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SUMMARY

P h o sp h a ta se  a c t i v i t i e s  o f  norm al m atu re  human e r y t h r o c y t e s  have 

been measured using p -n itropheny l phosphate and a rad io-phosphory la ted  

c a s e in  s u b s t r a t e .  Most o f  th e  p - n i t r o p h e n y l  p h o sp h a te  p h o sp h a ta se  

a c t i v i t y  (99. 9%) cou ld  be removed from th e  membranes by r e p e a te d  

w ashing . The s m a l l  amount o f  a c t i v i t y  re m a in in g  a s s o c i a t e d  w i th  th e  

membrane had s im i la r  p ro p e r t ie s  (ac id ic  pH optimum, in h ib i t io n  by Pi, F" 

and Ca2+, and a c t iv a t io n  by EDTA) when compared to  the so lub le  enzyme. 

L y s is  o f  re d  c e l l s  in  th e  p re se n c e  o f  c a lc iu m  io n s  (0,1 t o  I.OmM) 

in c r e a s e d  th e  p h o sp h a ta se  a c t i v i t y  a s s o c i a t e d  w ith  th e  membranes, 

s u g g e s t in g  t h a t  c a lc iu m  p o t e n t i a t e s  th e  b in d in g  o f  c y to p la s m ic  

phosphatases to  the  membrane.

E ry th ro c y te  p r o te a s e  a c t i v i t i e s  were m easured  u s in g  a r a d i o -  

io d in a t e d  c a s e in  s u b s t r a t e .  A p p ro x im a te ly  18% o f  t h e  t o t a l  c e l l u l a r  

p r o t e o l y t i c  a c t i v i t y  rem ain ed  a s s o c i a t e d  w ith  th e  membranes a f t e r  

exhaustive washing o f  th e  ghosts . Of th e  membrane assoc ia ted  a c t i v i t y  

about 10% was de tected  on i n t a c t  c e l l s  and i s  presumably loca ted  on the  

c e l l  e x te r io r .  P ro te o ly t ic  a c t i v i t i e s  assoc ia ted  w ith th e  membrane and 

c y to so l ic  f ra c t io n s  both showed two pH optima in  the  reg ions  o f  pH 2.5 

and 8.0, The a c t i v i t i e s  measured a t  n e u tra l  pH, using the  membrane and 

c y to so l ic  f ra c t io n s ,  were both in h ib i te d  by each o f  the  fo llow ing, PMSF, 

PCMB, DTT and EDTA, b u t  t o  d i f f e r e n t  d e g re e s  w i th  r e s p e c t  t o  each  

i n h i b i t o r .  L y s is  o f  th e  c e l l s  in  th e  p re se n c e  o f  ca lc iu m  io n s  (0.1 t o  

I.OmM) increased  the  le v e l  o f  the p ro te o ly t ic  a c t iv i t y  asso c ia ted  w ith 

the membranes suggesting th a t  calcium a lso  p o te n t ia te s  the binding of 

cytoplasmic p ro teases  to  the  membrane.



Changes in  th e  b in d in g  p a t t e r n  o f  e r y th r o c y te  membrane p r o t e i n s  

were exam ined, u s in g  S D S -p o ly a c ry lam id e  g e l  e l e c t r o p h o r e s i s ,  as  an 

a d d i t i o n a l  means o f  d e t e c t i n g  p r o t e o l y t i c  a c t i v i t y .  C h a r a c t e r i s t i c  

changes  in  th e  p r o t e in  b in d in g  p a t t e r n  were o b se rv ed  a f t e r  th e  

incubation o f  membrane p rep a ra t io n s .  These changes were acce le ra ted  by 

l y s i s  o f  red  c e l l s  in  th e  p re s e n c e  o f  c a lc iu m  and co u ld  l a r g e l y  be 

in h ib i te d  by the add it ion  o f  PMSF (ImM),

Phosphatase and p ro tease  assays were performed on e ry th ro cy tes  from 

a p a t i e n t  w ith  sp u r  c e l l  anaem ia. These sam ples  showed e l e v a t e d  

phosphatase and p ro tease  a c t i v i t i e s  assoc ia ted  w ith  the  membranes when 

a ssa y e d  u s in g  p - n i t r o p h e n y l  p h o sp h a te  and [ ^ ] - c a s e i n  s u b s t r a t e s  

re sp e c t iv e ly .  Rapid degradation o f  th e  membrane p ro te in s  i s o la te d  from 

sp u r  c e l l s  o c c u r re d  f o l lo w in g  t h e i r  i s o l a t i o n  and c o u ld  l a r g e l y  be 

in h ib i te d  by the  add it ion  o f  PMSF (ImM) a t  l y s i s .

The r e s u l t s  o b ta in e d  s u g g e s t  t h a t  e leva ted  i n t r a c e l lu l a r  calcium 

might be an im portant f a c to r  in the  degradation o f  e ry th ro cy te  p ro te in s .  

A p o ss ib le  ro le  fo r e leva ted  i n t r a c e l l u l a r  calcium in spur c e l l  anaemia 

and in o th e r  d iso rd e rs  a sso c ia ted  w ith a l te re d  e ry th ro cy te  morphology i s  

d iscussed .

The possib le  c o n tr ib u tio n  o f  contam inating leucocyte enzymes to  the  

observed enzyme a c t i v i t é s  o f  e ry th ro cy tes  was a lso  examined. Leucocyte 

c o n ta m in a t io n  had l i t t l e  e f f e c t  on p h o sp h a ta se  a s s a y s ,  however th e  

c o m p l e t e  r e m o v a l  o f  w h i t e  c e l l s  was shown t o  be an e s s e n t i a l  

p r e r e q u i s i t e  fo r  th e  a s s e s s m e n t  o f  e r y t h r o c y t e  membrane p r o te a s e  

a c t i v i t é s .



1. INTRODUCTION

1.1 Human E ry th ro cy te s .

1.1.1 The c i r c u la to ry  su rv iv a l  o f  the  e ry th ro c y te .

The most immature form o f  the  red blood c e l l  t h a t  can be id e n t i f i e d  

as  b e lo n g in g  to  th e  e r y t h r o c y t e  s e r i e s  i s  th e  p r o e r y t h r o b l a s t .  By an 

o rd e r ly  i r r e v e r s ib le  process o f  m u l t ip l ic a t io n  and m atura tion  t h i s  c e l l  

produces ad u lt  e ry th rocy tes  a f t e r  approximately 6 days (Erslev & S i lv e r ,

1967). During t h i s  t im e  th e  n u c le u s  d i s a p p e a r s  from th e  c e l l  by 

ex trusion  (Pease, 1956) and haemoglobin i s  syn thesised  (Stohlman, 1970). 

Very l i t t l e  i s  known concerning the  mechanism whereby c e l l s  are  re lea sed  

from the  marrow to  be d e livered  in to  the  p e r ip h e ra l  blood. However i t  i s  

the  c i r c u la t in g  r e t ic u lo c y te ,  which comprises about 1% o f  the  t o t a l  red 

c e l l  number (Young & Law rence , 1945), t h a t  f i n a l l y  d i f f e r e n t i a t e s  to  

give the  mature e ry th ro cy te .

Haemoglobin c o n s t i t u t e s  a lm o s t  90% o f  th e  d ry  w e ig h t  o f  th e  

e r y t h r o c y t e  and f u n c t io n s  as a c a r r i e r  o f  oxygen. T h is  h ig h  p r o t e in  

c o n c e n t r a t i o n  a l s o  s e rv e s  to  b u f f e r  th e  b lood a g a i n s t  th e  v a r i a b l e  pH 

changes encountered during th e  gas exchange process (Lehmann & Huntsman, 

1961). The l i f e  span o f  haem oglob in  i s  on av e rag e  120 days compared to  

th e  av e rag e  20 days fo r  p lasm a p r o t e i n s  (W hite e t  a l . ,  1973). The ^^Cr 

i s o to p e  l a b e l l i n g  s t u d i e s  o f  Ebaugh (1953) r e v e a le d  t h a t  th e  mean 

c i r c u la to ry  l i f e  span o f  the  e ry th ro cy te  was 113 days, during which tim e 

the  c e l l s  pass through the  h e a r t  more than 500,000 t im es, making a 300 

m ile-long  journey (Lux, 1979).

1 .1 .2  Erythrocyte  Morphology.

Red c e l l s  a re  by f a r  th e  most numerous o f  th e  b lood  c e l l s ;  f o r  

eve ry  w h i te  c e l l  t h e r e  a re  around 500 e r y th r o c y te s  and around 30



p l a t e l e t s .  The mature e ry th ro cy te  measures approximately 7/Jm in d iam eter 

and a p p e a rs  as a b ico n cav e  d i s c  w i th  no n u c le u s  (Richmond and D av ies ,

1968). The biconcave form o f  the  e ry th rocy te  i s  thought to  allow optimum 

d if fu s io n  o f  gases by p e rm it t in g  a more uniform proxim ity  o f  the  su rface  

membrane and th e  i n t e r n a l  haem oglobin  th an  would be p o s s i b l e  in  a 

s p h e r ic a l  c e l l  (Wintrobe, 1968).

The e ry th rocy te  re q u ire s  ATP to  m aintain normal membrane shape and 

d e f o r m a b i l i t y  v i t r o  (Nakao ^  a l . ,  I960; Weed ^  a l . ,  1969). 

Transform ation o f  e ry th ro cy te  morphology from the  biconcave d isc  to  the  

e c h in o c y te  and th e n  to  th e  s p h e ro c y te  o c c u rs  d u r in g  ATP d e p l e t i o n  

(Figure 1). Discocytes have a f le x ib le  membrane which can accommodate 

changes in  c e l l  shape  imposed on th e  c e l l s  d u r in g  t h e i r  c i r c u l a t o r y  

jo u rn e y .  E c h in o c y te s  have a more s p h e r i c a l  shape and a r e  co v ered  in  

reg u la r  thorny p ro je c t io n s .  Spherocytes are  sm all s p h e r ic a l  c e l l s  which 

have a reduced su rface  area to  volume r a t io ,  compared to  d iscocy tes  and 

echinocytes, due to  lo ss  o f  th e  membrane in  the  form o f  v e s ic le s  (Lutz 

a l . ,  1977a)..

1 .1 .3  Energy Metabolism o f  th e  Human E ry th ro cy te .

The red  b lood c e l l  i s  th e  s i t e  o f  numerous m e ta b o l ic  a c t i v i t i e s ,  

most o f  which are  concerned with m ain tain ing  the  I n te g r i ty  o f  the  c e l l  

membrane and p r e s e r v in g  o p t im a l  o sm o tic  c o n d i t io n s  w i th in  th e  c e l l  

(Wintrobe, 1974).

The e r y t h r o b l a s t  i s  a b le  to  s y n th e s i s e  DNA, RNA, l i p i d ,  haem and 

p r o t e i n ;  i t  has an e l e c t r o n  t r a n s f e r  sy s tem , a f u n c t io n a l  c i t r i c  a c id  

cycle , a hexose monophosphate pathway and the Embden-Meyerhof pathway 

(Richmond & Davies, 1968). In the  c i r c u la t in g  non-nucleated e ry th rocy te  

most of  these  a c t i v i t i e s  have been lo s t ;  the  source o f  energy i s  glucose



FIGURE 1. MORPHOLOGICAL CHANGES OF THE

ERYTHROCYTE DURING ATP DEPLETION.

N O R M A L
E Q U I L I B R I U M

SPHEROCYTE; 

fragile membrane 

which fragments 
easily.

DISCOCYTE: 

flexible, durable 

membrane.

