ucCi [l-l.l‘C] linoleate boupd to albumin, and 8 mM glu-

cose with a hematocrit of 20%. After 2 hre. the cells were washed

with a defat'ted-albumin containing niedium, and divided up into 1 ml

/

Y’“ aliquots. Fach 1 ml aliquot was incubated with 4 ml serum for 0, 2,

4, or 6 hrs. The serum 1lipids were then extracted and the phospho—
lipids separat’c;'d from the total lipid extract. The radioactivity '

of the serum phospholipids of each sample was then counted and

the results plotted against time.




2000

1500

1000

cpm per incubation flask

. 500

48 SN

& VERY LOW DEN3ITY LIPOPROTEINS
A LOWwW 12 - ”

R . , e HIGH " »
/A ¢

— N | / 1 !

® -~ bl

0 50~ © 100 150

pg lipid P per incubation flask

—

Acquisition of [32P] phospholipid from rabbit e rocytes by

varying amounts of serum lipoproteins W VIDL, A: LDL, O: HDL.
The data are accumulated valués from two separate experiments.

/ ’\ <
Incubation conditions: 1 ml of washed 32P-—1a elled erythrocytes

were incubated with 4 ml of lipoprotein solutior{ for 4 hrs. at 37°C.

Lipoprotein solutions consisted of lipoproteins dissolved in Krebs-

Ringer bicarbonate buffer, pH.7.4. Lipoprotein phospholipid con-

centratj.olrx is e;cpressed as ugl lipid P per incubation flask. Control

. samples consisted of 1 ml cells incubated with 4 ml buffer alone

for 4 hrs. . .
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‘ cyte and serﬁm of phospholipid derived from various/radiocactive fatty acid

_were incubated with radiocactive free fatty acids and then with serum for

in the phospholipids of the erythrocytes.

phdsphorus content of the solution. The specific activity of the labelled””

activity. -

3.3 The Fate of Various Phospholipid Precursers in/the Erythrocyte

and Serum After Exchange

As a first step in the study of exchange befween the rabbit erythro-

precursors as well as that labelled with 32P by

change in vivo, a déter—

mination was made of the -fate of these various labels in the erythrocyte and

serum after exchange. Erythrocytes labelled iy vivo with 32P by. exchange

4 hrs. Table V illustrates the distributiop of label due to Ehgse«precursors

Since the amount of label exchanged

5\
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distribution of erythrocyte radioactivity before and afper exchange. It may
be obzgrved that regardless of the p7écursor, most of the label was incorpor-

ated into the lecithin fraction of the enwthrocyte. These'observations’ate
in agreement with previous data (6). The incorporation into PC averaged

\‘\'L o
about 707 for all precursors except pahmitate, a larger proportion of which,

interestingly, was always incorporated intogthe phosphatidylethanolamine.

No other erythrocyte phospholipids contained aisignificapt proportion of

32

radioaétivity. The pattern of incorporatibn of ““P into the cell was -not

remarkably different from that of labelled linoleate or linolenate. 1In all
/
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TABLE V
Distribution of Radioactivity and Lipid Phosphorus in Erythrocytes

Following Exchange of Labelled Erythrocyte Phospholipids.

s

32 3 14 14 Lipid
Phospholipid . P [TH] Palmitate [~ C] Linoleate [ C] Linolenate P
‘év ‘% ,\‘) *
% radioactivity . %_UgP .
Lysolecithin 1 1 1 1 2
- . "3’
Sphingo ) . )
myelin 8 1 3 2 21 o,
Lecithin, 71- 54 66 73 39
"Phosphatidyl °
serine .
+sphosphatidyl ‘
inositol 3 4 5 4 7
Phosgphatidyl B
ethanolamine 17 41 26 21 29
The data are the means 0f\ 3 to 5 experiments with S.E.M. <3%Z in each of the
4 ]
larger percentages (>20%) ) i
h *
32 ]

P-labelled erythrocytes were preincubated with labelled

51

’

albumin~bound free fatty acids unzigr the following conditions: Hematocrit 207,

Krebs-Ringer bicarbonate buffer, pH‘h7.4, containing 8 mM glucose and 10 uCi

. After

X

[1-14C] linoleate 0¥ [1-—14C] linolenélte and 30 uci [9-10—3H] palmitate.

2 hrs. the cells were washed with a defatted albumin-containing medium and 1 ml

i
of packed cells reincubated with 4 ml serum at 37° for 4 hrs. For the control,

1 ml of packed cells were mixed with 4 ml serum and then separated immediately.

° ‘.

See Appendix for further details.




——on the specific activities of the 32p--1abelled lecithin found in the serum
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o

cases, lecithin was the main phospholipid labelled in vive or in vitro, but
lecithin constitu:és only 39% of the total erythrocyte phosgholipids, a value
which 1is in agreement wi;:h those found in the literature for rabbit erythro-
cytes (33). Table*VI shows that in tHe serum aft'er exchange, lecithin con-
tained by far'-the most radioactivity ( at leas?f: 807%). By contrast serum
phospholipid is'oniy 597 lecithin. Apart from a bsmall amount of label in “
PE contalning radioactive pa]fiﬁitat.e of 1inoleate, no other serum phospholipid -
was significantly labelled.

3.4 Comparison of Exchange Into and Out of the Erythrocyte

Although lecithin 1is the main phospholipid involved in exchange,
. K Ty

not all of tHe erythrocyte lecithin is available for exchange (100,134).
Reed has made a quantitative eatimaite of the exchangeable lecithin present
in the human and dog erythrocytes (\'iOO). In these calculations, a compar-
ison was made of the fractiomal exchange rates of lecithin from the erythro-
cyte (outward‘exchangf) with that of lecithin exchanged into the erythrocyte

from the serum (inward exchange). The estimates of the actual amount of

erythrocyte lecithin turned over in each direction by exchange were based

and cell after exchange in parallel incubations. ' Since lecithin 1s neither
lost nor gained by the er};fhrocyte during ‘exchange, the calculated amount of .
lecithin turned over going in each direction should be identical. In the

event that two pools of cellular lecithin exist, oné of which does not

B 0

exchange, the ®pecific activity of the erythrocyte 32Pelabelled lecithin
used to calculattj the fractional turnover will be too low. In the present

study, using rabbit erythrocytes and serum, ‘a siinilar set of experiments

' 32

were done. Two parallel incubations were set up; ome in which P;~labelled

"

erythroeytes were incubated with unlabelled serum so that exchange of labelled
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TABLE VI !
' L
Distribution of Radioactivity and Lipid Phosphorus in Serum Following

Exchange éf Labelled Erythrocyte Phospholipids.

lJT‘

o . 22 " o 14 14 Lipid
Phospholipid P [TH] Palmitate [~ 'C] Linoleate [~ C] Linolenate P
2 radioac%ivity % ugP
Lysolecithin © 9 3 ’ 2 C 1 27
Sphingo myelin 8 1 2 1 7
Leéithin 79 82 80 , 92 59
Phosphatidyl
serine +
phosphatidyl )
inositol 2 3 3 2 3
Phosphatidyl oot
ethanolamine 2 11 Vi 13 4 3

o
w

The ydata ‘are the mean of/3 to 5 experiments with S.E.M. <3% in each of the

A

1 f
larger percentages (>20%). ;E
k4
Vs

Incubation Conditions: As in Table V.

=]
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lecithin was in the outward direction, and the other in which unlabelled

32 »

erythrocytes were incubated with P-labelled serum, so that exchange of

labelled lecithin was in the inward direction. The gata enainling calcula-

tion of the erythrocyte lecithin pools are shown in Table VII. An average
inward exchange rate was determired to be 3.5% while that in the outward
direction was 6.5%, giving an average rétig of inward to outward exchange

rate of 0.55. This value is similar to that obtained by Reed (100) for human
and dog erythrocytes. These data suggest that the value for the .specific F\
activity of the erythrocyte lecithin used for the calculation of the outwafd -
exchangé rate, which was based on the total cellular lecithin content, is

too low and only slightly more than half of the erythrocyte lecithin is
actually taking part in exchange.

3.5 Participation of Erythrocyte Lecithins Dérived by Esterification of

Various Free Fatty Acids in Exchange

In light of the finding that only part of the erythrocyté¢ lecithin

’

is available for exchangé, it was decided to examine the involvement in. exchange
with serum lipoproteins, of lecithin formed by the Lands esterification path-

way. Exchange of these lecithins was compared to that of the lecithin in the

32

cell labelled with ““P mainly by exchange in vivo. The procedure dedcribed

in the Methods section was followed and the lecithin of the cells and serum
were analysed from two points of view. ‘Firstly, the isotopic ratios, 3H/32P

and 14C/32P, for each labelled fatty acid precursor, in serum and cell were

P

calculated and compared. 1In the secondlépproach the rates of exchange for .
each precursor were calculated and compared. Table VIII summarizes the data
and analysis dgrived from the first point of view. Since [32P] lecitﬁin was
incorporated 1ﬁto_;§e_ggzqhgggyte in vivo over a period of-several days by N

exchange, it represents the pool of cellular lécithin which takes part in

- i !
\ - ' 4
K
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TABLE VII

Comparison of the inward and outward exchange rates of erythrocyte [32P]¢C

PC

content

}
i

L Inward exchange :_ Outward exchange Ratio:
Expt. specific activity fractional  specific activity fractional
turnover turnover
rate . rate
$erum Cell Serum Cell Serum Cell ’ Inward/Outward

L] = ;

- ug P/flask ~ cpm/ug P % cpm/ug P %
1 ' 168 24 3800 140 3.7 55 2700 5.7 .65
2 200 40 3000 100 3.3 17 1200 7.3 .45
Average 3.5 6.5 ‘.55

Incubation conditions:

55

Outward Exchange - 1 ml 3

4 hrs. at 37°Cf

§ after mixing.
Inward Exchange +
. at 37°C.

. mixing.

"

2P--labelled erythrocytes were incubated with 4 ml unlabelled serum for

Cells and serum of control samples were separated immediately

o

1 ml unlabelled cells were incubated with 4 ml 32

Cells and serum of control samples were sepafated immediately after

;:
L
4

|
P-lab?lled serum for 4 hrs.
| B
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. TABLE VIII

The Ratio of Fatty Acid (14C or 3H) to

32-P in Serum and Cell

e

/l
Lecithin Following Exchange Between Erythrocytes

p and Serum.
Fatty acid/P ratio * Ratio **
Esterified Fatty Acid
A B
serum cells A/B
f 14 T i
- Linoleate-~""'C 3.0 5.7 0.53 = 05 (10)
14 \ ) '
Linolenate-" C 3.3 3.0 .94 + ,06 (5)
Palmitate~3H ‘5.8 6.9 .64 £ 12 (11)

- data from a typical experiment
* mean * SE of the number of experiments indicated in parenthesis

Labelling and incubation conditions: As in Table V.
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exchangef. One can calculate the isotopic ratios of radiocactive fatty acid-
containing lecithin/ 32P-—labelled lecithin for both the serum and cell. If
the ratios for the serum are the same as that of the cell as is the case for

14 . .
[ 4C] linolenate-containing lecithin, then it would appear that virtually all

-

of this lecithin is ava‘ilable for exchange, and when one divides the serum
rz;.tio by the cellular ratio the final value is equal to unitf. 1f, however,
only part of the fatty acid labelled lecithin in the erythrocyte is available
for .exchange, then the final ratio of serum ratio to cell ratio will fall
below unity. For example, only 53Z of the [14FI] linoleate~containing lecithin
is exchangeable. These ratios were calculated as below.

, As /Ae

P Pe

where A = the cpm of acyl-labelled lecithin in serum.

A, = the cpm of acyl-lgbelled lecithin in the erythrocyte.
32, .

o
]

the cpm of P '—labelled‘ lecithin in serum.

P, = the cpm of 321’ ~labelled lecithin in the erythrocyte.

In the second approach to analysing the isotopic data of the serum
and erythrocyte, the rates of exchange for each- labelled lecithin were cal-

culated as below:

Ay

Fracfional exchange pate of fatty acid ldbelled lecithin = pr——r—
- 2 ~ SAe (a) Me

Pg

Fractional exchange rate of 32P---labelled lecithin = gy
SAg Me

where SAq(q) ™ specific activity of acyl-labelled erythrocyte lecithin.

SAe(p) = gpecific activity of 3%P—].abelled erythrocyte lgcithin.

Me = quantity of erythroecyte lecithin. - -
The fractional rates of exchange for each labelled lecithin are shown in

“ Table IX. About 6% of the 321’--1abe11ed erythrocyte lecithin and [140] lin-

" .
olenate-containing lecithin were exchanged during the four hour incubationm,

L
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TABLE IX

of Erythrocytes.

Comparison of the Exchange Acyl-labelled PC and [32P]PC

Sy

/ ’ o
\ Number of Fractional exchange Relative Exchange
Experiments rate - rate

- %/ &4 hr.
**p1RC 14 6.42 + .24* 1.0
1°n] palmityi-rc 10 3.90 £ .65 0.64 + .12
[*%C] 1inoleyl-rc 10 3.45 £ .40 0.53 ¢ .05
(1%c] 1inolenyi-pc 5 5.96 & .24 0.94 + .06

* Mean * S.E.

L

Labelling and incubations conditions: As in Table V

f‘u‘\
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but only about 4% of the [BH] palmityl lecithin and 3.5% Lf the [14C] lin-
oleyl lecithin exchanged.
These rates may be compared by calculating the relative exol‘;ange
rate., The relati\;e'exchange rate is the fractional exc}mnge rate of érythro-
cyte acyl-labelled lgcithin divided by the fractional exs;hange rate of 32P—

labelled erythrocyte lecithin.

Ag ' Py
relative exchange rate = 3

8Ae (a) *Me Ae(p) *Me -
} AS:Me ?B'Me
Ao Pe

A\
S

O

mrdlm:> \

]
o

A

/

Thus, in Table IX comparison of the fractional exchange rates of

:

32P-1abe11ed erythrocyte lecithin with the fatty acid-labelled lecithins

shows that while lecithin formed by esterification of [MC] linolenate exchanged
at the same rate, [MC] linoleate~containing lecithin and [3‘H] palmitate~
containing lecithin exchanged at rates only 53% and 64%, respectively, of

that of 2P-labelled erythrocyte lecithin.

These relative exchange rates are numerically equal to the "ratios
of the serum to cell isotope ratios" and therefore taken toggther these two
analyses suggest that, for example, only 53% of the [MC] linoleate~containing

lecithin in the rabbit erythrocyte is available for exchange. Since, however,

the relative rate of exchange is an easier term to deal with, it alomne will -~

be subéequentiy used.

B '

The observation that 53% of the cellular lec?.thin produced by ester~
ificatidh of .[14.6] ‘linoleate is available for exchaﬁge corresponds to the
slze of the exchangeable pool of the total cellular lecithin, which was deter-

mined by comparison of the rates of inward and outward exchange of 32P-1a.be11ecl
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. lecithin. This would suggesi: that linoleate esterifiestthe whole cellular

lecithin pool. On the other hand, linoleate, which when esterified, has a

relative exchange rate not significantly different from 1.0, ané it therefore

appears to label only the cellular lecithin pool which can take part in

exchange. The relative exchange'raqe of the lecithin labelled with [3H]

b

palmitate was significantly iess than 1.0 [p<0.05] but this value showed con-

siderable variqtion from experiment to experiment. Shohet (158) has noted

that the exchange of human erythrocyte lecithin labelled by esterification of

L

j
[140] palmitate was slower than that of leg¢ithin labelled with [3H] palmitate

) )
which was incorporatéd by exchange with a lipid emulsion. However, a much

longer incubation was necessary in order to show this difference.

3.6 Examination of Possible Sources of Artefacts

The possiﬁility that faétors quite gnrelatetho phospholipid exbhange
‘ may have been responsible for the differences in the amount of lecithin con-~
taining,the various radioactive fatty acid residues, appearing in the serum5wus
considered., Several possible such sources of artefacts were examined. It |

‘

was considered possib%&,th&t a phospholipasé whicﬁ specifically hydrolysed

) & only certain speciés of lecithin, might be present in the serum. To test this :

. W ossibility serum labelled in vivo with 32p_1abelled phospholipids, by injec—
tion of Na332P04, was incubated at 37°C for 4 hrs. In another check, erythro-
cyte lecithin labeiled with [14C] linoleate, [3H] palmitate and 32? was
}*~~“~—wv~"*-——emu%sified*iniﬁrebs=Ringer‘ﬁicarbonate‘buffer‘by sonication on ice and was

the; incubated with serum fér 4 hrs. ?ﬁe results of these chefﬁs are found °
in Table X.in Parts A and B #esbectively} Part A shows that no phosphoiipid
was hydrolysed more than 6% and the hydrolysis of lécithin was only 4%, with :

. " - the product appearing as li'soleclithin. Part B of Table X shows that the ratio

of the radioactivity of neither fatty acid label to 32? changed after

4 hrs., of incubation. Thus, ié was reasonable to concludg
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"I' _ TABLE X a

Effect of 4 hr. Incubation at 37°C on Phospholipid

in the Serum

&3
- ‘ ' - 32
A P-labelled Serum
Phospholipid % Change from Initial Cpm in —32P—1abe11ed serum
e
’ \
Lysolecithin + 47.)
hath \ ) of Initial Lecithin Cpm i ¢
Lecithin : - 4% ) .
Sphingomyelin - 27
Phosphatidyl serine ) - k -
Phosphatidyl inositol) _ - 6%,
Phosphatidyl-ethanolamine - 2% |
® -
: * B ¥ Sonicated Labelled Erythrocyte Lecithin c
— ‘ ,
3 14 32,
Esterified Fatty Acid % Change in Ratio of ["H] or [T ¢] Fatty Acid / ~°P '
b : ‘
(4] Linoleate .0
. [BH] Palmitate , + 5%
Incubation conditions: Part A - Serum labelled in vivo with 321’—1abe11ed phos-
pholipids after injection of lNIa332P04 was incubated at 37°C for 4 hrs. The
hydrolysis prodﬁcts except for lysolecithin were not detectable with the TIE .

system used - but oniy the possibler hydrolysis of lecithin was of concern since

the\lecithin is the major phospholipid exchanged by the rabbit erythrocyte. ~-

Part B - Lecithin from 1 ml of erythrocytes 1abelled with [ C] linoleate, [ H]

32

palmitate, and ~“P was emulsified in 0.4 m1 Krebs-—Ringer bicarbonate buffer by

‘ 1
. . sonication and then incubated with 3.6 ml serum for 4 hrs. :

"
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that the'differengg in the fractional exchange rates between [1401 linoleyl-~
lij}thin or [3H] palmityl-lecithin and [32P] lecithin, and the resulting dif-
ferences in 140 or 3H/32P ratios between the erythrocyte lecithin and that/

found in the serum following exchange, was not an artefact due to the presence

of phospholipase in the serum. Many investigators (113,134,160) have shown

T

that normal erythrocytes do not contain phospholipase activity.
Lecithin cholesterol acyltransferase in the serum is known to

have a high specificity for 2-linoleyl lecithin (200,208). The possibility

__that this enzyme might be the cause of the difference in the-serum to- cell -

isotope ratio was considered unlikely since iné#batibn of erythrocyte lipids
in serum for 2 hrs. had no effect on the isotope‘ratios (Table X). In any
case, this possible source of artefact was ruled out by the observation that
inactivation of the enzyme by heating the serum at 50°C for about 1 hr. (259)
prior to ifis use in exchange experiment; had no effect on the resulting iso-
tope' ratios in the serum.

With the elimination of these various factors, two explanétions
can be offered to account for the apparent existence of ~two pools of lecithin !
in the erythrocyte, only one of which is availablé for exchange with serum
lecithin., It is possible,‘first of all, that only certain specific molecular

sﬁecies of erythrocyte lecithin are exchangeable. Secondly, the physical

location of a molecule of lgcithin in the membrane (i.e., the inner surface -

vs. the outer surface -of-the membrane) or-the nature of the binding of the
s

lecithin molecule to the membrane may be responsible for the molecule's ability

(or lack of it) to exchange.