ECHINOCYTE;

rigid membrane 

covered in regular 
spikes.



which has to  be t r a n s p o r t e d  a c ro s s  th e  membrane (Jung, 1975) and o n ly  

two of the  energy producing re a c t io n s  a re  re ta ined . Approximately 90% o f  

th e  g lu c o se  u t i l i z e d  i s  degraded  to  l a c t a t e  by th e  Embden-Meyerhof 

pathway and the  remaining 10% i s  accounted fo r  by the' pentose phosphate 

pathway (Murphy, I960). The energy l ib e ra te d  by anaerobic g ly c o ly s is  in 

the  e ry th rocy te  i s  u t i l i s e d  to  form th e  high energy phosphate bonds of 

ATP. Such energy i s  subsequently used fo r  p reserv ing  the  c e l l  membrane 

and fo r  th e  t r a n s p o r t  o f  io n s  and n u t r i e n t s  i n t o  and o u t  o f  th e  c e l l  

(H a r r i s  & K e l le rm e y e r ,  1972). Reducing power i s  g e n e ra te d  in  th e  

c o n v e rs io n  o f  NAD'*’ t o  NADH, th e  form o f  th e  coenzyme which re d u c e s  

m ethaem oglob in  to  haem og lob in .  2,3 D ip h o sp h o g ly c e ra te  (2,3 DPG), an 

im portant modulator o f  haemoglobin a f f i n i t y ,  i s  a lso  syn thesised  in  t h i s  

pathw ay. The o p e r a t io n  o f  th e  p e n to se  p h so p h a te  pathw ay y i e l d s  NADPH 

which i s  used to  m ain ta in  a pool o f  reduced g lu ta th io n e  in  the  c e l l  to  

p ro te c t  ag a in s t  the  e f f e c t  o f  oxidants  (S rivastava, 1977).

T .1.4 E rythrocyte  Membrane composition.

1 . 1.4 .1 Erythrocyte  Membrane I s o la t io n  and c h a r a c te r i s a t io n .

Red c e l l  membranes can be p u r i f i e d  a f t e r  o sm o tic  h a e m o ly s is  in  

d i lu te  (hypotonic), m ild ly  a lk a l in e  b u ffe r  by repeated washing u n t i l  the  

g h o s ts  or s tro m a  a re  f r e e  o f  haem og lob in  (Dodge ^  a l . ,  1963). The 

p ro te in s  can be separated  from the  l i p id s  by e x tra c t io n  o f  the  l a t t e r  in 

p o la r  o rg a n ic  s o lv e n t s .  A few p e r c e n t  o f  th e  p r o t e in  i s  o f t e n  l o s t  t o  

th e  o rg a n ic  ph ase , s u g g e s t in g  th e  p re se n c e  o f  hydrophob ic  p r o t e i n s  or 

p r o t e o l i p i d  com plexes. A p p ro x im a te ly  52% o f  th e  membrane mass i s  

p r o t e i n ;  40% i s  l i p i d  and 8% i s  c a rb o h y d ra te  (Dodge e t  a l . ,  1963). Only 

ab o u t 7% o f  th e  su g a r  i s  in  th e  form o f  g ly c o s p h in g o l ip id s  (Sw eeley & 

Dawson, 1969); the r e s t  appears as sm all o ligosaccharides linked v ia  0 -  

and N-glycosidic bonds to  s e r in e  (or th reonine) and asparagine re s id u es  

in the  membrane g lycopro te ins  (Winzler, 1969).



A s im p le ,  s e n s i t i v e ,  h ig h  r e s o l u t i o n  te c h n iq u e  f o r  s e p a r a t i n g  

e r y t h r o c y t e  membrane p r o t e i n s  was in t ro d u c e d  by F a irb a n k s  e ^  a l . ,  

(1971). I t  in v o lv e s  th e  p o ly a c ry la m id e  g e l  e l e c t r o p h o r e s i s  (PAGE) o f  

i s o l a t e d  e r y t h r o c y t e  membranes d i s s o lv e d  in  sodium d o d ecy l  s u lp h a t e  

(SDS). The a n io n ic  d e t e r g e n t  d e n a tu r e s  and s o l u b i l i z e s  th e  membrane 

p o ly p e p t id e s .  I t  b in d s  in  a c o n s ta n t  w e ig h t  r a t i o  to  th e  p r o t e i n s  and 

allow s the  r e so lu t io n  o f  m olecular spec ies  which have d i f f e r e n t  average 

molecular weights. However the  m olecular weight o f  g lycopro te ins  cannot 

be a ccu ra te ly  assessed using t h i s  system because they may bind l e s s  SDS 

per gram than p ro te in s  and hence m igrate  anomalously slowly.

The nomenclature, fo r  red c e l l  membrane p ro te in  banding p a t te rn s  on 

S D S -po lyacry lam ide  g e l s ,  e s t a b l i s h e d  by F a i rb a n k s  e t  a l . ,  (1971) has  

been adopted u n iv e r sa l ly  (See Figure 2).

1 .1 .4 .2  Asymmetry o f  the  Membrane S t ru c tu r e .

The e r y t h r o c y t e  membrane i s  a w e l l  s tu d ie d  exam ple o f  an 

asymm etrical membrane a t  which s e le c t iv e  a s s o c i a t i o n  r e a c t i o n s  o ccu r .  

Both membrane p ro te in s  and l i p id s  are  asym m etrica lly  disposed across the  

membrane (reviewed Marchesi e t  a l . ,  1976). P eriphera l  membrane p ro te in s  

a r e  d e f in e d  as  l o o s e l y - a s s o c i a t e d  membrane com ponents and may be 

i d e n t i f i e d  u s in g  m ild  e x t r a c t i o n  te c h n iq u e s  which do n o t  d i s r u p t  th e  

l i p i d  b i l a y e r .  The r e l a t i v e  e a se  o f  e x t r a c t i n g  s p e c t r i n  from g h o s t s ,  

using m ild ly  a lk a l in e  low ion ic  s t r e n g th  b u f f e r s  - c o n ta in in g  c h e l a t i n g  

a g e n t s ,  led  M archesi ^  a l . ,  (1969) to  p ropose  t h a t  s p e c t r i n  was 

loose ly  assoc ia ted  with the  e ry th ro cy te  membrane.



FIGURE 2. SDS-POLYACRYLAMIDE GEL PATTERN 
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Only a few o f  th e  m ajo r  p r o t e i n  com ponents, a s s o c i a t e d  w ith  th e  

membrane, a c t u a l l y  span th e  membrane. Among th e s e  a r e  th e  i n t e g r a l  

membrane p r o t e in s  band 3 and g ly c o p h o r in  (Yu £ t  a l . ,  1973). These 

a u th o r s  d e f in e  an i n t e g r a l  membrane p r o t e in  as one w hich may be 

l i b e r a t e d  from a membrane p r e p a r a t i o n  only a f t e r  the  membrane l i p id s  

have been so lu b i l iz e d  using, d e te rg en ts .

Most o f  the da ta  in support o f  t h i s  general model o f  the  membrane 

has been obtained using a n a ly t ic a l  techniques, such as the  p r o te o ly t ic  

t r e a t m e n t  and r a d i o l a b e l l i n g  o f  r e s e a le d  r ig h t - s id e -o u t  or in s id e -o u t  

e ry th rocy te  ghosts (reviewed Steck, 1974). S tudies o f  t h i s  na tu re  using 

l e c t i n  m o le c u le s  le d  to  th e  d i s c o v e ry  t h a t  a l l  o f  th e  c e l l u l a r  

carbohydrate on the  membranes was loca ted  a t  the  e x t r a c e l lu l a r  su rface  

(Nicolson & Singer, 1971).

1 .1 .4 .3  Membrane L ip id s .

L ip id s  acco u n t f o r  a p p ro x im a te ly  50% o f  th e  human e r y t h r o c y t e  

membrane (Dodge e t  a l . ,  1963). P h o sp h o l ip id s  and s m a l l  amounts, o f  

g l y c o l i p i d  c o n s t i t u t e  th e  p o l a r  l i p i d  f r a c t io n  and c h o le s te ro l  i s  the  

o th e r  m ajo r  l i p i d .  The p h o s p h o l ip id s  which p re d o m in a te  in  human 

e r y t h r o c y t e s  a re  p h o s p h a t id y l c h o l in e  ( l e c i t h i n ) ,  p h o sp h a tid y lse rin e ,  

phosphatidylethanolam ine and sphingomyelin. There are no t r ig ly c e r id e s  

but th e re  are a few free  f a t t y  ac ids  (Cooper, 1978).

The tu rn o v e r  o f  p h o s p h o l ip id  f a t t y  a c id s  in  th e  e r y t h r o c y t e  

membrane i ^  s i t u  i s  l im i te d  to  déacy la tion  o f  endogenous phospholipid and 

re a c y la t io n  of the  r e s u l t in g  lysophospholip ids and/or exchange o f  i n t a c t  

phospholipid molecules w ith  exogenous phospholipids (O live ira  & Vaughan,

1964). E r y th r o c y te s  can n o t a l t e r  f a t t y  a c id  ch a in  l e n g th ;  d e g re e  o f  

s a t u r a t i o n  or s y n th e s i s e  p h o s p h o l ip id  de novo (Mulder & Van Deenen,



1965).

The c lose  in te rp o s i t io n  and packing o f  s t e r o l s  and phospholip ids i s  

th e  main c o n t r i b u t i n g  f a c t o r  in  d e te r m in in g  th e  f l u i d  q u a l i t y  o f  t h e  

membrane. Satura ted  acyl chains in phospholip ids form ordered membranes 

in  which f l u i d i t y  i s  o f  low m a g n itu d e ,  c o n v e r s e ly  u n s a tu r a t e d  a c y l  

c h a in s  form membranes in  which th e  f l u i d i t y  i s  o f  h ig h  m agn itude  

(Shin itzky  & Henkart, 1979). The membrane l i p i d  f l u i d i t y  i s  described  as 

the  amount o f  m olecular motion w ith in  the  b i la y e r .  This motion appears 

to  be g r e a t e s t  w i th in  th e  h y d ro p h o b ic  c o re  o f  th e  membrane and l e a s t  

near the hydrocarbon-water in t e r f a c e .

1 .1 .4 .4  Membrane C h o le s te ro l .

Gould e_t a l . ,  (1955) o b se rv ed  t h a t  o n ly  c h o l e s t e r o l  and n o t  

c h o l e s t e r o l  e s t e r s  a r e  p r e s e n t  in  e r y t h r o c y t e s .  C h o le s t e r o l  does n o t  

e x i s t  as  a s o l u t e  in  w a te r  and ca n n o t  form m i c e l l e s  o r  l ip o s o m a l  

membranes by i t s e l f ,  b u t  i t  can be s o l u b i l i z e d  by a s s o c i a t i o n  w i th  

p lasm a p h o s p h o l ip id s  and l i p o p r o t e i n s  (Cooper, 1978). C h o le s t e r o l  

exchanges  betw een  membranes and l i p o p r o t e i n s  t h r o u g h  a s i m p l e  

equ il ib r ium  d if fu s io n  mechanism (London & Schwartz, 1953). S tud ies  using 

whole plasma and i s o la te d  plasma l ip o p ro te in s  both vivo and v i t r o  

have d e m o n s tra te d  t h a t  th e  e q u i l i b r i u m  in v o lv e s  th e  e n t i r e  f r e e  

c h o le s te ro l  pools o f  both plasma l ip o p ro te in s  and e ry th ro cy te  membranes 

(Basford e t  a l . ,  1964). This process o f  equ ilib rium  has a h a l f - t im e  o f  2 

h o u rs  (Gould e t  a l . ,  1955).

Lange and D’A le s sa n d ro  (1980) w ere s u c c e s s f u l  in  d e te r m in in g  th e  

p r o p o r t io n  o f  th e  membrane c h o l e s t e r o l  which p a r t i c i p a t e s  in  th e  

exchange d if fu s io n  process. Their study demonstrated th a t  two d i s t i n c t  

k i n e t i c  p o o l s  o f  c h o l e s t e r o l  e x i s t  i n  e r y t h r o c y t e  m e m b ra n e s .
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Approximately 10% o f  the  c h o le s te ro l  was found to  exchange r a p id ly  w ith 

th a t  o f  the plasma, w hile the  r e s t  o f  the  membrane c h o le s te ro l  exchanged 

a t  a slower ra te .