" 3.7 Involvement of Molecular Species of Lecithin in Exchange ko

The possibility that only certain molecular species of erythrocyte

take part in exchange was examined by subdividing the lecithin of the cells and
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serum after exchange into their molecular species according to the degree of
unsaturaﬁion. Table XI illustrates the results of two such experiments.
Most of the 32P—-lpbelled lecithin was located iﬁ the dienoic species (which
may contain some trienoic lecithin as well). The remainder of the [32P]

lecithin was found mainly in the saturated andnbnoenoicfr@ction. This pat-

tern of labelling among the gpecies of lecithin in the erythrocytes-ecorres——m——

ponds fairly well to their quantities as shown by Van Golde et al (43).

32P--labelled lecithin appearing in the serum after-exchange was also found to

be mostly in the dienoic fraction. Somewhat less label appeared in the sat~ . 1

ufatedmaddmnnoéﬁoiééée&iés of é;%uﬁ fgzP] 1eéighin than was originally in
this fraction in the erythrocyte. On the other hand, there was dramatically
‘more [32P] lecithin acquired by the tetraenoic fréction of serum lecithin than
was initially in the corresponding species in the cell. It is realizéd too,
that this specles of cell lecithin represented a veiy small percentage of the

[

[32P] cellular lecithin.

Half of the [3H] palmitate was f8und to be esterified in the dienoic” °
fraction of the cellular lecithin. The saturated and monoenoic species*acc;un—
ted for most of the remdinder of the [3H] palmityl cellular lfcithin. There
wag a slight decrelase in the distribution of [3H] palmityl lecithin into these

32

species in the serum following exchange. As with the ““P-labelled lecithin,

although the tetraenoic fraction of [3H] palmitaté-containing lecithin ac-

counted for very little of the lecithin th the erythrocyte, there was a sig-

‘nificantly increased amount of this lasel appearing in the tetraenoic specles
in the serum, Thus’overall, a similar pattern of labelling in both thg<serum
and cell emerged for the 32P-labelled and [3H] palmi;ate—labelled lecithins.
Upon esterification t14C] 1inoleate was distributed primaril?binto ///’7//

the dienoic species of erythrocyte lecithin, with most of -the remainder ester-

ifying into tetraenoic lecithins. However, upon exchange into the serum, a

i




TABLE X1

1
2
3 ) Distribution of mgiecular species of lapelled erythrocyte PC followi g exchange .
,1 with serum.’ )
, il , !
PC species L 32P | [3H]Pa]m1ty1-PC ! []4C]Lino1ey1 PC [14§]Lfnoleny] PC
Expt.] Expt.? xpt. T Expt.? Expt.1 Expt.?2 Expt.T expt.2
Cells Serum Cells Serum CeTls Serum Cells Serum Cells Serum Cells Serum Cells Serum Cells .Serum
' i o ‘
' | % radioactivity ° . U)} °

Saturated and : . . ) ) .

monenoic 22 12 23 1 3, 23 29 25 - - - - ‘ - - . = -
Dienoic and A ' i , ‘ , ‘

trienonic .. 63 57 60 59 521 52 52 42 82 48 79 52 . 11-. -9 9 9

- { . ' , N ,
Tetraenoic 4 15 5 12 2 9 3 17 14 40 16 371 4 5 5 8
Hexeroic . 4 6 5 9 6 6 6 8 1 3 2 4 .59 27 57 22
. t -

Polyenoic 6 10 7 9 8 10 10 8 3 9 3 31 .26 59 29 61 -
’ . c.p.m. x 10-3 ‘
Total PC 53 3.1 2! 1.2 289 4.3 155. 2.8 128 Y 3.2 153 3.5 64 2.8 62 3.2

- f

Incubation conditions: As in Table V

o \\‘ i
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large increase in the percentage of the [14C] linoleyl lecithin in the tet-

raenoic fraction resulted in an almost even distribution of the linoleate-
containing lecithins between the diencic and tetraenoic fractions., Only a

minor amount of radioactivity appeared in the higher unsaturated lecithins.

—— e ——— ¢

a

Six per cent of the [ P] lecithin of the erythrocyte was exchanged:
i )

in each experiment, as shown in Table XI. The.ﬁgdioactivity found "'in the tet-
raenoic species of [lAC] linoleyl' lecithin was approximately that which would
be predicted if one aSSumedﬂthat 6%'of the corresponding lecithin species in
the erythrocyte took part in exchange during the 4 hrs. of iﬁ&pbationﬁ For
example,-inrexperiﬁentﬂl; there should be aboutﬂiﬂeﬁ~cpm~of—f;ﬁ€&~lino&zyi»~w— - ——
lecithin present-in the serum, and 1100 cpm were found. Similarly in exper-
iment 2, one should expect about 1500 cpfh and 1300 cpm were present. By
contrast, the lapeiied erythrocyte dienoic species was. exchanged into the
serum at a rate well below 6% and accounts for the lower amount of the total? , |

&£ 1
erythrocyte [140] linoleyl lecithin exchanging into the serum, compared to
32

=¥

that of P-labelled lecithin, With [ P] lecithin and [ H] palmityl lecithin,

exchange of the dienoic species is not as assymmetric with respect to tbe

overall exchange, despite the fact that these species also contain the majoxr-

4

/s
ity of radioactivity for each label, ,Therefore, the behavior observed for

the dienoic [ C] linoleate-containing lecithins is not characteristic of all *
dienoic species. The slower exchange rate of the dienoic [140] linoleyl

lecithin is not due to & lack of their corresponding species in serum, since

they constituté about 50% of the total rabbit plasma lecithin, almest all of

which contains linoleate (43).

Most of the [}4C] linolenate esterified by the erythrocyte was found

-in the hexenoic species of Lbcithin and the remainder was maini} present in .

»

the polyenoic fraction. The”’ hexenoic fraction did not exchange as readily as

\ o~
r‘, 4
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the more highly unsaturabgd spécies but this was compensated by the rapid

.exchange of the highly-unsaturated lecithins. The differential distribution

B bt -
) )
-

n

of radiocactive fatty acid precursors in the erythrocyte lecithins of various

degrees of unsaturation after esterification, when considered with leecithin —— ——

exchange patterns which varied according to the precursor, suggest that the
* . ‘

site or mechanism of esterification may be an important determinant of the
« .

ava’ilability of esterified erythrocyte \lecithins for exchange.
{, »

3.8 Exchange of Lecithin Between Erythrocyte Membrane Preparations

and Serum . \ .

£
——— - e — - 1 - ——

N o P— ———

" The ﬁosié“ﬁ;:;lii:y that the exchangeable pool of 3-rythrocyte lecithin
; 5

may be located at the outside surface of the membrane while the non-exchangeable

1

pool is inaccessible.to 'serum lecithin by being situated on the inner surface

was entertained. ' Mémbranes- which were prepared from erythrocytes labelled
32

. 7in vivo with “"P and in vitro with [3H] palmitate and fl4C] linoleate as . .-

already described, were incubated with serum for 4 hrs. lA,par:all’el incubation

'with serum of a corresponding aliquot of thé intact cells from which these -

> ~

membranes were prepared served as the control.
The . distribution of radioacti\-zity among the serum pimspholipids was
first determined and compareg with that of the control. Table XII shows that

the exchange of phdspholipid 5‘between serum and erythrocyte membrane prepara-

N
kY

‘tions is quite similar to that for the intact cell. The relative amount of
o

lysolecithin exchanged from membranes was increased, but when the overall

listr: for onsidere enee 32

distribution is considered, this increase was not great. The exchange of ~P-

labelled phos&é}idyletha_nolamine was greater for the membrane preparationsit
32

%

as well. The percentage of P-radioactivity which appeared in the lecithin .

fraction after exchange from the membranes was somewhat lower than trt ‘'of the

intact cells. However, the relative increase in the amount of label appearing
!

{
a
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, . TABLE XII'

- *@Pistribution of Radioactivity in Serum After Exchange of Labelled

Erythrocyte Membrane Phosp}}dlip ids.

[3H] Palmitate [14C] Linoleate [32P]

Phospholipid Membrane Intact Membrane Intact Membrane Intact
’ Preparation C(Céll Preparation Cell Preparation Ceéll

. Lysolecithin .8 4 4 2 13 | 7
| Sphiingomyelin 2 2 2 2 4 8
[}
| : , ‘ : ¢ }
| Lecithin 67 70 80 84 66 82
R \
| Phosphatidyl~ L : -
serine + -5
Phosphatidyl ) 1
inositol 4 5 3 "3 5 R |
. ] Phosphatidyl- " ‘ ‘
ethdnolamine 19 19 11, ¢ 9 12 2
¢
-~

2

Values represent the mean of 3 exper‘.iments. In each incqbat‘m sample,

3

membranes obtained from 1 ml of packed erythrocytes were incubated with 4 ml

.

serum at 37°C for 4 hrs.’ These membranes were obtained from etythrocytes
o ! . I ’ -
labelled as described in Table V. 1 ml aliquots of intact cells from the

!
N same erythrocyte preparation were also incubated with 4 ml serum-at 37°C

for 4 his. so that the exchange of labellec_l,lsecithin by the membranes could o
- —be compaféd with that by Intact cells. '"'Zero time controls" were run for |

both membrane and intact cell incubations i.e., membranes and intact cells J
. - were separated from the serun{)pf their respftive samples immediately after
{ - . \ N . ?

mixing. » B

| { ¢ \ ! : k °
® s ~ :
. a R
\
o %;" a -
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%
in the lysolecithin and phosphatidylethanolamine fraction accoun¥s for all of
- e

the decrease in lecithin radioactivity and it is probable that overall shift
in the proportions 1s due to the increases, in the relative quantity of 32?—

radioactivity present ip the former 4&wo fractions rather than a decrease in

2

the latter fraction. y

Although not shown, the distribution 6f radiocactivity in the mem-

4 !

brane preparations was similax to that of the intact erythrocytes. The small
‘ o ) ‘) Yo
changes in the exchange pattern of radioactivity that did occur were li@gly \\\\\

due to some alteration done to the membranes, during hemolysis. Table XIJI

gives a comparison of the fractional exchange rates and the relative exchange , -

rates of the erythrocyte membrane preparations versus those of the intact cells.

L3

It can be noted that the fractional,'rates of exchange of [32P] lecithin, [140]

linoleyl-lecithin ang I3H] palmityl lecithin between the intact cells serving

as controls and the serum wTs within the range of the larger group shown in

-Table IX. The fractional e&change rates between eryﬁgrocyte ghosts and serum
32 P

-

of ["°P] lecithin, Hpwever; was three foid higher. This large inéreasg in

exchange rate 1s not caused ﬁy loss of 1lipid from the membrane durdng incuba-

[

tion with serum. For two of the experiments given in Table XIII, the speciffc

activities wefg determined- for the erythrocyte gnd meTbrane“%écithin before

and afterléhe‘ﬁ hr. incubation. After incubation the specific activity o6f the a’;“’1
erythrocyte lecithin had decreased by 5 * 0.8% and that of the '"ghost!" lecithin
had been reduced by 21 * 4,2%, These calculations were made by using the
specific activities of all of the lecithin %abels, so that n = 6. The decreases
in specific activities cérrespond t& the respective fractional exchange rates
found for the intact erythrocytes and the membrane preparati;ns.

When 'the relative rates.of exchange were calculated from the frac-

tional exchange rates, it was found that the values for thé exchange of [?ﬂ]

[ 2 °

\

3 -
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TABLE XIIT ;
Exchange of Acyl and 3?'P--labelled PC :in Intact Erythrocytes
- 4 and Membranes.
B A 3 F (%] Palmicyl-pc  [““Cl Linoleyl-PC

fractional exchange (% / 4 hr.)

Intact cell 6.2 + 0.2 » 3.6t 0.8 3.0 £ 0.1
Membranes 17.1 + 2.6 22.2 % 2.6 20.4 + 2.1
\ _ relative exchange rates o
Intact cells® 1.0 .,0.57 * 0.16 0.46 * 0.04
‘
Membra;{‘es , 1.0 1.27 £ 0.05 1.23 £ 0.08 '

* Values represent the mean of 3 experiménts * S.E., Each experiment compared
the exchange of labelled PC of the intact erythrocytes with membranes pre-—
pared from an aliquot of the same cell preparation.ﬁ

Incubation conditidgns: ; As in Table XIQ’I.Erythroc):yte membranes equivalent to

1 ml of packed cells were added to each incubation flask.

)

Y
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. palmityi lecithin and [14C] linoleyl lecithin of the membrane preparations
'S were both significantly greater than unity (p<0.05). These wvalues may be
compared withithe corresponding values obtained for the_ intact cells, whigh

were about 0.5, Thus, it appears that when erythrocyte ghosts are prep

not only is the fractional rate of exchange of lecithin greatly increased;—————

but any restrictions in exchange of lecithin derived by esterification of

[>]

s palmitate or linoleate compared to 32

P~labelled lécithins is abolished.
These results sugg)est that architecture of the erythrocyte membrane is
responsible fo'r these relative differences in exchangeability.

It was thought that these resﬁits would be confirmed by exchange

experiments in which inside-out vesicles were incubated. with -werum. These

vesicles would be expected to exchange very little if any [32P] lecithin with

the serum, since labelling occurs by exchange (100) and PC trans-bilayer migra-

‘ tion is slight (53). The method of Steck et al (260) was used in an attempt

to prepare the inside-out vesicles. The pattern of separation of the inside-
out and right-side out vesicles after ultra;:entrifugation on the dextran
density gradient was clear and identical to that obtained by the authors.
i Steck et al (260) showed thatl inside-out vesicles prepared from human

{ erythrocytes are resistant to the action of sialidase, but right-side out™
vesicles are not. However, when the susceptibility of the rabbit inside-
out and ;:1ght-side out vesicles were cdmpared“,w"t_t{;_y*were found to be {rery
similar. This suggested that the Inside—out vesicles were quite leaky,
perhaps reflecting a basic species difference in the resealing ability of

the membranes. When the vesicle preparations were incubated with serum,‘
L

pr—

ot b = e kR results were similar to those obtained with ordinary erythrocyte ghosts
n"'(.‘ e N . . -

. . (Table XIII). ) h
( : ,

While this project was 1in progress, a patient who was being treated

oy > e
B} for pol}:_c\:ythemih by injection of N8332P04, at the Royal Victoria Hospital,
¢ .
Montreal, became avdilable fbr donation of a sample of blodd. Arn exchange
; +

ap ®
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. i experiment using his erythrocytes was attempted, but the erythrocyte lecithin
was not labelled heavily enough with 32P, however, to provide a clear indi-
cation of the [14C] 11noley1/[32P] ratios in serum lecithin after exchange.

3.9 Exchange of Lecithin by Young and 01d Erythrocytes
v

As erythrocytes age in vivo, membrane lipid is lost (221,222) and

eventually membrane alterations may occur prior to destruction in the spleen
(229). 1In view of these facts and the results which suggest that membrane
architecture is important in ‘the exchange of erythrocyte lecithin with serum,
experimeifits were performed which compared lecithin exchange in young and old |
erythrocytes. Cells labelled in vivo after iﬁsctio'n of Na3 32?04, andiF ;;p— |
* arated according to age on a BSA density gradient, were labelled in wvitro by
‘lzegterifipation of [3H] palmitate and [140] linoleate and incubated wit:.;' ‘3‘5@“.‘
for 4 hrs. A comparison of the distribution of radioactivity due to the -
‘ various precursors-incorporated into the young and old red cells i; shown in
o Table XIV. Esterification of [3H] palmitate into the cephalin fraction was
greater in thf:‘{%)\ld red cells than in the young cells, Thé pattern of incor-
poration of [MC] linoleate among the cellular phospholipids did not .vary sig-
- nificantly with the age of the cell. This observation 1s in agreemé;xt with

previous findinge reported by this laboratory for young and old human erythro-

cytes (6) and for rabbit reticulocytes and mature rabbit erythrocytes (7).

e e —-— - -—Moxe radioactivityldUE" to—3%p—vwasfound in the cephalin fraction of young red

cells than in old red cells. The differences in the behavior of the incor-

¢

| poration of these various precursors a% related to the age of the red cell is

Q © ! ::.
; unclear. 1 .

N

Although the pattern o{f incorporation c;f the various precursors into
. red cell phospholipid may vary with the age of the red cell, there appearé to

be no age-related.variation in the pattern of éxchange of the cellular phos~
' & EY -

)
°
Q K [ 4 . !
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TABLE X1V

01d Red Cells

i

[
i
i

% Distribution of Rad1oact1v1ty in Red Cells after Exchange of labelled Pho

#ph011p1ds of Young and .

\ (3H] Palmitate [1401 Linoleate ; 32P '2 d
Phosphotipid \ Expt. 1 Expt. 2 Expt. 1 Expt. é % Expt.1  Expt.2 ;

\ Young  Old Young 01d Young 01d  Young ‘01ﬁ Young 01d Young ,qid

. - | ‘

Lysolecithin I 1 1 1 1 1 | . 2 1 1
§phingomye1 in 3 4 =N 2 3 3 3 i o 5
Lecithin 43 71 60 78 69 75 77 76 66 75
Cephaﬁin 53 «25 36

19 27 21 19

Incubation conditionis:

As in Table V.

JU S

\

|
|
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pholipid into serum. Table XV illustrates the distribution of radiocactivity

found in serum phospholipids. after exchange incubations with young and old

3 14 N, 32
red cells. For each of ["H] palmitate, [~ C] linoleate, and

1
response with respect to age was the same., There was no significant change

P the exchange

in the pattern of phospholipid exchange with the age.of the red cell.

Since it has been considered that the changes in the erythrocyte

membrane which ocm?r with age might havg an effect on lecithin exchange des-
pite the fact that the overall exchange pattern might not be affegted, the

fractional exchange rates and the relative exchange rates of [S‘H] palmityl-,
[32

[14(1] linoleyl-, and P] lecithin and o0ld red cells were examined. The

results are given in Table XVI. The unfractionated red cell population con-
sisted of erythrocyte aliquots taken from the same, sample of red ce]..ls prior
to partitfioniri'g according to age. Thesé cells were ;:hen pre—inqubated with
the radioactive free fatty acids and then ircubated with serum under the
same conditions as the young am! old cell fractic:ns. The fracnq;onal rates
of 'exchange of [ P]—, [ H] palmityl-, and [ C] linoleyl-lec#thins in the
young cell fraction (the you‘néest 10% ;)f the ;:1&: pogulation) were lower
than the respective values of the tinfractionateci whole populatiox; but were

not statistically significantly different' from these values. Further, the

fractional exchange rates of both populations of erythrocytes fell within

_the range found in the larger series (Table IX).. — — —— —— -

—On—the other hand the oldest 107 of the red cell population ex-

/

changed labelled lecithins with serup at fractional rates which were about
double that of the unfractionated pzu

lation. Despite.this large increase in
the fractional rates of exchange of [BH] palmityl—,-[14C] linolgyl-, and [32P]
lecithin with red cell age, the rates of exchange of the acyl-labelled lecithins
relative to that of IBZwecithin';’or all cell population remained at ahout

0.5. 8
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l

- ¢

Distribution o

\

TABLE Xxv

f Radioactivity in Serum after Exchange of Labelled Phospholipids

nYoung and 01d Red Cells.

!
Lo
|
[
i
t

=

R ;3H}Pa1mitate EIAC}Linoleate 32P
Phospholipid Expt.1. Expt.2 Expt.1 Expt.2 Expt. 1 Expt. |2
Young 01d Young 01d Young 01d Young. 01d | Young * 0l1d Young [01d
5 -
. T
Lysolecithin 10 7 7 2 6 4 1 1 ‘ 10 8 7 5
}

Sphingomyelin 5 1 2 2 4 1 1 2 i - 8 5 -4 5
Lecithin 5 68 8 76 81 80 97 93 l 79 80 87 |88
€ [ - .:
Cephalin 26| - 28 8" 20 9 15 1 P 3 7 7 12
" s ! E h

e ‘ X

Incubation conditions

as in Tablev .