One constan t fe a tu re  o f  mammalian e ry th ro cy te  membranes i s  th a t  the  

m o le c u la r  r a t i o  o f  c h o l e s t e r o l  to  p h o s p h o l ip id  (C/PL mole r a t i o )  i s  

always between 0 .9  to  1.0 (Rouser e t  a l . , 1968).

1 .1 .5  Ery throcy te  Membrane P ro te in  Components.

1 .1 .5 .1  Band 3.

Band 3 i s  t h e  m a jo r  t r a n s m e m b r a n e  g l y c o p r o t e i n  o f  human 

e ry th ro cy te s  and has been rep o rted  to  mediate anion t r a n s p o r t  (reviewed 

M archesi eb a l . ,  1976). On th e  b a s i s  o f  an a s s e s s m e n t  o f  p u b l i s h e d  

Coom assie b l u e - s t a i n e d  g e l  p a t t e r n s  (Jones  & N ickson, 1980) band 3 

c o n s i t u t e s  24% o f  th e  e r y t h r o c y t e  membrane p o ly p e p t id e s  and has  a 

m olecular weight o f  90,000, A fter  SDS-polyacrylamide ge l e le c tro p h o re s is  

t h i s  p ro te in  component appears as a d i f fu s e  band. The broadness o f  th e  

band has  been l a r g e l y  a t t r i b u t e d  to  th e  h e t e r o g e n e i t y  a r i s i n g  from 

v a ry in g  d e g re e s  o f  band 3 g l y c o s y l a t i o n .  Tanner and Boxer (1972) 

reported  th a t  band 3 con ta ins  approxim ately 10% carbohydrate and i t  i s  

b e l i e v e d  t h a t  t h e r e  i s  a c o n s id e r a b l e  d eg ree  o f  u n i f o r m i t y  o f  th e  

polypeptide chains in the  reg ion  o f  90% homogeneity (Steck, 1978). There 

i s  e v id e n c e ,  how ever, t h a t  t h e r e  a r e  m u l t i p l e  m inor p o ly p e p t id e  

com ponents in  band 3 w hich can be r e v e a le d  by such te c h n iq u e s  as  

i s o e l e c t r i c  fo c u s in g  (Bhakdi e ^  a l . ,  1976), two d im e n s io n a l  g e l  

e l e c t r o p h o r e s i s  (Bhakdi ^  a l . ,  1975) and im m u n o -e le c t r o p h o r e s i s  

(Golovtchenko-Matsumoto & Osawa, 1980).

Although the major function  o f  the  bulk o f  band 3 polypeptides  i s  

th o u g h t  to  be an ion  t r a n s p o r t ,  numerous o th e r  f u n c t io n s  have been
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a t t r ib u te d  to  the minor components ranging from water t r a n s p o r t  (Brown 

e t  a l . ,  1975), c a t io n  t r a n s p o r t  ( G r in s t e in  & R o th s te in ,  1978), ATPase 

a c t i v i t y  (Avruch & F a i rb a n k s ,  1972) and c h o l i n e s t e r a s e  a c t i v i t y  

(Bellhorn ^  a l . , 1970).

Band 3 has been cleaved, using s p e c i f ic  p ro teases  under co n tro lle d  

c o n d i t i o n s ,  to  e l u c i d a t e  th e  p o s i t i o n i n g  o f  th e  m o lecu le  a c r o s s  th e  

e r y th r o c y te  membrane ( J e n k in s  & Tanner, 1975). The e x t r a c e l l u l a r  

ty ro s in e  res idues  o f  band 3 were r a d i o io d i n a t e d  u s in g  l a c to p e r o x id a s e  

p r io r  to  p ro te o ly t ic  d ig es t io n  o f  i n t a c t  red c e l l s .  From th e  an a ly s is  o f  

s e v e r a l  r a d io a u to g ra p h s  o f  p e p t id e  maps th e y  deduced t h a t  band 3 

tra v e rse d  the  membrane a t  l e a s t  tw ice  to  form an ’S-shaped' s t ru c tu re .  

The C -term inal segment, which possesses the  carbohydrate m o ie t ie s ,  was 

found to  ex tend  i n t o  th e  e x t r a c e l l u l a r  m i l i e u  (Tanner & A nstee ,  1976) 

and the  N-terrainal segment was found to  extend in t r a c e l lu l a r ly .

1 .1 .5 .2  S ia lo g ly c o p ro te in s .

The major s ia lo g ly c o p ro te in  o f  the  human e ry th ro cy te  membrane i s  

g ly c o p h o r in  A. There a l s o  e x i s t s  a second component g ly c o p h o r in  B and 

although both polypeptides con ta in  60% carbohydrate they have d i f f e r e n t  

amino acid sequences. Sedimentation equ ilib rium  s tu d ie s  gave the  subunit 

m o le c u la r  w e ig h t o f  g ly c o p h o r in  A to  be 29,000 (G re f r a th  & Reynolds, 

1974) which c o r r e l a t e d  w e l l  w i th  th e  v a lu e  o b ta in e d  from seq u en c in g  

s tu d ie s  ca r r ie d  out by Tomita e t  a l . ,  (1978).

Fairbanks e t  a l . ,  (1971) described  th re e  bands o f  membrane p ro te in s  

(named PAS I ,  I I  and I I I )  which s t a i n e d  w ith  p e r i o d ic  a c i d - S c h i f f ’s 

(PAS) reagent a f t e r  SDS-polyacrylamide gel e le c tro p h o re s is .  The s ta in in g  

p roperty  o f  these  gel p ro te in s  was la rg e ly  dependent on the  presence o f  

s i a l i c  a c id .  Gel f i l t r a t i o n  o f  th e  s i a l o g l y c o p r o t e i n s  showed t h a t



glycophorin A corresponded to  PAS-I and glycophorin B to  PAS-III, while 

the p ro te in s  e lu ted  from the  PAS-II p o s it io n  appeared to  be a m ixture o f  

both p ro te in s  (Janado e t  a l . ,  1973). To explain  the  banding complexity 

o f  g ly c o p h o r in ,  i t  i s  assumed t h a t  t h e s e  s i a l o g l y c o p r o t e i n s  have a 

v a r ie ty  of a sso c ia t io n  s ta t e s  which are  not d isrup ted  by weak d e te rg en ts  

or even SDS except a t  high tem perature .

S ia log lycopro te in s  comprise approximately 10% o f  the  t o t a l  membrane 

p r o t e in  (M archesi ^  a l . , 197 2 ) .  The c a r b o h y d r a t e  m o i e t i e s  o f

glycophorin A has MN blood group a c t iv i ty  (Morton, 1972) and a lso  a c ts  

as a recep to r  fo r  v iru se s  and p la n t  agglutinins(Springer e t  a l . ,  1966). 

The s i a l i c  acid res id u es  o f  the  molecule are  responsib le  for most o f  the  

negative  charge a t  the  c e l l  su rface  (Eylar e t  a l . , 1962).

S t ru c tu ra l  s tu d ie s  in d ic a te  th a t  glycophorin A i s  made up o f  th re e  

domains composed o f  two hydroph il ic  segments which are  separa ted  by a 

r e g io n  o f  22 n o n p o la r  amino a c id s .  I t  i s  th e  N - te rm in a l  h a l f  o f  t h i s  

molecule which con ta ins  the  carbohydrate assoc ia ted  with t h i s  p ro te in  

(reviewed Marchesi e t  a l . , 1976).

1 .1 .5 .3  S p ec tr in .

The c y to s k e le to n  i s  a complex o f  p r o t e in s  a s s o c i a t e d  w i th  th e  

c y to p la s m ic  s u r f a c e  o f  th e  c e l l  membrane. The most p red o m in a n t  

c o n s t i t u e n t  o f  t h i s  complex i s  th e  h ig h  m o le c u la r  w e ig h t  p r o t e in  

sp e c t r in  which accounts fo r  approximately 75% o f  the  p ro te in  mass (Lux 

e t  a l . ,  1976). Spectr in  i s  a la rg e ,  asymmetric molecule composed o f  two 

n o n id en tica l  polypeptide chains, band 1 ( c< -subun it;  240,000) and band 2 

(p - s u b u n i t ;  220, 000), which a r e  s i m i l a r  in  c h e m is t r y  and s t r u c t u r e  

(reviewed K irkpatrick , 1976).



10

The p ro te in  i s  a te tra m e r  composed o f  two heterodim ers  a sso c ia ted  

by end to  end in te ra c t io n s  and i s  thought to  e x i s t  as a f le x ib le  rod in 

s o l u t i o n  (M arch es i ,  1979). Both s u b u n i t s  have c o m p o s i t io n s  w hich a r e  

r e l a t iv e ly  high in a c id ic  amino acids. The sm aller  subunit i s  m u ltip ly  

phosphorylated by an endogenous cAMP-independent p ro te in  k inase  (Avruch 

& Fairbanks, 1974) a t  four c lo se ly  spaced s i t e s  near the  C -term inal end 

of  the  molecule.

1.2 Composition o f  the  E ry throcyte  C y toskele ton .

1.2.1 Membrane P ro te in  O rgan isa tion .

To surv ive in the c i r c u la t io n  e ry th rocy tes  must be robust enough to  

endure the  tu rb u le n t  ca rd iac  passage, e n ta i l in g  s h e a r - s t r e s s  fo rces ,  and 

f l e x i b l e  enough to  n e g o t i a t e  th e  na rro w  p o r t a l s  o f  th e  s p le e n .  These 

dual demands are  met by the  c y to sk e le ta l  p ro te in  network which functions  

as an i n t e r i o r  s c a f f o l d  to  m a in ta in  red  c e l l  shape and d e f o r m a b i l i t y  

(Hainfeld & Steck, 1977).

O pera tiona lly  the  red c e l l  cy toske le ton  i s  defined as the  in so lu b le  

r e s id u e  which re m a in s  a f t e r  th e  e x t r a c t i o n  o f  i n t a c t  c e l l s  (S h ee tz  & 

Sawyer, 1978) or t h e i r  i s o la te d  ghosts (Yu e t  a l . ,  1973) w ith  an aqueous 

s o lu t i o n  o f  th e  n o n - io n ic  d e t e r g e n t  T r i to n -X -1 00. Under th e  e l e c t r o n  

microscope the s t ru c tu re  remaining appears as a c ro ss - l in k ed  network o f  

t w i s t e d  i r r e g u l a r l y  o r i e n t a t e d  f i l a m e n t s  d o t t e d  w i t h  g l o b u l a r  

p r o t r u s i o n s  (Lux c t  a l . ,  1976). A n a ly s is  o f  t h i s  s t r u c t u r e ,  u s in g  SDS- 

polyacrylamide ge l e le c t ro p h o re s is ,  showed th a t  i t  comprises about 60% 

o f  th e  membrane p r o t e in  mass ( rev iew ed  Lux ^  a l . , 1979). I t  i n c lu d e s  

a l l  o f  th e  s p e c t r i n  (bands 1 and 2 ), a c t i n  (band 5 ), a n k y r in  (bands 2.1 

to  2.6) and band 4.1; and a p o r t i o n  o f  th e  p r o t e in s  d e s ig n a te d  bands 3, 

4.2, 4.9 and 7 (F ig u re  2). S h e e tz  (1979) d e m o n s tra te d  t h a t  by w ashing  

the  membrane cy toske le ton  with hypertonic  potassium ch lo r id e  so lu t io n  a
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p o r t i o n  o f  th e  p o ly p e p t id e s  w ere e lu t e d  l e a v in g  beh ind  a r e s i d u a l  

s t ru c tu re .  This s t ru c tu re  was found to  conta in  s p e c t r in ,  a c t in ,  band 4.1 

and band 4.9; they designated  these  as core c y to sk e le ta l  p ro te in s .