\\Jv.
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P TABLE XVI . ‘
Jamparison of exchange of acyl- and 32P-labeﬂed PC in young and aged erythrocytes |
Fractional Exchange Rate (%/4h) ] "« Relative Exchange Rate ({3?P]PC = 1.0)
Cell Popu®ation [BZP]PC [3H]pa'lm1'ty1-PC [MC]Hnoleyl—PC i [3H]pa:1m1'1:y1-P_C . []4C]Hnole¥1-PC
Young 711 + 0.3 3.0 +0.2 . 3.1 +0.3 0.42 +0.04 . 0.43 + 0.06 |
01d 13.5 + 1.5 6.3+ 0.7 7.8+ 1.9 - 0.47 +0.02 0.55 + 0.08
Unfractionated 8i9 + 0.4 3.6 +0.8 3.2 + 0.4 0'49 +10.09 0.361+ 0.04
N - s {XL‘/",/JJ/
<3 R /'r 5
The values represent qhe mean of four determinations + S.E. Incubation conditions as in Table Vv 2
- ~ |
w oo ! \i\
° !
. T
. 1
\, g T
|
' - - -
I < ;
~ . K
. o
L { |
p . |
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3.10 Exchange of Lecithin Between Erythrocytes and Serum in vivo

A study was conducted of" the exchange of lecithin between erythro-

}
cytes and serum in vivo. Erythrocytes were labelled in vivo with 32P after ©

_injections of Na3321’04 and in vitro by esterification of [3H] palmitate and

[140] linoleate. The cells were additionally 1ahelled.wm;_5_lg;gz.iﬂ_ef&ef————«

to correct for loss of radioactivity due to the t;su‘al disappearance of cells
from the circulation. Decay curves of the' isotopes from the erythrocytes are
shown 1in Figure 6. The disappearance of 51Cr was slow and gradual over the.
period of the experiment indicating a normal rate of remova}‘_ of erythrocytes
from the circulatory system. The loss of radioactivity of [32P] lecithin,
[3H] palmityl lecithin and [14C] linoleyl lec#thin from the circulation was
more rapid. '

When correction is made for the normal removal &f erythrocytes from

be drawn with the aid of a standard linear least squarey” analysis and'the half-

‘life values of the fractional rates of exchange of h labelled igqif:hin
1

calculated. These values are shown 1in Table XVIY. Th'e actual fractional

exchange rates Varied congiderably from one e%periment to another and were

Al *1

Jmuch lower than the corresponding in vitro values. When the relative rates

; (R, SN UG . e e i
of lecithin exchange in vivo were calculated, there was a remarkable consis-
— ° \ .

tency of results among the experimems. The average relative rate of [3H]

palmityl lecithin was not different fkom that of ['32P] lecithin. Hov;ever,

relative rate of [IY'C] linoleyl-lecithin (0.90) was significantly lower than %

that of [32P] lecithin, ~

. -~
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Figure 6! yLabf.lled Lecithin Decay in vivo. ™ ] i
- '51Cr04, o: [3H] palmityl lecithin, O: [14C] 1linoleyl lecithin
A: 32Prlabelled lecithin. Erythrocyte lecithins .were, labelled as
in Figure 5 and the cells were additionally labelled with 51(‘11‘04

near the end of the in vitro esterification. The erythrocytes

a
o
" rJ
v
\

were injected into a rabbit and 5 ml samples taken at given.time

intervals. . »
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. TABLE XVII
Relative Rates of in vivo Exchange of -Lecithins
Containing [3H] Palmitate and [146] Linoleate
Bl - o«
Labelled *
Precursor Exchange Rate 7 / hr Mean + S.E. ”
’ ¢ g '
) Expt.l Expt.2 Expt.3
[3H] Palmitate .97 .70 /82
*4¢] Linoleate .91 .56 71
32 % a0 o
‘ PO, .99 .64 480
pR— Ra%in_ﬂf_Exchange*Rates - - —
i T .98 1.08  1.02 1.03 ¢ .03
; Ao 92 - .88 .89 0.90 & .01

A\

1

-

<

4
°

< e,
_,)1

* corrected for erythrocytes removed from the circulation




‘ 4. DISCUSSION *
32

In considering exchange experiments, it was assumed that ~~P-
. :

labelled phospholipids are incorporated into the circulating eryt,hrocyte

in vivo primarily by exchange. During erythropoesis some [32P] is probably

in L ospholipids of developing red
cells, but this accounts #er only a small percentage of the total phospho-

lipids in the whole erythrocyteﬂ population. Additionally, the rabbits V{erfa
exsanquinated only 3~4 days after injection of Na332P04. Therefore, since

|

| v 7. -

T the rabbit erythrocyte 1s generally considered to have a life span of 65 days
| = e '

|

- in the circulation, the 3-4 day time period xrepresents 'a maximum possible

|

| contamination of 5-67% of the total circulating population by newly released

| S )

|

L'}
red cells. When these labelled erythrocytes were collected they were washed -

v
by aspiration of leucocytes along. with the top 10% of the red cell column at
—~p
‘ least three times in succession., Thus, the reticulocyte population and to .
, Some extent the young mature red cell population were greautly reduced. Since

the population of erythrocytes which was used for the excﬁange incubation con+

~
v

sisted entirely of essentially mature cells, the [32P] phospholipid radio-

7 .
activity present in these cells was incorporated almost completely by exchange.

A small amount of the [32P] phospholipid may have been incorporated by ester— °

ification of [32P] 1ysolecithin. However, quantitatively the [32P] lecithdn

T T T derived frdtq this source would not amount to much since serum [321’] lyso-
lecithin is present in serum ir¢ concentrations of less than 10 per cent of
the 321’—1abelled serum lecithit: levels and the rate of fatty acid estgrificg-
tion and phospholipid exchange are roughlly the same (158). In the erythro- \

- cyte, [ P] lecithin .accounts for over 70% of the labelled phospholipid. This N

_/'_,.

. roughly corresponds to the distribution ofjlabelled 1ecith Y among the serum

phospholipids, but lecithin accounts for only about 407% of the total erythro®
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cyte phospholiipid phoephprus. Therefoye essentially all of the labelled *
%

lecithin of the erythrocyte appears to be incorporated from the serum by
L4

exchange. Erythrocytes can be labelled by exch;nge of phospholipids in vitro

H

withrlabelled serum, lsolated lipoproteins or with emulsions of lipids

obtained from either plasma (100), or erythrocytes (158). 1In this study

~

however, the in vivo method of labelling was used because phospholipid

4 AN
exchange is a slow process (about 1%/hr (100,133), and a lengthy in vitro

incubation would be required to obtain a sufficient degree of labelling of

r

the cells). Erythrocytes labelled in vivo wonld be s;;:mgly labelled and

be closer to i§f§opic equilibrium with labelled bhospholipids of the serum.
Thué, the distr;.bution of the label would correspond much better to that of
the plasma and the erythrocyte would become much’ more highly labelled in vivo
than in a relativelyg short :Ln vitro incubation. From a pracuical standpoint )

too, is the fact, that ‘the erythrocyte preparations would be ‘subjected to "much

U
less in vitro.and manipulative abuse which, in certain experiments, was crit-

at

- s * -

ical for the preventation of significant haemolysis. - ‘_ 1

. Early in this study, a time cdrve qj phospholipid'exchange‘ was per-"
1 - H
formed to determine a convenient incubation period. The glinearity of the

' P *.
response was not surprising in view of the fact that phospholipid exchange

3} [

f ) N b 4
is a tather slow process, having a turnover time which is measured irf days. ﬂ
4 a
It was originally thought that because of the heterogeneity of the

ﬁipopEOQein classes of the serunm, (one particular liy}oprote'in might selgve as

@

a reser\}oir of phospholipid for exchange with the rabbit- erythrocyte, such
as 1s the .case for rat se{Dlyfolecithin (139) Howajwer, the data o‘f

Figures 4 and 5 indicate that lipoprotein he‘terogenity is quite unreqiated to

~

IxY phospholipid exchange and that exchange rate is aepeﬁnt on the guantity Y,

! ¢ <

of serum lipoprotein: phospholipid present in ‘the me&ium. At low levels of

,
-t =
- “, ' o N - ' . “n
. . .. -
s - -» . ,
N " \, . (2N 4
. .
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medium phospholipid the specific activity of the serum phospholipid (Figure 5)

is quite high, approaching that of the erythrocyte itself, but this specific

Q

actilvity decreases rapidly to a fairly constant level as the medium phospho-
1ipid concentration increases. This]suggests that a very small pool of
rapidly exchanging cellular phospholiéid‘may exist which is detectable only
when the phospholipid concentration ©f the medium is very low. Thus, a
small ampunt of heterogeneity in the exchangeable pool of cellular phospho-
lipid may exist, However, under normal incubation and physiological céﬁ—
ditions, in which the serum phospholipid levels are relatively high, the small
rapidly exchanging pool likely represents only a minor portion of the fotal
exchangeable lecithin pool.

In order to study the participation in ;xchange of cellular phos-
pholipids derived by esterification of various fatt& acids, erythrocytes
were first pre-incubated with radicactive free fatty acids. Radioactive
linoleate, linolenate, and palmitate wer; all primarily esterified into lecithin,
A smaller percentage of these precursors was also found in the phosphatidyl-
ethanolamihe friction of the cellular phospholipids, These data (Table V) are
in agreement with previous figgdings (6,96) and provide further evidence which
suggest that the esterification pathway primarily uses lysolecithin as a sub-
strate, but also, to some extent uses lysophosphatidylethanolamine as well,
The variation in the relative amounts of fatty acid precursor incorporated
into phosphatidylethanolamine likely reflects a fatty acid specificity of the
esterification reaction.