1 .2 .2  Erythrocyte  C y to sk e le ta l  P ro te in  In te ra c t io n s .

The f i r s t  i n d i c a t i o n  t h a t  s p e c t r i n  might i n t e r a c t  w ith in te g ra l  

membrane p ro te in s  was b u i l t  on th e  knowledge o f  the  transmembrane n a tu re  

o f  band 3 and glycophorin (Bretscher, 1971a; 1971b). C e lls  prepared fo r  

e l e c t r o n  m ic roscopy  by f r e e z e  f r a c t u r e  r e v e a le d  e v id e n c e  t h a t  th e  

l a t e r a l  d i s t r ib u t io n  o f  the  intramembrane p a r t i c le s  in the  plane o f  the  

membrane was in  some way in f lu e n c e d  by th e  i n t a c t  s p e c t r i n  n e tw o rk  

( E lg s a e te r  & B ran to n , 1974; E l g s a e t e r  jet a l . ,  1976). A d i r e c t  and 

q u a n t i t a t i v e  a n a l y s i s  o f  e r y t h r o c y t e  c y t o s k e l e t a l  p r o t e i n - p r o t e i n  

a s so c ia t io n  was c a r r ie d  out by Bennett and Branton (1977) who measured 

th e  r e a s s o c i a t i o n  o f  [ ^ ^ P ] - s p e c t r i n  w ith  th e  c y to p la s m ic  s u r f a c e  o f  

sp e c tr in -d e p le te d  membrane v e s ic le s .  S pec tr in  was found to  be i n d i r e c t ly  

a s s o c i a t e d  w ith  band 3 in  th e  membrane (B enne tt  & S tenbuck , 1980a). 

P ro te o ly s is  o f  in s id e -o u t  v e s ic le s  abolished the  high a f f i n i t y  binding 

o f  sp e c tr in  to  the  membrane. Analysis o f  the  p ro te o ly t ic  fragments led  

to  th e  i d e n t i f i c a t i o n  o f  th e  r e c e p t o r  p r o t e in s .  B en n e tt  and S tenbuck  

(1980b) named t h i s  p ro te in  as ankyrin (band 2.1). They a lso  demonstrated 

th a t  t h i s  p ro te in  possessed a group o f  sequence r e la te d  p ro te in s ,  bands

2.2 to  2.6 , which a l s o  c o n ta in e d  h ig h  a f f i n i t y  b in d in g  s i t e s  f o r  

s p e c t r i n .  A ll o f  th e s e  bands a r e  now c o l l e c t i v e l y  c a l l e d  a n k y r in  and 

th ey  were o b se rv ed  to  form a 1:1 complex w ith  band 3 in  d e t e r g e n t  

e x t r a c ts  o f  sp e c tr in -d e p le te d  v e s ic le s  (Hargreaves e t  a l . ,  1980).

The s e l f - a s s o c ia t io n  o f  s p e c t r i n  i n t o  t e t r a m e r s  and i n t e r a c t i o n ,  

v ia  a n k y r in ,  w i th  band 3 e x p la in s  how s p e c t r i n  i s  anchored  t o  th e  

membrane o f  th e  i n t a c t  e r y t h r o c y t e ,  b u t  i t  does n o t  e x p la in  how th e
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s p e c t r in  m ain tains the  r i g i d i t y  o f  the  i n t e r i o r  o f  the  cy toske le ton  as 

fo r  exam ple in  th e  c a se  o f  th e  T r i to n  e x t r a c t e d  g h o s ts  (Yu ^  a l . ,  

1973). S tudies  on the  re a s s o c ia t io n  o f  p u r i f ie d  c y to sk e le ta l  p ro te in s  in  

so lu t io n  show th a t  o ther  in te r a c t io n s  are  involved. Actin and band 4.1 

w ere found to  p la y  key r o l e s  in  m a in ta in in g  th e  i n t e g r i t y  o f  th e  

cy toske le ton  (Finder e t  a l . , 1979).

U n g ew ick e ll  ejb a l . ,  (1979) o b served  t h a t  m ix tu re s  o f  p u r i f i e d  

sp e c t r in  te t ra m e r ,  polymerised a c t in  (F -ac tin )  and band 4.1, combine a t  

p h y s io l o g i c a l  i o n i c  s t r e n g t h  i n t o  p e l l e t a b l e  t e r n a r y  co m plexes ,  and 

in  c e r t a i n  c a s e s  g e l .  No com plexes  were o b se rv ed  to  form i f  non

polymerised a c t in  (G-actin) was used. E lectron micrographs o f  i s o la te d  

com plexes  showed t h a t  F - a c t i n  f i l a m e n t s  were b r id g e d  by f i n e  cu rved  

f i b r i l s ,  which were presumed to  be s p e c t r in  te tra m e rs  (Shotton e t  a l . ,  

1979). T h is  su g g e s te d  t h a t  t h e  a c t i n  b in d in g  r e g io n s  o f  th e  s p e c t r in  

te t ra m e rs  were near the  d i s t a l  end o f  the  molecule. Dimeric spec trin  was 

a l s o  shown to  a t t a c h  to  a c t i n  f i l a m e n t s  b u t ,  b e in g  m o n o fu n c t io n a l ,  i t  

could not c ro s s - l in k  them.

Figure 3 shows th e  p o s tu la ted  o rg an isa t io n  o f  th e  major membrane 

s k e le ta l  po lypeptides (not drawn to  sca le )  proposed by Lux (1979). This 

model i n d i c a t e s  th e  p re s e n c e  o f  th e  two main p r o t e i n  com plexes  w hich 

hold the  c y to sk e le ta l  s t r u c tu r e  to g e th e r .

1 .2 .3  Phosphorylation and Dephosphory1a tio n  o f  S p ec tr in .

P alm er and V e rp o o r te  (1971) were th e  f i r s t  t o  d e m o n s t r a te  th e  

phosphorylation o f  p ro te in s  in the e ry th rocy te  membrane. P ro te in  bands 1 

and 2 ( s p e c t r i n )  a r e  th e  m ajo r  e x t r i n s i c  membrane p o ly p e p t id e s  o f  th e  

red  c e l l  c y to s k e le to n  and a re  m u l t ip ly  phosphorylated (H arris  ^  a l . ,  

1978). S p e c t r in  a p p e a rs  to  be in v o lv e d  in  d e te rm in in g  c e l l  shape and
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d e f o r m a b i l i t y  (Lux, 1979). D é p h o sp h o ry la t io n  o f  s p e c t r i n  has  been 

c o r r e l a t e d  w ith  red  c e l l  c r e n a t io n  e i t h e r  by m e ta b o l ic  A T P -d ep le tio n  

(Nakao e t  a l . ,  I960) or by the  incubation  o f  red c e l l s  w ith  low d en s ity  

l ip o p ro te in s  (LDL). Hui and Harmony (1979) incubated i n t a c t  e ry th ro cy tes  

w i th  LDL and o b served  a t r a n s f o r m a t i o n  o f  th e  e r y t h r o c y t e  b ic o n c a v e  

d i s c s  to  e c h in o c y te s  and s p h e ro c y te s  a f t e r  2 h o u rs .  LDL was found to  

decrease the  con ten t o f  r a d io - la b e l le d  phosphate in s p e c t r in ,  r e l a t i v e  

to  the  c o n tro l ,  and to  s t im u la te  by a f a c to r  o f  two the  membrane-bound 

p h o sp h a ta se  a c t i v i t é s  as  a ssay ed  u s in g  p - n i t r o p h e n y lp h o s p h a te  as  th e  

su b s tra te .  Conversely, magnesium ATP-dependent sp e c tr in  phosphorylation, 

in crenated ghosts , was c o r re la te d  w ith  the  r e s to r a t io n  o f  the  d iscocy te  

morphology (Sheetz & Singer, 1977; Birchmeier & Singer, 1977).

S p e c t r in  p h o s p h o ry la t io n  i s  accomplished by cytoplasm ic (soluble) 

and membrane-bound ( in s o lu b le )  p r o t e i n  k in a s e s  which a r e  c y c l i c  AMP- 

in d e p e n d e n t  (F a irb a n k s  & Avruch, 197%). S p e c t r in  d e p h o s p h o ry la t io n  i s  

le s s  w ell  ch a ra c te r ise d .  Crude cytoplasm ic so lub le  and in so lu b le  p ro te in  

phosphatases have been id e n t i f i e d  in the  human e ry th rocy te  (Fairbanks e t  

a l . ,  1978), a l th o u g h  th e  p o s i t i v e  i d e n t i f i c a t i o n  o f  a membrane- 

asso c ia ted  phosphatase a c t i v i t y  was a t  one po in t  d isputed by Graham e t  

a l . , ( 1976).

Since e ry th rocy tes  must be m e tab o lica l ly  ac t iv e  to  m aintain  t h e i r  

d isc  shape and d e fo rm ab il i ty  perhaps s p e c i f i c  m e ta b o l ic  i n t e r m e d i a t e s  

may in d i r e c t ly  in fluence  c e l l u l a r  morphology. For example, Fairbanks e t  

a l . ,  ( 1978) s p e c u la te d  t h a t  e i t h e r  i n t e r n a l  s i g n a l s  and m e ta b o l ic  

in te rm ed ia tes  may modulate both enzyme a c t i v i t i e s  or th a t  the  membrane 

l o c a l i s a t i o n  o f  each enzym e may g o v e rn  t h e  s p e c t r i n  s u b s t r a t e  

a v a i l a b i l i t y .  They c o n s t r u c t e d  a d iag ram  (F ig u re  4) to  s c h e m a t i c a l ly  

r e p r e s e n t  t h e  c o m p o n e n ts  and i n t e r a c t i o n s  o f  t h e  s p e c t r i n
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phosphorylation and déphosphorylation system.

1.2.4  Calcium and the  Human E ry th rocy te .

The cy toplasm ic concen tra tio n  o f  calcium in human e ry th ro cy te s  i s  

in  th e  ran g e  0.01 to  O.ljuM in  c o n t r a s t  to  much h ig h e r  c a lc iu m  l e v e l s  

(10"^M) in  the  e x t r a c e l l u l a r  f lu id s  o f  the  body (Schatzmann, 1975). The 

e r y t h r o c y t e  c o n t r o l s  th e  c a lc iu m  ion  c o n c e n t r a t i o n  by means o f  a 

membrane t h a t  i s  n o rm a l ly  m in im a l ly  p e rm eab le  t o  c a lc iu m  (W iley & 

S h a l le r ,  1977) and by an e f f e c t iv e  Ca-Mg-ATPase linked to  a calcium pump 

(Schatzmann & Vincenzi, 1969) which in  tu rn  i s  c o n tro lle d  by calmodulin 

( J a r r e t t  & Penniston, 1977). I f  a pass ive  calcium in f lu x  i s  not e n t i r e ly  

com pensated  f o r  by a c t i v e  c a lc iu m  e f f l u x ,  in c r e a s e d  i n t r a c e l l u l a r  

c a lc iu m  can le a d  to  p a t h o l o g i c a l  s t a t e s .  In  c e r t a i n  h a e m o ly t ic  

d i s o r d e r s ,  n o ta b ly  s i c k l e  c e l l  d i s e a s e ,  c a lc iu m - in d u c e d  c e l l u l a r  

r i g i d i t y  may c o n t r i b u t e  to  t h e  p re m a tu re  d e s t r u c t i o n  o f  e r y t h r o c y t e s  

(Eaton e t  a l . ,  1976).

Increas ing  the  pH (Romero & Whittam, 1971) and the  osmotic s tre n g th  

o f  th e  medium ( P l i s h k e r  & G ite lm a n ,  1976), ex p o su re  o f  th e  c e l l s  to  

membrane-active drugs such as para-chlorom ercuribenzene-sulphonic acid 

(G arrahan  & Rega, 1967), p ro p a n o lo l  (Szasz e t  a l . ,  1977) o r  th e  c a lc iu m  

io n o p h o re  A23187 (Reed, 1973) a l s o  enhance th e  c a lc iu m  i n f l u x  i n t o  

e ry th ro c y te s .