After erythrocytes labelled with 32P and radioactivity from the
various free fatty acld precursors were incubated with serum, 807% of phos-

pholipid radiocactivity was usually present in the lecithin of the serum.

2
With perhaps the exception of the appearance of some [3H] palmityl- and

-
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[MC] linoleyl lecﬁin in the phOSphaticiylethanolamine fraction, and a very
small amount of [32P] in Sphingo'myelin and lysolecithin, no other pl;ospholipids
of. the serum were significantly labelled after exchange. This is 1;1 interesting
c‘ontrast to the pattern of phospholipid exchange in the rat. Rabbit serum,

like rat serum, contains a relatively hiéh amount of lys;)lecithin, but unlike in
the rat erythfocyte (139), the rabbit red cell does not exchange a quantita-

-

tively large amount of 1ysolecithin‘. The reason for this difference is
uriclear.,

In the present study, comparison of the rates of exchange in the
inward and outward directions relative to the erythrocyte showed ~that, in
confirmation of the observations of Reed in dog and~humar€1 erythrocytes (100),
not all of the rabbit erythrocyte lecithin is available for exchange. Com~
parison of the size of the exchangeable pool, estimated at 55% of the total )
cellular ]:ecithin, (Table VII) with the rates of exchange of lecithins labelled
by esterififation of [3H] palmitatb~and [MC] linoleate relative to the “rates ‘
of lecithins labelled by exchange, suggested that these two fatty acids may
be esterified throughout the cellular 1ecithi;1 pool. \On the 'ot:he;' hand,

linolenate, when esterified into lecithin, exchanged at a, rate not signifi-

cantly different from that of lecithin labe;Lled\ by exchange. Theref8re,
A ¢ '
’ linolenate may be esterified only into the lecithin pool which is available

for exchange with serum. -

l

“The mbservation that the fractional rate of exchange of erythrocyte
lecithin 1abeiled by esterification with palmitate or linoleate differs from

32 16,
P or [T'C] linolenate, prompted the examination of the

that labelled with
erythrocyte—serum systemh for possible sources of artef;cts. It was found
that neither lecithin cholesterol acyltransferase (LCAT) activity, nor pos-

l sible phospholipase A activity in the serum was in{rolved. Phospholipase A2 \

N
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#itivity in the normal untreated intact erythrocyte has not been demonstrated,
despipe repeated attempts (113;160). o

The possibility that a preferential exchange of certain specific
molecular species of lecithin might account for the differences seen in the
fractional excha;:lge rates of [3H] palmityl and [MC] linoleyl lecithin com-
pared to that of [MC] linolenyl and [321’] lecithin was considered. Examin-
ation of rt.:he distribution of molecular species of [32P] lecithin in the
erythrocytes showed that it corresponded to the quantities of these species
reported by Van Golde (43) for rabbit plasma. This would suggest that lec-
ithifl exchange 1s non-specific with respect to the molecular species. [3H} a
palmityl lecitbin appeared to show no dra;natic preferential exchange in any
given molecuiar wspecies of lecithin, and yet the overall rate of exchange
was much lower than that of [321’] 1ecithif1. The observation that there
apparently is a pool of dienoic [140] linoleyl iecithin which is not available’
for exchange is not unexpected since the moleculazl species accounts for 80%
of the total cellular [14C]' linoleyl lecithin. Then other molecular species
of this labelled lecithin are entirely exchangeable. Thus erythrocyte lecithin
produced by esterification of [14C] linoleate appears to exhibit eon'xe gpec—
ificity of exchange with regard to molecular species. With [14C] linolenyl
erythrocyte iecithins, the decreased rate of exchangé of the hexenoic species
was compensatgd'by the rapid‘ exchangue of the pokyengic species Bo that the

r

overall rate of exchange is similar to that of [32P] leciqhiri.‘
’ )

It is of interest to note that in the case of [BH] palmitate and

i

[Mclld.nolenate, the fatty acid was esterified into molecular species which
are more unsaturated than that which would be accounted for b)t an esterif-

ication of the free fatty acid to the 2-acyl position. With the other sub-

= ’

strate :an the esterification reaction, lysolecithin, two chemical specles may
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exist: the l-acyl isomer and the 2-acyl isomer.
‘ >

0
ﬂrog—R —OH
O
i
HO —o RCO —
" L® - choline L(P) - Choline
1 acyl isomer 2 acyl isomer

The fatty acid moiety of tEe l-acyl isomer is generally considered to be
saturated.and the acyl moiety of the 2~acyl isomer urgsatu‘rated. Thus some
2~acyl lysolecithin may be t.aking part in esterification. In contrast to

the behaviour of erythrocyte of other‘ species, notably man (95), rabbit red
cells have been found by Mulder and van Deenen (96) to esterify palmitate
primarily to the l-position of lysolecithin. Only 97 was found at the 2-
acyl position., Such dn observation explains the presence of most oﬁ the

[3H] palmitate radioactivit;y‘ in the unsaturated molecular species, On ;;pe
other hand rabbit erythrocytes have been obser\;ad ?t:o\' esterify 927 of the
incorporated linoleate to the 2 position (96) and this ie'in agreement with
the present findings that this fatty acid was found predominantly in the
dienoic species of erythrocyte lecithin. On this basis it is reasonable to
suggest that linolenate was esterified predomins;ntly with 2-acyl lygolecithin.
The observed differences in the mechanism or the site of eaterifica;:ion of
linoleate compared to the other fatty acids, or the presence of specific
lysolecithins might explain the faster rate of esterification of linoleate
than of palmitate of linolenate into lecithin by intact er}'ithrocyte‘é (96).

These observations might also provide insight into the differences in the

rate of linoleate esterification of intact erythrocytes of different mammalian
i

speciles, rate dyferences which are abolished when hemolysates are used instead-

(96) . .

W



v

85

Preparation of haemoglobin-free erythrocyte membranes by defin-

ition requires a breaking of the membrane of the intact cell to be successful
) i

in the release of the soluble intracellular contents. Of necessity, stress is
exerted on. the erythrocyte membrane during this process and some alterations
may occur (261). Nevertheless the erythrocyte ghost 138 quite useful and has

been widely used in the study of erythrbcyte membrane properties. For this

32P in vivo and

!
with [3H]- and [14C]—fatty acids by esterification in vitro were frozen-
H

study, erythrocytes which had been previously labelled with,

§
thawed in the absende of Ca ~ and Mg++ to prevent any possible resealing
o
(262). Examination of the pattern of exchange of labelled phospholipids into
serum shows that while some alterations did otcur, the distribution of radio-

activity, and therefore the ovexall exchange of phospholiplds for erythro-

*cyte membranes is similar to that of the intact cell. This finding is not

too surprising cons%dering that the pattern of exchange is likely dependent
to a large degree oﬁ.tﬁe diétribution of serum phespholipid. The observation
that erythrocyte membranes exchange lecithin at an increaséd rate compared’
to the intact cell does not have any proven explanation at present. It is
possible that there was some alteration in membrane structure or conformation
which exposed more memﬁ}ane lecithin to the serum lecithin. However, tﬂis
increase in exchange rate is not due to an alteration which involves the
non—sp;éific loss of membrane 1lipid, such 'as occurs in spherocytosis (263),
since the decrease in specific activity 6f the lecithin of either the intact
erythrocyte or the membrane preparation takes place parallei’to the f;actional
exchange rate87“

+As well as an increase in the fractional exchange rates of the ‘

lecithin of the erythrocyte membrane preparations compared to the intact cell,
1Y

& a change in fractional exchange fates of lecithing labelled by esterification

“ of free fatty acids relative to that of lecithin labelled by exchange, took

{
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place. This chan may be a result of the location of esterification in the
membxane. It 1s possible that some of the lecithin was esterified in an area

inacclessible to the serum, such as the inner surface of the interior of the

of the bilayer of the erythrocyte membrane occurs. Thus it seems reasonable
that when erythrocyte ghostsbare prep‘ared, the inner surface of the membrane
is ¢xposed and all of the erythrocyte lecithin becomes available for exchgnge.
,T{\erefore the rates of exchange of [3H] palmityl and [140] linoleyl lecithin
relative to that of [32P] lecithin, which were about 0.6 in the intact cellf, ©
now increase to about 1.25. The lecithin on the internal surface of the
erythrocyte membrane was labelled by esterification with [3H] palmitate, and
[MC] linoleate but not by exchange with [321’] lecithin. T‘r}}'xs, hemolysis led
to no further exposure of [321’] lecithins, only the lecithins containing the

labelled fatty acids. van Golde et al (43) have speculated that some lecithin

‘molecules may remain bound to the erythrocyte membrane during the entire

lifespan of the cell whilé others are free to exchange and that these dif-
ferences may be attributable to the location of the molecules or their chem-
ical structure. The present data provides experilme al evidence which tgnds
to support this speculation. It has been suggested by Gordeski and Marinetti
(66) that phosphatidylserine is present almost completely ¢gn-the interior
surface of the erythrocyte membrane and by Verkleij et al (68) that phospha
atidylethanolamine may be similarly though notl’as entirely orilented at the
inner side of the mexibrane bilayer. It is possible that certain species of‘
lecithin and lysolecithin are also asymmetrically distributed in the mem-

»-

brane. Thus a large amount of the saturated l-acyl isomer of lysolecithin
4 ¢

. . - i v
with wHich linoleate esterifies, may be located at the inner part of the
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Jpalmityl-, [MC] linoleyl- and [32P]-1ecithin' increased withthe age of the

i <
. ’
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membrane and the unsaturated 2-acyl isomer which becomes esteri’fied with
linolenate may be present at the outer surface of the membrane.