I n t r a c e l l u l a r  c a lc iu m  i s  c u r r e n t l y  th o u g h t  t o  e x e r t  i t s  e f f e c t s  

p r im a r i ly  through the  a c t i v a t i o n  o f  c a lc iu m - b in d in g  p r o t e i n s ,  r a t h e r '  

th an  a c t i n g  d i r e c t l y  in  a f r e e  s t a t e  ( J a r r e t t  & P e n n is to n ,  1977). 

C alm odulin  was shown by Marcum e t  a l . ,  (1978) to  c a t a l y z e  m ic ro tu b u le  

d isassem bly and he suggested t h a t  i t  may cause a lso  the  d isassem bly o f  

th e  s p e c t r i n - a c t i n  c y to s k e le to n .  Eaton e t  a l . ,  (1976) o b se rv ed  t h a t
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calcium introduced in to  e ry th ro cy te s  caused them to  shrink . In h ib i t io n  

o f  i n t r i n s i c  c a lm o d u l in ,  u s in g  t r i f l u o r o p e r a z i n e  o r  p h e n o th ia z in e ,  

r e s u l t e d  in  th e  s w e l l i n g  o f  th e  c e l l  from th e  sh runken  s t a t e .  Brewer 

(1980) made th e  o b s e r v a t io n  t h a t  th e  c e l l  s h r in k a g e  was e n e rg y -  

in d e p e n d e n t  and t h a t  th e  c e l l  e x p an s io n  was e n e rg y -d e p e n d e n t .  He 

p roposed  t h a t  th e  ATP-dependent s t e p  in v o lv e d  th e  p h o s p h o ry la t io n  o f  

s p e c t r i n  to  a l lo w  th e  a s se m b ly  o f  no rm al c y to s k e le to n  t o  s u p p o r t  th e  

membrane. The ro le  o f  c o n t r a c t i l e  p ro te in s  o f  the  s p e c t r in - a c t in  network 

in r e l a t io n  to  the  i n t r a c e l l u l a r  co ncen tra tion  o f  calcium i s  not c le a r .  

However, P a lek  ^  a l . ,  (1978) and S e i g f r i n g  & Lorand (1978) have 

o b se rv ed  t h a t  s i c k l e  c e l l s  o r  c a lc iu m - lo a d e d  norm al c e l l s  e x h i b i t e d  

membrane p r o t e i n  a g g r e g a t io n  w hich t h e s e  a u th o r s  have s u g g e s te d  was 

m e d i a t e d  t h r o u g h  t h e  c a l c i u m - a c t i v a t e d  t r a n s g l u t a m i n a s e  in  th e  

e ry th rocy te .  Therefore calcium dependent po lym erisa tion  o f  the  s p e c t r in  

p r o t e i n s  by th e  t r a n s g l u t a m i n a s e  may c o n t r i b u t e  t o  t h e  s h r in k a g e  and 

s t i f f e n in g  o f  normal red c e l l  membranes under cond itions  which lead to  

the  i n t r a c e l l u l a r  accumulation o f  t h i s  ion (Lorand e t  a l . ,  1976).

1.3 The Role o f  E ry throcy te  P ro te a s e s .

1.3.1 E ry throcyte  P ro te o ly t ic  A c t iv i t i e s .

M orrison  and N eura th  (1953) d i s c o v e r e d  m e m b r a n e - a s s o c i a t e d  

p r o te o ly t ic  enzymes w ith  op tim al a c t i v i t i e s  a t  pH 3 and pH 8 in  human 

e r y t h r o c y t e s .  These two enzymes were re c o v e re d  in  th e  aqueous phase  

a f t e r  n - b u ta n o l  e x t r a c t i o n  o f  g h o s ts .  A t h i r d  enzyme, which was 

o p tim a lly  a c t iv e  a t  n e u tr a l  pH, was re leased  from the  membranes using  1M 

potassium th io cy an a te ,

Moore e_t a l . ,  (1970) e x t r a c t e d  a p r o te a s e  from human e r y t h r o c y t e  

membranes using 1M s a l t  s o lu t io n s  and p u r if ie d  the  enzyme using column 

chromatography. The p ro te o ly t ic  a c t i v i t y  was ro u t in e ly  assayed a t  pH 7.4
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and was found to  be a c t iv e  a g a in s t  a wide v a r ie ty  o f  p ro te in  s u b s t r a te s .

Tokés and Chambers (1974) r e p o r t e d  th e  p re se n c e  o f  two ty p e s  o f  

membrane-associated p ro te ases  which could d ig e s t  e ry th ro cy te  p ro te in s .  

The p r o te a s e  which was m ost a c t i v e  a t  pH 3.4 was found t o  d i g e s t  t h e  

membrane to  sm all fragmented pep tides . Another p ro tease  which had a pH 

optimum a t  8.6 showed a l im i te d  d ig e s t iv e  capacity  on membrane p ro te in s .

S co tt  (1977) found th a t  d iisopropy lfluorophosphate  (DFP) p a r t i a l l y  

i n h i b i t e d  th e  immune h a e m o ly s is  and a u t o l y s i s  o f  sheep  e r y t h r o c y t e s ,  

suggesting th a t  th ese  processes  were p ro tease  mediated. S co tt  and Kee 

(1979) demonstrated th a t  both human and sheep n e u tra l  membrane p ro teases  

w ere D F P - in h ib i t a b le ;  had s i m i l a r  m o le c u la r  w e ig h ts  (25 ,000); b u t  

d i f f e r e n t  s p e c i f i c i t i e s  to w a rd s  p r o t e i n  s u b s t r a t e s .  On th e  b a s i s  o f  

th ese  f in d in g s  they  suggested p o ss ib le  ro le s  fo r the  n e u t r a l  and a c id ic  

membrane p ro te o ly t ic  a c t i v i t i e s  in th e  a u to ly s is  o f  human e ry th ro c y te s .

The i d e n t i f i c a t i o n  o f  s p e c i f i c  p r o t e o ly t i c  a c t i v i t i e s  a sso c ia ted  

with human e ry th ro cy te  membranes was ach iev ed  by P o n t re m o l i  e t  a l . ,  

(1979). They i s o l a t e d  o n ly  p r o te a s e s  h av in g  a c i d i c  pH o p tim a  and th e  

m olecular weight values o f  the  enzymes obtained were I  80,000; I I  40,000 

and I I I  30,000. To expla in  th e  lack o f  a n e u tra l  p ro te o ly t ic  a c t i v i t y  on 

e ry th ro cy te  membranes they suggested th a t  t h i s  arose from contam inating  

le u c o c y te  membranes, w hich th e y  c a r e f u l l y  removed from e r y t h r o c y t e  

sam p les .  P o n tre m o l i  ^  a l . ,  (1980) went on to  i d e n t i f y  p r o t e o l y t i c  

a c t i v i t i e s  o f  th e  e r y t h r o c y t e  c y to p la sm  u s in g  p r o t e i n s  and v a r io u s  

p e p t id e  d e r i v a t i v e s  as s u b s t r a t e s .  One n e u t r a l  p r o te a s e  (110,000) and 

th re e  a c id ic  p ro teases  were i s o la te d  which had the  same m olecular weight 

v a lu e s  as  th e  m e m b ra n e -a s so c ia te d  p r o te a s e s .  They a l s o  i d e n t i f i e d  

p e p t id y l a m in o - p e p t id a s e  a c t i v i t i e s  in  th e  s o lu b l e  f r a c t i o n  o f  human
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e ry th ro c y te s .

However, Tarone e t  a l . ,  (1979) found a n e u tra l  p r o te o ly t ic  a c t i v i t y  

which was t i g h t l y  a sso c ia ted  w ith  the  inner su rface  o f  th e  e ry th ro c y te  

membrane. T h is  enzyme was found t o  p roduce  th e  d e g r a d a t io n  o f  band 3 

when normal e ry th ro cy te  ghosts  were incubated for s e v e ra l  days a t  4^C. 

This same enzyme, which hydrolyses band 3, was i s o la te d  and p u r i f ie d  by 

Golovtchenko-Matsumoto e t  a l . ,  (1982) and was found to  have an in a c t iv e  

p recu rso r  form (200,000) which was converted to  the a c t iv e  form (50,000) 

v ia  a complex and as y e t  u n i d e n t i f i e d  p ro c e s s  in v o lv in g  c a lc iu m .  T h is  

enzyme was presen t in e ry th ro c y te s  from which the  leucocytes  had been 

c a r e fu l ly  removed. Furthermore S iegel e t  a l . ,  (1980) a lso  id e n t i f i e d  a 

n e u t r a l  p r o t e o l y t i c  a c t i v i t y  a s s o c i a t e d  w ith  th e  in n e r  s u r f a c e  o f  

e ry th ro cy te  membranes a f t e r  th e  red c e l l s  had been freed  o f  leucocytes . 

However, they found th a t  o th e r  membrane p ro te in s ,  in ad d it io n  to  band 3, 

were su sc e p t ib le  to  p ro te o ly t ic  d ig e s t io n  a t  phys io lo g ica l  pH.

1 .3 .2  The Degradation P a t te rn  o f  E ry th rocy te  Membrane P r o te in s .

E xam in a tio n  o f  th e  n a tu r e  and p a t t e r n  o f  p r o t e o l y s i s  by enzymes 

lo c a te d  on human e r y t h r o c y t e  membranes was c a r r i e d  o u t  by Tokés and 

Chambers (1975). D ig e s t io n  o f  th e  membranes a t  pH 8.0, a f t e r  an 

incubation  period o f  5 hours a t  37°C, in d ica ted  th a t  th e re  were two main 

regions which underwent p ro te o ly t ic  m od ifica tion . These were the  ankyrin 

band r e g io n  and th e  band 4 t o  band 5 r e g io n  w i th  th e  m ajo r  p r o d u c ts  

a p p e a r in g  as band 2.3 and band 3*. M oreover th e y  r e p o r te d  t h a t  band 3 

remained unchanged as judged by SDS-polyacrylamide gel scans. However, 

t h i s  does n o t  r u l e  o u t  th e  p o s s i b i l i t y  t h a t  th e  c o m p o s i t io n  o f  band 3 

may be a m ix tu re  o f  b o th  i t s e l f  and p r o t e o l y t i c  f ra g m e n ts  a f t e r  

incubation .
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S ie g e l  e]t a l . ,  (1980) d e m o n s t r a te d  t h a t  th e  p r o t e i n s  w hich were 

most ra p id ly  degraded by n e u t r a l  membrane p r o te a s e s  when g h o s ts  w ere 

i n c u b a t e d  f o r  2 4 -4 8  h o u r s  a t  4®C, w e re  t h e  s p e c t r i n - b i n d i n g  

p o ly p e p t id e s .  There a r e  s ix  o f  t h e s e  p r o t e i n s ,  c o l l e c t i v e l y  known as 

ankyrin (bands 2.1 to  2.6), which anchor sp e c tr in  molecules to  band 3 in  

th e  membrane. By s tu d y in g  t h e  pH optim um , c o f a c t o r  r e q u i r e m e n ts  and 

i n h i b i t o r  s e n s i t i v i t y  o f  th e  membrane p r o t e o l y t i c  a c t i v i t y ,  two 

en z y m a tic  pa thw ays f o r  th e  c le a v a g e  o f  th e  a n k y r in  band 2.1 were 

e s ta b l i s h e d ,

The f i r s t  pathw ay in v o lv e d  a sequence o f  c o n s e c u t iv e  p r o t e o l y t i c  

c le a v a g e s  o f  band 2.1 t o  p roduce  band 3 ’, a f ra g m e n t  w hich has  a 

m o b i l i t y  in  be tw een  bands 3 and 4. T h is  pathw ay was found to  be 

i n h i b i t e d  by ImM p h e n y lm e th y lsu lp h o n y l  f l u o r i d e  (PMSF). The second 

pathway was composed o f  two major s tep s .  The f i r s t  s tep  cleaved band 2.1 

to  produce a major fragment which had a m o b ili ty  equal to  t h a t  o f  band

2.3 th u s  le a d in g  to  an i n c r e a s e  in  th e  s t a i n i n g  i n t e n s i t y  o f  a n k y r in  

band 2.3. S tep  two o f  t h i s  second pathw ay in v o lv e d  th e  c le a v a g e  o f  th e  

p r o t e o l y t i c  f ra g m e n t ,  a t  th e  band 2.3 p o s i t i o n ,  to  p roduce  band 3 ’. 

Calcium  was found to  s t i m u l a t e  th e  f i r s t  s t e p  (P M S F - in s e n s i t iv e )  and 

EDTA produced  i n h i b i t i o n ;  th e  second s t e p  was i n h i b i t e d  by ImM'PMSF. 

This process would be c o n s is te n t  w ith the  apparent induction  o f  membrane 

p r o t e i n  d e g ra d a t io n  by c a lc iu m  io n s  as o b se rv ed  by G o lo v tch en k o -  

Matsumoto ^  a l . , (1982).

The e f f e c t  o f  c a lc iu m  io n s  on human e r y t h r o c y t e  membranes i s  o f  

considerab le  i n t e r e s t  because o f  t h e i r  poss ib le  involvement in  producing 

changes  in  e r y t h r o c y t e  m orphology (L aC e lle ,  1970) and r a t e  o f  c e l l  

d e s t r u c t i o n  (H aradin  e t  a l . ,  1969). Carraw ay e t  a l . ,  (1975) o b se rv ed  

th a t  haemolysing e ry th ro cy te s  in  the  presence o f  ImM calcium caused the
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form ation o f  an aggregate which was h igh ly  r e s i s t a n t  to  th e  d is ru p t io n  

by SDS and o ther  denaturing  agents. King and Morrison (1977), using SDS- 

p o ly a c ry la m id e  g e l  e l e c t r o p h o r e s i s ,  dem onstra ted  th a t  l y s i s  o f  human 

e ry th ro cy tes  in the  presence o f  ImM calcium produced a n o n - i r r e v e rs ib le  

aggregate formed from se v e ra l  membrane p ro te in s ;  a f fe c te d  the  binding o f  

c y to p la s m ic  p r o t e i n s  to  th e  membrane; and a c t i v a t e d  p r o t e o l y s i s  o f  

membrane p r o t e i n s .  A llan  and Cadman (1979) found t h a t  t h e s e  c a lc iu m  

induced changes could a lso  be produced by overloading in t a c t  red c e l l s  

w i th  c a lc iu m . M oreover, th e y  found t h a t  th e  changes o b se rv ed  in  th e  

e ry th ro cy te  membrane p ro te in s ,  from p a t ie n ts  with s ic k le  c e l l  anaemia 

and h e re d i ta ry  sp herocy tos is ,  could be reproduced in normal c e l l s  using 

calcium.

1.4 Changes in E ry throcyte  Morphology.

1.4.1 E ry throcyte  Aging In  Vivo.

Senescent e ry th ro cy tes  amounting to  approximately %̂ (2x10^^ c e l l s )  

o f  th e  t o t a l  red  c e l l  p o p u la t io n  a re  s e q u e s te r e d  d a i l y  m a in ly  in  th e  

spleen. The exact na tu re  o f  th e  aging mechanism i s  not f u l ly  understood, 

however, the  complexity o f  the  system has been recognised by comparing 

both the  chemical and physica l p ro p e r t ie s  o f  mature and e f f e t e  c e l l s .

Old e ry th ro cy tes  e x h ib i t  a l t e r a t i o n s  in  c e l l u l a r  m orphology w i th  

consequent reduction  in t h e i r  d e fo rm ab il i ty  (Figure 1 ). In vivo aged red 

c e l l s  show l o s s e s  o f  membrane p h o s p h o l ip id s  (P ran k erd ,  1958) and 

c h o l e s t e r o l  ( P h i l l i p s  e t  a l . ,  1969). Borun e t  a l . ,  (1957) d e m o n s tra te d  

th a t  the d en s ity  o f  human e ry th ro cy tes  increases  with age because th e re  

i s  l e s s  membrane a re a  to  c o n ta in  th e  same mass o f  haem oglob in . On th e  

b as is  o f  c e l l s  having d i f f e r e n t  s p e c i f ic  g r a v i t i e s  e ry th ro cy tes  can be 

separa ted  from a population o f  c e l l s  in to  groups d i f f e r in g  in mean age.
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A r e l a t i o n s h i p  e x i s t s  betw een th e  f r a g i l i t y  o f  e r y t h r o c y t e s  in  

h y p o to n ic  s o l u t i o n s  and th e  shape  o f  th e  c e l l .  A norm al red  c e l l  can 

accommodate changes in  osmotic p ressu re  whereas e f f e t e  c e l l s  a re  more 

s e n s i t iv e  to  hypotonic medium which causes them to  ly se  (Simon & Topper, 

1957).

Decreased d e fo rm ab il i ty  in old red c e l l s  was observed by LaCelle 

and Arkin (1970). D eform ability  p ro p e r t ie s  were measured as the  negative  

p r e s s u r e  a t  which th e  e r y t h r o c y t e s  e n te r e d  and t r a v e r s e d  c a l i b r a t e d  

m icro p ip e tte s  ranging in  diameter between 2.6 and 3 . ^ .

B ernste in  (1959) repo rted  th a t  e ry th rocy tes  which had a h igher than 

norm al d e n s i t y  (o ld  c e l l s )  had a l e s s  th a n  norm al r a t e  o f  g l y c o l y s i s .  

T h is  was found to  be accom panied by a r e d u c t io n  in  th e  h ig h  energy  

phosphate content and le v e ls  o f  enzyme a c t iv i t é s  in old c e l l s .  Rose and 

O'Connell (1964) found th a t  the  glucose-6-phosphate dehydrogenase, which 

ca ta ly zes  the  i n i t i a l  s tep  in  the  pentose phosphate pathway, 6-phospho- 

gluconic dehydrogenase and phosphohexose isomerase were a l l  p resen t in 

r e l a t i v e l y  s m a l l  amounts in  o ld  c e l l s  compared to  young c e l l s .  These 

enzymes are o ften  used as markers in  the age f ra c t io n a t io n  o f  c e l l s  by 

d ens ity  c e n t r i fu g a t io n .

The reduced  l e v e l  o f  g l y c o l y s i s  in  o ld  c e l l s  a l s o  l e a d s  t o  th e  

a c c u m u la t io n  o f  sodium io n s  ( B e r n s te in ,  1959) and c a lc iu m  (L aC elle  e t  

a l . ,  1972) because th e re  i s  not enough ATP to  fu e l  t h e i r  r e sp e c t iv e  Na/K 

ATPase and Ca/Mg ATPase a c t iv e  t ra n s p o r t  mechanisms. A summary o f  the  

changes reported  to  occur on ^  vivo aging o f  e ry th ro cy tes  a re  in  Table 

1 .
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Table 1. E ry throcyte  Aging In Vivo

OBSERVED CHANGE REFERENCE

Loss o f  phospholipid 
Loss o f  c h o le s te ro l  
Increased  s p e c i f ic  g rav ity  
Increased  osmotic f r a g i l i t y  
Decreased defo rm ability  
Decreased a c t iv i ty  o f  s p e c i f i c  enzymes 
Increased  sodium content 
Increased calcium content

Prankerd, 1958 
P h i l l ip s  e t  a l . , 1969 
Borun ^  a l . , 1957 
Simon & Topper, 1957 
LaCelle & Arkin, 1970 
Rose & O'Connell, 1964 
Prankerd, 1958 
LaCelle e t  a l . , 1972

The a l t e r a t io n  o f  the  e ry th ro cy te  membrane w ith c e l l u l a r  aging i s  

b e l i e v e d  to  occu r  by a complex mechanism which i s  - in f lu e n c e d  bo th  by 

i n t r i n s i c  e ry th rocy te  f a c to rs  and fa c to rs  o f  the  vascu la r  system.

Kay (1975) o b se rv ed  t h a t  i s o l a t e d  macrophages could d i f f e r e n t i a t e  

between mature and senescent e ry th ro cy te s  obtained through th e  s e le c t iv e  

b in d in g  o f  im m unoglobulin  G m o le c u le s  to  o ld  e r y t h r o c y t e s .  T h is  

antibody binding was fu r th e r  demonstrated by Tannert e t  a l . ,  (1977) who 

o b se rv ed  the  a g g l u t i n a t i o n ,  by a n t i g l o b u l i n  a n t i s e r u m ,  o f  e n r ic h e d  

senescent e ry th ro cy tes  aged in vivo. Kay (1980) i so la te d  an antigen  from 

th e  s u r f a c e  o f  e r y t h r o c y t e s  which was o n ly  e x h ib i t e d  on s e n e s c e n t  

e r y t h r o c y t e s .  The mechanism o f  th e  a u to a n t ib o d y  r e c o g n i t io n  o f  t h e  

senescent antigen has been shown to  be s p e c i f i c a l ly  d ire c te d  through the 

Fab r e g io n  (Kay, 1979). The m acrophage s u b se q u e n t ly  b in d s  to  th e  Fc 

r e g io n ,  exposed on th e  c o a te d  re d  c e l l s ,  t o  i n i t i a t e  p h a g o c y to s is  

(Berken & Benacerraf, 1966). Exposure o f  t h i s  c ry p t ic  an tigen , during in 

vivo aging o f  the  e ry th ro cy tes  may involve the  re le a se  o f  s i a l i c  acid , 

g ly c o p e p t id e s ,  membrane v e s i c l e s  o r  r e s u l t  from changes in  th e  

c y to s k e le to n .  I n i t i a l l y  th e  o v e r a l l  changes in  c o m p o s i t io n  o f  th e  

membrane components during in  vivo aging were thought to  be confined to
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th e  a c t io n  o f  a n e u ra m in id a s e  (Danon e t  a l . ,  1971). However, B a x te r  & 

Beeley (1978) observed the  lo ss  o f  o th e r  carbohydrates, includ ing  s i a l i c  

acid , from the  g lycopro te in  and g ly c o l ip id  components o f  the  e ry th ro cy te  

membranes from o ld  e r y t h r o c y t e s .  S i a l i c  a c id  was a l s o  o b se rv ed  to  be 

lo s t  in th e  form o f  g lycopeptides (Balduini eb a l . ,  1974). Therefore i t  

would seem l i k e l y  to  s u g g e s t  t h a t  e i t h e r  th e  p r o t e o l y s i s  o f  th e  

e r y t h r o c y t e  g ly c o c a ly x  r e v e a l s  a h i t h e r t o  unexposed antigen  or d i r e c t  

hyd ro lys is  o f  one membrane component produces th e  senescence antigen.

A l t e r n a t i v e l y ,  Lu tz  e t  a l . ,  (1977a) su g g e s te d  t h a t  changes  in  th e  

s t ru c tu re  o f  the  cy toske le ton  produced  a f t e r  A T P -d ep le tio n  a l t e r s  th e  

a s s o c i a t i o n  o f  band 3 in  th e  membrane. F r e e z e - f r a c t u r e  e l e c t r o n  

m ic ro g ra p h s  r e v e a le d  p a i r i n g  o f  t h e  in tram em b ran e  p a r t i c l e s  in  th e  

v i c i n i t y  o f  v e s i c l e  p r o t r u s i o n s  suggesting  major c y to sk e le ta l  p ro te in  

rearrangem ents in  th e  r e d i s t r ib u t io n  o f  intramembrane p a r t i c l e s  during 

v é s ic u la t io n  (Lutz ^  a l . ,  1977b). Intramembrane p a r t i c le s  a re  believed 

to  be m u l t im e r i c  fo rm s o f  band 3 which may be a s s o c i a t e d  w i th  o th e r  

membrane p ro te in s  (E lgsae te r  & Branton, 1974).