In confirmation of previous studies done in’ this laboratory with
haman and rabbit red cells, the present data showed that the distrib;.xtion of

linoleate among the cellular phospholipids, incorporated by esterification by

the erythrocyte does not vary with age. The proportion of palmitate ester-

ified into phosphatidylethanolamine increased with age while the propor'tion )
of 32P—labelled lecithin incorporated by exchange into phosphatidylethanol-

amine was deggreased in old cells. The preliminary nature of these observa-
tions does not enable an explanation of them and a more detaiied study would
be necessary to clarify these points. ‘

The finding that the pattern of exchange of [»3!{] palmitate, [14C]

32

linoleate-, and ~“P-labelled phospholipids does not seem to be affected by

the age of the red cell is perhaps not too suri)rising considering that the ‘
loss of lipid from the plasma membrane which is associated with erythrocyte
aging, is non-specific (221,222) and does not affect the intactness of the
membrane. The observation that the relative rates of exchange of [-3H] T ﬂ
palmityl—lé,cithin and [MC] linoleyl-~lecithin compared to [32P] lecithin do

not change 'with Ef age of the erythrocyte is also consistent with the main-
_tenance of cellular integrity despite age-relatedslipid loss, and supports

the comncept that the unavaillability of & portion of the lecithin for exchange

°

depends on the intactness of the cell.
Finally; although the relative rates of excharige of the lecithins,
and hence the pools of non-exchangeable lecithin are not disturbed by the

red cell age, the fact that the actual fractional exchange rates of [3H]

red cell suggests that some changes are occurring in the erythrocytes membrane,

t



88 - .

The ¥alues for the fractional lecithin exchange~ rates of young red cells may

have been lower than that of old cells partly due to incorporation of 32PO4

k]

ihfo‘reticulocyte phospholipid and due possibly to som;a extent to uptake of

32P01: during erythropoesis. The latter contribution was minimized however,

since for these expériments, the 32I’-—labelled erythrocytes were collected as
' 32

~ soon as 24 hrs. after injection of Na POA' Compared to that of leecithin

—

3

32P label incorporated during de novo phospholipid

exchange, the amount of

i v .
synthesis in the reticulocyte is likely quite small. Thus, the increase in

‘the rate of lecithin exchange with iﬁcreasing red cell age appears to be

primarily associated with the changes in the membrane which are known to
occur as Qe red cell matures and ages. \ o

A study of phosi)holipid exct;;nge in vivo was undertaken to deter-
mine {f characteristics similar to those observed in vitro could be detected.
There was great variation observed in the frac}:ior;al rate'of lecithin exchange

and this may have reflected variation in the serum phospholipid levels from

‘animal to animal. Figure 4 shows that the rate of exchange in vitro does

A
depend on the phospholipid concentration of tl(e'”ﬁiedhm..iobserv\ation that

1

the rate of lecithin exchange in vivo was much lower than that observed -

in vitro (Table IX) may be due to the fact that the hematocrit used for
exchange experiments in _y_:}:t_gg_ was 20%Z while the hematocrit in vivo is normally
in the range of 35-452 (20). Thus, in the in vitro conditions there is :
relatively more extraf:ellular lecithin present in the medium fop exchange with
the labelled lecithin of the erythrocyte and the radioactive lecithin of the

erythrocyte is thexefore removed from the cell at a greater rate than that

}

in vivo.

The average relative exchange rates for [3HI palle- and [14C]

linoleyl-lecithin in vivo were differedt from the corresponding values observed

P
©

]
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in vitro. 1In vitro the relative exchange rates for [3H] palmityl- and [MC]
linoleyl-lecithin were 0.64 and 0.53 while the values in vivo were 1.0 and 0.90
respectively.  The reasons for the discfepancy between the in vitro and

in vivo results are unclear although there are some pessibilities. The deter-—
mination of the rate of disappearance of label from the erythrocyte in vivo
may be less precise and sensitive than the observation of the rate of appear-
ance of label ih the serum in vitro. A more likely explanation however is

the fact that the in vitro system is static and no changes in the serum
phospholipid compositiorf are possible. The in vivo experiment on the other
hand took place over a period of 5 days and great changes in the composition .

of the serum lecithin were possible. Thus, alterations of the rate of exchange

L]
of [3H] palmityI- and [MC] linoleyl-lecithin may have occuyrred.
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5. .SUMMARY

1. Exchange of radioactive phospholipid between the rabbit erythrocyte and
serum at 37°C in vitro was linear with time for at least 6 hrs. '
2. The rate of phospholipid exchange was found to depend on the quantity of-
phospholipid present in the medium. No particular class of serum lipoprotein
preferentialMook part in exchange. /
3. When rabbit erythrocytes were labelled with [32P] .phospholipids by
exchange in vivo and with [3‘40] linoleate or [MC] linolenate by esterification -
in vitro, about 7Q% of each o?\t‘hese precursors were incorporated into lecithin.

j a somewhat sma?.ler percentage (54%) was found in lecithin,
due to an increased incorporation in phosphatidylethanolamine.

4, [140] linoleate and [3H] palmitate were %ch esterified primarily into

the dienoic species of the erythrocyte lecithin and [MC] linolenate mainly
32

&
into molecular species with more than four double bonds. P was incorpor-
ated by exchange mainly into the dienoic erythrocyte lecithins.
5. After in vitro exchange with u%llabelled serum at least 80% of the

»

radioactivity found in the serum was present in lecithin. Apart from a

B

\

smaller amount of/ [3H] palmitate and [MC} 1inolee\1te in serum phosphatidyl~
?Eﬁaﬁa\lamine no otherlgerum phospholipid was significantly labelled.

6. The radioactivity of [32P] lecithihs and [311] palmityl-lecithins found

in serum after exchange were distributed among the various molecular species
in patterns simi\lar to that of the erythrocyte lecithins., The dienoic species
of [14C] linoleyl erythrocyte lecithin was exchanged at a reduced rate. The
decreased rate of hexenoic [1401 linolenyl erythrocyte lecithin exchange Vas
-compensated by the'-more rapid exchange of thae polyenoic [14C] linolenyl

"lecithin. |
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7. Analysis of the inward and outward exchange rates of [32P] lecithin

revealed that only about 55% of the total cellular lecithin of the rabbit

[y

erythrocyte was available for exchange. / 5
8. The fractional exchange rates of [31-1] palmityl- and [1AC] limoleyl~
lecithin were 64% and 537% respectively of that of [32P] lecithin while that

of [14C] linolenyl lecithin was not significantly different from [:EZP]

v

lecithin.
9: Serum phospholipase and lecithin cholesterol acyltransferase did not .

e

interfere .with or affect the rate of appearance of radiocactivity in the
serum from the erythrocyte.

10. The pattern of distribution of \radioactivity among the serum phospho-~
lipid classes aftér exchange with erythrocyte membrane preparations was
similar to that of intact cells. Exchange of [3H] pélmityl—, '[14C] linoleyl-
and [32P] lecithin took place at markedly increased rates, The rela)tive
exchange rates of the former two lecithins compared to [32P] lecithin were
grea.ter than unity suggesting that both these lecithins became entirely
avallable for exchange.

11. The fractional rates o£’ exchange of lecithins labelled by esterification

in vitro of [3H] palmitate and [14C] linoleate and by exchange of [32P]
%

1ecii:hin in vivo, increased with the in vivo age of the red cell, without

e .

change in the relative exchange rates of the acyl-labelled lecithins com~
pared to that of [32P] lecithin. The distributions of labelled phosp’holipids
in the serum after exchange with either young or old red cells were similar.
The pattern of labelling of [3H] palmitate and 32 "

varied with red cell age. ;l'he proportion of [3H] palmitate incorporated into
phosphatidylethanolamine increased with age but that of [32P] phospholipid
[14

decreased. This 1s in contrast to the similarity of distribution of c]

linoleate among the phospholipids of young and old cells.

P among cellular phospholipids
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. 12. - In vivo, lecithin was found to exchange at rates lower than that observed
in _\_7_11:_1:_9_‘ 4nd the relative exchange rates“ of { 3H] palmityl- and [MC] linoleyl-
lecithin were 1.03 t .03 and 0.90 + ,0l respectively. A similarity between
the _:_[_rl'gg_t_:g_o_ and in vivo findings was that in both cases [140] linoleyl-
lecjthin exchanged at rates lower tha‘n that of [32P] lecithin.
13. “he data presented in this study suggest that all erythrocyte lecithin
which is available for exchange with the serum, is 10c1ated on the exterior
surface of the erythrocyte membrane. Esterification of certain fatty acids

i

,with lysolecithins takes place in ‘mrt at the interior surface of the red

<

cell membrane, inaccessible to serum phospholipids.
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i 6. APPENDIX
/ DESCRIPTION OF A TYPICAL IN VITRO EXCHANGE EXPE?RIMENT E

<

The data to be shown in this appendix represent those obtained in a
N + b

typical "basic in vitro exchange experiment", OtHer experiments in which for

1

example, exchange in membrane preparations, exchange in both the inward and

outwatd directions, or exchange in young and old red cells, were examined, the
-5 R

"typical basic in vitro expe;'iment" served as a control. Rabbit erythrocytes
were labelled with [32P] phos;)holipias by exchange in vivo after insravenous
3321’04. 3-4 days after injection the cells were ’

collected using 0.25 M citrate as the anticoagulant and washed with ice-cold

injection of 10 mC1i of Na

saline three times removing the buffy coat and the top 10%Z of the red cell

3?P—labezlled red cells was

column each time. One volume of packed washed
incubated in 5 volumes of Krebs-Ringer bicarbonate buffer, pH‘ 7.4, containing
8 mM glucose for 2 hrs, aé 37°C with a gas' phase of 95%‘02, 5% C02. 30 uci
[9,10-H] palmitate and 10 uci [1-1%C] 1imolenate or [1-1%C] linoleate bound
to defatted BSA (37 .solution) (244) were added per ml of incubated packed *
cells. After pre-incubation the cells vere washed 3 timef with® 2% de~fatted
BSA in Krebs—Ringer bicarbonate to remove unincorporated free fatty acids.
After washing, aliquots were taken for individual exchangé incubation samples,
usually two for "zero time'" controls and two for 4 hour samples. 1ml pécked
cells were incubated with 4 ml serum at 37°C for 4 hrs. Zero time controls
were performed by mixing the seru:n and cellsy~and then separa‘ting'imedi'atel;.
After separation and yashing, the lipids tof each serum and ery#hrocyte frac-
tign were extracted- by the Folch tech;lique (253) 1n 20 volumes of chloroform-
methanol 2:1, followed by concentration and separation into neutral lipids .
and phospholipids by silicic acid chromntggraphy\[ﬂirgch‘ and Ahfens (1254)].1
'I'he,‘phospholipid fractions, each of which had been eluted with 200, ml métha'nol,

were concentrated to dryness under a steam of nitrogen, and spotted on thién

o
-

Y - |
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Figure 7: Thin Layer Chromato;xaphy of Serum Phospholipids on 4inder—Free