1 .4 .2  E ry throcyte  Aging In  V itro .

Erythrocytes  deple ted  o f  glucose v i t r o  undergo changes in  t h e i r  

c e l l u l a r  morphology from normal d iscocy te s  to  echinocytes and then to  

spherocytes. Weed e t  a l . ,  (1969) e s ta b lish e d  th a t  e ry th ro cy tes  in  v i t r o  

req u ire  ATP to  m ain ta in  normal shape and d efo rm ab ili ty .  They observed 

th a t  e f f e te  e ry th ro cy tes  leak potassium, accumulate sodium and calcium 

io n s ,  and r e l e a s e  membrane v e s i c l e s  d u r i n g  t h e i r  s h a p e  c h a n g e  

transfo rm ation  to  echinocytes and then spherocytes. These v e s ic le s  were 

found to  be d e f i c i e n t  in  s p e c t r i n ,  s u g g e s t in g  a d e c re a s e  in  th e  

i n t e r a c t i o n  betw een c y t o s k e l e t a l  s p e c t r i n  and th e  i n t e g r a l  membrane 

p r o t e in  band 3 (Lutz e t  a l . ,  1977a). Moreover P a lek  e t  a l . ,  (1976)
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rep o rted  the  occurrence o f  s p e c t r in  aggregates in  spherocytes  obtained  

in  v i t r o .

There has been no d i r e c t  evidence o f  v és ic u la t io n  occurring  during 

the  ^  vivo shape t ra n sfo rm a tio n  o f  e ry th ro cy te s  which would account for 

th e  d e c re a s e  in  membrane l i p i d  o f  s e n e s c e n t  c e l l s .  However, a r e c e n t  

study by Bocci e t  a l . ,  (1980) in d ica ted  th a t  the  tra n s fu s io n  o f  r a t  and 

human e ry th ro cy te  v e s ic le s  in to  r a t s  r e su l te d  in t h e i r  c lea rance  from 

th e  c i r c u l a t i o n  ( h a l f - l i f e  2 t o  8 m in ,) .  T h is  su g g e s te d  t h a t  th e  f a s t  

s e q u e s t r a t i o n  r a t e s  may acco u n t  f o r  th e  l a c k  o f  th e  i d e n t i f i c a t i o n  o f  

e ry th ro cy te s  v e s ic le s  occurring  ùr v iv o .

A T P - d e p l e t i o n  o f  b lo o d  s t o r e d  f o r  t r a n s f u s i o n  p u rp o se s  i s  

asso c ia ted  w ith d isc -sp h e re  t ra n sfo rm a tio n ,  lo ss  o f  membrane, decrease 

in  c r i t i c a l  h a e m o ly t ic  volume and a s t r i k i n g  i n c r e a s e  in  c e l l u l a r  

r i g i d i t y  which i s  r e f le c te d  by in c r e a s e d  v i s c o s i t y  and d e c re a se d  c e l l  

f i l t e r a b i l i t y  ( H a r a d in  ^  a l . , 196 9 ) .  Im proved  s u r v i v a l  a f t e r

r e s t o r a t i o n  o f  c e l l u l a r  ATP, w hich r e s u l t s  from in c u b a t io n  w i th  

a d e n o s in e ,  i s  n o t  a s s o c i a t e d  w i th  any r e v e r s a l  o f  th e  l i p i d  l o s s  o r  

increased  c r i t i c a l  haem olytic  volume. Therefore th e  chances o f  the  c e l l s  

su rv iv ing  a f t e r  t ra n s fu s io n  i s  g r e a t ly  decreased a f t e r  prolonged s to rage  

because o f  the  increased  occurrence o f  these  i r r e v e r s ib l e  changes.

1 .4 .3  Haemolytic Syndromes Associated with Liver D isease.

In  p a t i e n t s  w i th  liver* d i s e a s e  re d  c e l l s  become t a r g e t - l i k e  in  

appearance due to  the a c q u is i t io n  o f  and excess o f  both c h o le s te ro l  and 

phospholipid in to  t h e i r  membranes from plasma l ip o p ro te in s  (Cooper e t  

a l . ,  1972). Target e ry th ro cy te s  a re  defined as corpuscles  w ith  a c e n tr a l  

rounded area o f  pigmented m a te r ia l ,  surrounded by a c le a r  r in g  lacking  

p ig m e n t ,  o u t s i d e  o f  w hich i s  t h e  p igm en ted  b o rd e r  o f  t h e  c e l l .  T h is
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phenomenon o c c u rs  in  p a t i e n t s  w i th  v a r io u s  form s o f  l i v e r  d i s e a s e s  

i n c l u d i n g  h e p a t i t i s ,  c i r r h o s i s  and o b s t r u c t i v e  j a u n d i c e .  The 

p h o s p h o l ip id  i n c r e a s e  i s  l a r g e l y  c o n f in e d  to  l e c i t h i n .  In  s e v e r a l  

p a t ie n ts  s tud ied  to  d a te  membrane f l u i d i t y  was found to  be normal as a 

r e s u l t  o f  the  a c q u is i t io n  o f  both c h o le s te ro l ,  which decreases  f l u i d i t y ,  

and l e c i t h i n ,  which in c reases  f l u i d i t y  (Neerhout, 1968).

I n c r e a s e s  in  l i p i d  c o r r e l a t e  w i th  i n c r e a s e s  in  membrane s u r f a c e  

area as measured by a concomitant increased  r e s i s ta n c e  to  osmotic shock 

(Cooper, 1972). In th e  absence o f  congestive  splenomelagy t a r g e t  c e l l s  

su rv ive  normally (Cooper & Jandl , 1968).

Spur c e l l  anaem ia  s te m s  from a p r im a ry  d i s o r d e r  o f  p lasm a 

l i p o p r o t e i n s  and r e s u l t s  in  th e  in c r e a s e d  c h o l e s t e r o l  c o n te n t  o f  

e r y t h r o c y t e  membranes (Cooper, 1969). I t  o c c u rs  in  some p a t i e n t s  w i th  

severe l i v e r  d isea se ,  u su a lly  a lc o h o l ic  c i r r h o s i s  (Smith £ t  a l . ,  1964), 

but i t  has a lso  been observed in  neonata l h e p a t i t i s  ( B a l i s t r e r i  ^  a l . ,  

1980). Most p a t i e n t s  show no symptoms o f  t h e i r  anaem ia u n l e s s  

haem atocr it  values are  l e s s  than 20% (v/v). R e ticu locy tes  in c rease  from 

the  normal 1% (v/v) o f  the  t o t a l  e ry th ro cy te  count, to  a maximum o f  15%. 

The d isease  i s  g en era l ly  chronic and f a t a l  but spontaneous rem ission  has 

been known. S a lv io l i  ^  a l . ,  (1978) reversed  the  abnormal morphology o f  

t a r g e t  and spur c e l l  e ry th ro cy te s  a f t e r  the  in fus ion  o f  po lyunsatura ted  

phosphatidy lcholine  in to  p a t ie n ts .

The sp u r  c e l l  e r y t h r o c y t e s  a r e  b i z a r r e l y  s p i c u l a t e d  and undergo 

p re m a tu re  d e s t r u c t i o n  p r i m a r i l y  in  th e  s p le e n .  F ig u re  5 shows an 

e l e c t r o n  m ic ro g rap h  o f  e r y t h r o c y t e s ,  w ith the  acanthocyte morphology, 

taken from a p a t ie n t  w ith abe ta lipopro te inaem ia  . I t  dem onstrates  the  

occurrence o f  i r r e g u la r  thorny p ro je c t io n s  on th e  c e l l s  g iv ing  them an
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abnormal morphology which i s  id e n t i c a l  to  spur c e l l s .  Spur c e l l s  have a 

51cr h a l f - l i f e  o f  approxim ately  6 days (Cooper e t  a l . ,  1974). Membrane 

p h o s p h o l ip id s  a r e  no rm a l and c h o l e s t e r o l  i s  in c r e a s e d  by 25 t o  65%, 

however, th e re  i s  a d isp ro p o r t io n a te  in c rease  in  the  membrane l e c i t h i n  

conten t.  This change in  membrane c h o le s te ro l  r e s u l t s  in an in c rease  o f  

the  c h o le s te ro l /p h o sp h o lip id  molar r a t i o  to  a maximum value o f  1.60.

C l i n i c a l  and e x p e r im e n ta l  o b s e r v a t io n s  have e v a lu a te d  sp u r  c e l l  

anaem ia as an a c q u i r e d  e r y t h r o c y t e  membrane phenomenon s in c e  n o rm a l 

t ra n sfu sed  e ry th ro cy te s  develop t h i s  abnorm ality  (S ilb e r  ^  a l . ,  1966). 

The a c q u is i t io n  o f  c h o le s te ro l  by th e se  c e l l s  i s  thought to  take  p lace  

v i a  th e  exchange d i f f u s i o n  from p lasm a  low d e n s ity  l ip o p ro te in s  (LDL) 

which possess th e  abnormally h igh c h o le s te ro l /p h o sp h o lip id  molar r a t i o .  

T h is  phenomenon has  been re p ro d u c e d  in  v i t r o  by Cooper (1969) when he 

incubated normal com patib le e ry th ro cy te s  w ith  serum from a p a t ie n t  w ith 

spur c e l l  anaemia and found th a t  the  membrane ch o le s te ro l /p h o sp h o lip id  

molar r a t i o  increased . In a d d it io n ,  c h o le s te ro l - r i c h  liposomes, prepared 

by s o n ic a t i o n  o f  l a r g e  am ounts o f  c h o l e s t e r o l  and l e c i t h i n ,  have an 

e f f e c t  on norm al c e l l s  w hich i s  s i m i l a r  to  th e  sp u r  c e l l  serum . Under 

a l l  t h e s e  c o n d i t i o n s ,  i n c r e a s e s  in  th e  ch o le s te ro l /p h o sp h o lip id  molar 

r a t i o  o f  re d  c e l l  membranes l e d  to  a d e c r e a s e  in  membrane f l u i d i t y .  

However, the  complete morphological transfo rm ation  o f  normal c e l l s  to  

s p u r  c e l l s  i s  r e p o r t e d  o n l y  t o  t a k e  p l a c e  in  t h e  s p l e e n .  O nly  

e c h in o c y t i c  e r y t h r o c y t e s  w ere o b se rv e d  by Cooper (1969) when norm al 

e r y t h r o c y t e s  w ere in c u b a te d  w i th  sp u r  c e l l  p lasm a . Evidence t o  th e  

con tra ry  was reported  by Smith e t  a l . ,  (1964) who formed spur c e l l s  in  

v i t r o  using normal red c e l l s  and spur c e l l  plasma.

Thus c h o le s te ro l  and l e c i t h in ,  involved in the  p rev io u s ly  mentioned 

membrane d iso rd e rs ,  are  not only the  most exchangeable o f  the  major red
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c e l l  l i p i d s ;  b u t  t h e s e  membrane com ponents a l s o  undergo th e  g r e a t e s t  

q u a n t i ta t iv e  change in l i v e r  d ise a se .

1 .4 .4  Haemolytic Syndromes not a sso c ia ted  with L iver D isease.

Haemolytic anaemias can be c l a s s i f i e d  as  c o n g e n i t a l  o r  a c q u i r e d ;  

th e y  may a l s o  be d i s t i n g u i s h e d  a c c o rd in g  to  w h e th e r  th e  c o r p u s c u la r  

d e s tru c t io n  occurs as a function  o f  c e l l  age or re g a rd le s s  o f  c e l l  age.