: Silica Gel: So¥vent System; Chloroform—Methanol-Ace#ic Acid~ ‘
}

TN\
Water, 100:60:16:8, ’
1. Phosphatidylethanolamine 2. Phc;sphatidylserine and phospf\atidyl;inositol
1 L » - "
X 3. Lecithin 4. Sphingomyelin 5. Lysolecithin \ J,

{ D

.
. ’ ‘
v



Solvent Front

Figure 8: Thin Layer Chromatography of Erythrocyte Phospholipids: Chrom-
atographic Conditions Are The Same as Outlined in Figure 7.
1. Phosphatidylethanelamine 2. Phosphatidylsering and phosphatidyl-

inositol 3. Lecithin 4. Sphingomyelin 5. Lysolecithin

o
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layer chromatographic plates, one plate per lipid éxtract,‘fdf isolation of
t@e individual phospholipid c&aéses. Typical samples of sergm‘and erythrocyte
phospholipids separated by TLC are shown in Figures 7 and 8 respeé}ively. It
was found that application of any more than éne extract per plate overloaded
%t. This was unfortunate in view of the faect the average exchange experiment
consequently required about 3-6 weeks to complete. After maiking, the plaﬂes
were géiodinated by standing overnight, scraped and the lipids eluted from
each band. When appropriate, a small aliquot was taken for phosphorus deterw

mination and the remainder gf extract was counted., In experiments in which

lecithin was to be further fractionated into molecular species according to

degree of unsaturation, the lecithin samples were-eencentrated—amd SporTed

- 4
on silver nitrate-impregnated plates, one sample per plate. Again, the pos-

siEility of overloading did not allow any more than one gample per plate.

t
A typical separation is shown in the photograph of Figure 9. For illustrative
purposes; egg lecithin and dilinoleyl lecithin were also spotted at the
extreme left of the plate. After the lipids. from the TLC plates were

recovered from the appropriate plates they were counted in the Packard Tri-

Carb liquid scintillation counter. Spillage from the 32P channel into the 14C

|
and 3H channels was about 15-20% and 0.5-1.5% respecttively. Spillage from th

§
channel. into 3H channel was about 5-10%. --The spillage for each individual

experiment was precisely determined each time. At any rate the level of radio-

3 -'lhc s 3

activity in each channel was usually in the order, "H > 2?, 80 that

the actual correction of counts on the average was usually about 5% for both

3 14

H and " 'C. The windows were set so that there was vittually no spillage

frﬁﬁ/§; to 1l'C to 32?. Typical data from a standard "basié in vitro exéhange

-

experiment"” ark shown in Tables XVIII and XIX.
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Solvent C - oL
Front
[ 3
X4 1
2
3
X
]
5
Origin

.

a

L

Free Silica Gel): Solvent System; Chloroform-Methanol-Water 60:

Figure 9: Argentation Thin Layer Chromatography of a Sample of Lecithin on

Silver Nitrate-Impregnated Thin Layer Plates (15g AgN03/SOg Binder-~

30:8.

This particular sample was Epythroéyte Lecithin. Synthetic Dilin-

oleyl Lecithin and Egg Lecithin Wére Run at The Eﬁt#sgﬁzLfogof

A Y

plate for 1llustrative purposes at Positions A andﬁéqgggpgctlyely
e 27 A S

1. Saturated and Monoenoic 2. Dienoic. 3. Tefraeonic 4. Hexenoic

-

5. Polyenoic Lecithins

the

-—-‘_‘*,r";.;‘:.'?!ﬁa
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TABLE XVIII — -

h

*
Radioactivity in Serum Phospholipids After Control and 4 hr. Incubation

32

with Erythrocytes Labelled with P, [3H] Palmitate and [U'C]‘ Linoleate

Radiocactivity of Lecithin (Cpm)

/

T

Precursor
Sample 3 14 ‘ - 32
Description Phospholipid [(H] Palmitate [ C] Linoleate P
Zero ¥ Lysolecithin [ 70 ‘ .20 10
(LPC) ‘ o ‘
Time ] '
Sphingomyelin 30 , 10 10
Control (s) L i
g No. 1 Lecithin 1,860 —15668 Sﬁﬁ
T (PC) \
Phosphatidylserine +
(ps) :
)
. Phosphatidylinositol 140 40 - 0
‘ — (PI) ' —
| | Phosphatidylethanolamine 630 . 250 10
| g (PE) ‘
LEC - 00 10 20
S 60 " 20 10
_PC ' . 2,300 1,100 . 100~
PS + PI .- 100" . 30 .0
— PE 680 250 10
- g ) - ]
LPC ) 760 © 210 - 150
4 hr. S 270 70 "-120
Sample PC 19,800 ’ 9,250 1,790
. No. 1 . PS + PI 420 “170 20
' Pe’ 1,800 | 840 50 .

1
—

’ . . , Cont inued
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TABLE XVIII cont'd

4 hr.
Sample

No.- 2

LPC " 680
S - ' 240
PC | ‘ 12,900
PS + PI . 900
PE - 3,300

180
110
6,900
290

1,100

140
130
1,230
30

40

corrected for spillage,32P decay, and when necessary, quenching, (also for

reduced efficiency due to reduction of window width).
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TABLE XIX

Radioactivity in Erythrocyte Phospholipids After Control and 4 hr. Incubation

with Erythrocytes Labelled’'with 32P, [3H] Palmitate, and [14C] Linoleate
= Radioactivity of Lecithins (Cpm)
. Precrusor ~o
1 ’ v v - R )
Sample 3 14 . 32
Desceription Phospholipid ["H] Palmitate {7 'C] Linoleate P
Zero ¥Pc 2,400 2,000 570
Time S 8,400 4,500 25
e}
Control ° PC 273,000 230,000 25,900
No.. .l PS + PI 12,100 2,000 1,000
{ .
/
PE < 195,000 78,800 6,000
t) -
£ N ’ ‘ "
X Zero ‘ LPC 2,700 2,200 620
‘ Time S 10,700 7,000 2,500
Control PC ' 262,000 215,000 | 24,300
No. 2 PS+PI 16,500 11,200 1,100
PE 181,000 74,600 5,500
LPC 1,400 2,800 410
4 hr. s } 6,400 4,200 2,400
Sample PC 257,600 225,000 ., . 26,100
! No. 1 PS + PI 18,600 14,700 L 1,400
4 : , . ’
PE 210,000 85,600 - 6,700
- T
: LPC , 1,200 . 1,400 500
. j »
4 hr. S 22t . 4,800 . 2,900 2,200
ST I , - K
. Sample ~  PC 7 I 225,000 219,000 25,700
No. 2 PS + PI 18,500° . 12,300 1,200
< PE 207,000 82,600 — &, 500

-
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CLAIMS TO ORIGINALITY

The following are considered to be contributions of original
knowledge. ' >
1. The rate 6f phospholipid exchange between the eryth?ocyte and serum
lipoproteins depends on the phospholipid concentration of the medi;; but
not on.any specific class of serum lipoprotein.

2. Lecithin is the principal phospholipid exchangednbetween the rabbit

erythroecyte and serum. The rate of exchange of esterified erythrocyte

lecithins varies with the fatty acid precursor, but no esterified lecithin

studied exchahgéd at a rate greater than that of 32P-—labelled lecithi?, - "
which was oripipally incorporated-by—esehanges —
14

3. [7°¢] linoleate, [140] linolenate, [3H] palmitate, and [32P] lecithin

are each incorporated by the erythrocyte into the various molecular specles .

of lecithin, being distributed among them in patterns specific for each

precursor. Subsequent exchange of these lecithing into serum.also results

in characteristic distributions among the various molecular spec;és-qf serum
=4 ) e & o

\

lecithins. . ' X \

4, Although the fractional lecithin exchange rdtes of'erythroéyte membrané.
preparationf are three times that of intact cells,‘the difference in fractional
exchange rates between [3H] palmityl- or [1401 linoleyl-lecithin and [32P]'
lecithin is reversed d¢n the membranes, suggesting that a portion of the total 3
1ec1thin pool becomes available for exchange only upon disruption of the* —

|
{
erythrocyte and may be located in a relatively inaccessible port}onrof the 1

membrane such as the inner surface.
, 1

5. The fractional exchange rates of acyl-labelled and 32P—labelled lecithins

exchange rates of these lecithins relative to each other. The distribution of
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labelled phospholipids in-the serup 1s similar after exchange with either
young and old red cells despite the variation with age in the pattern of
labelling of certain precursors among the erythrocyte phospholipids. It is
suggested that alterations in the erythrocyte membrane which may occur as tﬁe
red cell aggf do not éffect the intactness of the cell.
6. In vivo, erythrocyte lecithin exchanges at rates lower thén that obsef#ea
in vitro and [14C] linoleyl lecithin exchanges at a somewhat lower rate than
that of [3H] palmityl lecithin and [32P] lecithin, which a?e similar in theix
rates.

7. In addition to the above original contributions, some properties of phos-—

pholipid exchange which have been observed for certain mammalian sgpcieé have (_
now been extended togthe rabbit. Exchange of radioactive phospholipid between
the rabbit erythrocyte and “erum in vitro is lirear with time for at least®

6 hrs. About 55% of the total cellular lecithin of the‘rabb;t erythrocyte

is available for exchhnge. Serum phospholipase and lecithin choleste;ol
acyltransferase activity do not_prpduce argefacts in the study of lecithin R
exchange. After exchange in vitro, at least 80% of the éerum raqfoactivityq
of [3H] palmitate~, [1401 linoleate;, (14C] 1inolgnate-, and 32?—1abe11ed

phospholipids is present in lecithin.

\ \

p)
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