Congenital abeta lipopro te inaem ia  produces e ry th ro cy tes  which are 

morphologically  id e n t ic a l  to  spur c e l l s  and are  termed acanthocytes. The 

te rm  r e f e r s  s p e c i f i c a l l y  to  th e  th o rn y - s h a p e d  re d  c e l l s  found in  

p a t ie n ts  w ith  a h e re d i ta ry  absence o f  low d en s ity  (beta) l ip o p ro te in ,  as 

f i r s t  described by Bassen and Kornzweig (1950). However th e  acanthocyte 

c h e m is t r y  i s  d i s t i n c t i v e l y  d i f f e r e n t  from t h a t  o f  sp u r  c e l l s .  T h e ir  

c h o l e s t e r o l / p h o s p h o l i p i d  m o lar  r a t i o  i s  more o r  l e s s  norm al b u t  th e y  

c o n ta in  more sp h in g o m y e lin  and l e s s  l e c i t h i n  in  t h e i r  membranes. 

Enrichment o f  acanthocytes w ith  sphingomyelin a t  the  expense o f  l e c i t h in  

r e s u l t s  in  an o v e r a l l  d e c re a s e  in  membrane f l u i d i t y  o f  a m ag n itu d e  

s i m i l a r  to  t h a t  o f  sp u r  c e l l  membranes. M oreover, t h e  c i r c u l a t o r y  

su rv iv a l  o f  acanthocytes i s  alm ost normal.

A v a r i e t y  o f  l i p i d  a b n o r m a l i t i e s ,  a r i s i n g  from an i n c r e a s e  o f  

c h o l e s t e r o l  in  t h e  red  c e l l  membrane, have been d e s c r ib e d .  In  

p a r t i c u l a r ,  a d e f i c i e n c y  in  th e  l e c i th in :c h o le s te r o l  a c e ty l t r a n s f e ra s e  

leads to d iso rd e rs  o f  the  membrane ch o le s te ro l .  The lack o f  t h i s  enzyme, 

which e s t e r i f i e s  plasma c h o le s te ro l ,  leads to  the  accumulation o f  f re e  

c h o le s te ro l  in the  c i r c u la t io n  (Godin e t  a l . , 1978).

H ereditary  spherocy tosis  i s  probably the most common example o f  a 

congen ita l haemolytic d iso rd e r  (Dacie, 1954). I t  i s  a form o f  jaundice
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c h a ra c te r ise d  by spherocy tosis  o f  the  c e l l s  which fragment more e a s i ly  

than normal when they are d i r e c t ly  (Smith ^  a l . ,  1975) or m e ta b o lic a l ly  

s tre s se d  (Cooper & Jand l,  1969). In v e s t ig a t io n  in to  the m olecular b a s is  

o f  s p h e ro c y te  membrane i n s t a b i l i t y  has  c o n c e n t r a te d  on t h r e e  m ajo r  

a r e a s ;  ca lc iu m  m e ta b o l ism ; p r o t e i n  phosp h o ry la tio n  and th e  m olecular 

i n t e r a c t i o n s  be tw een  th e  s t r u c t u r a l  p r o t e i n s  o f  t h e  m em b ra n es  

(V alentine, 1977; Z a il ,  1977).

S ick le  c e l l  anaemia a r i s e s  from d e fec ts  in the  m olecular s t ru c tu re  

o f  haemoglobin (Pauling e t  a l . ,  1949). However, in s ic k le  c e l l  anaemia, 

i t  i s  c l e a r  t h a t  membrane damage p la y s  an im p o r ta n t  r o l e  in  t h e  

pathology r e s u l t in g  from t h i s  g en e tic  defec t .  When s ic k le  c e l l s  become 

deoxygenated they assume b iz a r re  shapes caused by the  c r y s t a l l i s a t i o n  o f  

th e  i n t e r n a l  h a e m o g lo b in .  Upon r e o x y g e n a t i o n ,  t h e  h a e m o g lo b in  

re d is so lv e s  and most o f  the  c e l l s  resume a normal shape but 5 to  50% may 

remain i r r e v e r s ib ly  s ic k le d ,  r ig id  and in c u r  perm anen t a l t e r a t i o n s  o f  

t h e i r  membranes (Brew er, 1980). I t  i s  th o u g h t  t h a t  th e  c i r c u l a t i o n  o f  

membrane-damaged, r ig id  and i r r e g u l a r  shaped e r y t h r o c y t e s  r e s u l t s  in  

vascu lar occlusion. These events are  d i r e c t ly  r e la te d  to  the  d iscom fort 

and p a in ,  in v o lv in g  a l l  p a r t s  o f  th e  body, in  i n d i v i d u a l s  w i th  t h i s  

anaemia (Chien e t  a l . ,  1970).

The nature  and damage to  the  membranes in the  i r r e v e r s ib ly  s ick led  

c e l l s  may involve ab n o rm a lit ie s  o f  calcium metabolism. I t  has been shown 

t h a t  d u r in g  s i c k l i n g  th e  norm al r e l a t i v e  im p e r m e a b i l i ty  o f  th e  

e ry th ro cy te  membrane to  calcium changes to  l e t  calcium in to  the  c e l l s  

(Eaton ^  a l . ,  1973) and more haemoglobin binds to  the inner su rface  o f  

the  membrane (Palek £b a l . ,  1971).

1 .4 .5  Immunoglobu1in G Binding to  E ry th ro cy te s .
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Immune h a e m o ly t ic  anaem ia i s  d e f in e d  as an a c q u i re d  anaem ia 

r e s u l t i n g  from p re m a tu re  d e s t r u c t i o n  o f  red  c e l l s  by th e  p re se n c e  o f  

a n t ib o d y  a n d /o r  com plem ent on th e  re d  c e l l  s u r f a c e .  C l a s s i f i c a t i o n  

schemes have gen era lly  cen tred  around th e  e tio lo g y  or pathophysiology o f  

the  d iso rd e r  (Wintrobe, 1974). Secondary cases may a r i s e  from a v a r ie ty  

o f  u n d e r ly in g  d i s o r d e r s  o f  th e  e r y t h r o c y t e  membrane and u l t i m a t e l y  

r e s u l t  in  th e  a c c e l e r a t e d  s e n e sc e n c e  and premature d e s tru c t io n  o f  the  

e r y t h r o c y t e  ( E n g e l f r i e t  ^  a l . ,  1974). One p o in t  o f  i n t e r e s t ,  which 

a r i s e s  from the  binding o f  antibody and complement to  e ry th ro cy te s ,  was 

discovered by Campbell e t  a l . ,  (1979). They demonstrated an in c re se  o f  

the  i n t r a c e l l u l a r  f ree  calcium ions , from the  r e s t in g  le v e l  o f  O.ljuM to  

25juM, when r e - s e a l e d  p igeon  e r y t h r o c y t e  g h o s ts  w ere in c u b a te d  w i th  

r a b b i t  a n t ib o d y  and g u in e a - p ig  com plem ent. W hether th e  com plem ent 

induced increase  in  i n t r a c e l l u l a r  calcium concen tra tion  m ediates o th e r  

c e l l u l a r  changes, with eventual c e l l  l y s i s ,  i s  unknown.

As d i s c u s s e d  in  s e c t i o n  1.4.1 th e  im m une-m ediated  c l e a r a n c e  o f  

e r y t h r o c y t e s  may a l s o  be in v o lv e d  in  th e  s e q u e s t r a t i o n  o f  s e n e s c e n t  

e ry th ro cy tes  which have aged normally ^  v iv o .

1.5 AIMS OF THE PRESENT STUDY.

The aim of  t h i s  study was to  in v e s t ig a te  the  p ro p e r t ie s  o f  enzymes 

in human e ry th rocy tes  which might be involved in producing changes o f  

the  red c e l l  morphology. A tten tion  was focused on the  phosphatases and 

p r o te a s e s  t o g e t h e r  w ith  th e  r o l e  o f  c a lc iu m  in  m o d u la t in g  b o th  th e  

a c t i v i t i e s  o f  these  enzymes and th e i r  a s so c ia t io n  with th e  membrane.

Abnormally shaped e ry th ro cy te s ,  from an in d iv id u a l w ith spur c e l l  

anaemia, were s tud ied  in p a r a l l e l  w ith the  in v e s t ig a t io n s  c a r r ie d  out on 

normal e ry th ro cy tes .
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2. MATERIALS

D ie th y la m in o e th y l  c e l l u l o s e  (DEAE) was o b ta in e d  from Whatman 

Biochemical Company Ltd., Maidstone, Kent.

Bovine serum albumin p ro te in  s tandard so lu tio n  was obtained from 

Armour Pharmaceutical Company, Phoenix, Arizona, U.S.A.

C a r r i e r  f r e e  [ ^ ^ ^ I ] - io d i n e  was o b ta in e d  from th e  R ad io ch em ica l 

Centre, Amersham.

H ep a r in ,  th e  ty p e  used  f o r  R u b e lla  Haematology t e s t s  (5000 

u n i ts /m l)  was obtained from Flow L abora to ries ,  U.K.

Sodium p h e n o b a rb i to n e  ( s a g a t a l )  was o b ta in e d  from May and Baker 

Ltd., Dagenham, England.

High and low  m o l e c u l a r  w e i g h t  c a l i b r a t i o n  k i t s  f o r  g e l  

e le c tro p h o re s is  were obtained from Pharm acia  F ine  C hem ica ls ,  U ppsala , 

Sweden.

T r i to n - X - 1 14, 2 ,5 -d ip h e n y lo x a z o le ,  dim ethylsulphoxide and o r th o -  

phenanthroline hydrate  were obtained from Koch Light L abora to ries  Ltd., 

Bucks, Kent.

U l t r a f i l t r a t i o n  membranes (U.M.10) were o b ta in e d  from Amicon , 

L ex in g to n ,  Mass., U.S.A.

Casein, iodoacetamide, acrylamide and N,N"’-m ethylenebis-acry lam ide 

were obtained from BDH Laboratory Chemical Devision, Poole, Dorset, U.K.
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Pyronin Y was obtained from G.T. Gurr, London, U.K.

P h e n y lm e th y ls u p h o n y l f lu o r id e ,  para-chlorom ercuribenzoate , N-<x-p- 

to sy l -L - ly s in e  c h lo ro m e th y l  k e to n e ,  2 ,3 - d ih y d r o x y - 1 ,4 , - d i t h io b u ta n e ,  

t r y p s i n  (EC.3.4 .21.4), bov ine  serum a lbum in  ( f r a c t i o n  V), N - c h lo ro -p -  

to lu e n e - su lp h o n a m id e  ( c h lo ra m in e  T), p - n i t r o p h e n y lp h o s p h a te ,  2[N- 

m o rp h o l in o ]e th a n e  s u lp h o n ic  ac id , adenosine 5’- tr ip h o sp h a te ,  adenosine

2,5 diphosphate, 2,3 d iphosphoglycerate , s t r e p to m y c in  s u lp h a t e ,  b en zy l  

p e n i c i l l i n ,  haem oglob in  ( f r a c t i o n  I V ) , ^ ^ - c h o l e s t e n - 3 - o l ,  Coomassie 

b r i l l i a n t  b lue R, Triton-X -100, c e l lu lo s e ,  S igm acell (type 50), Tween- 

20, human im m unoglobin G and h o r se  r a d i s h  p e ro x id a s e  ( ty p e  VI) were 

obtained from Sigma Chemical Company, St. Louis, M issouri, U.S.A.

M i c r o - E l i s a  p l a t e s  (N IC -2000)  w e re  o b ta in e d  from Dynatech 

L aboratories  Incorporated , Alexandria, V irg in ia , U.S.A.

O ther r e a g e n t s  were o f  A nala r  g rad e  and o b ta in e d  from BDH, 

Laboratory Chemical D iv ision , Poole, Dorset, U.K.

2.1 METHODS

2.2 Separation and c h a ra c te r is a t io n  o f  Erythrocytes.

Normal human e ry th ro cy tes  were obtained from in d iv id u a l  vo lun teers  

by v en ep u n c tu re .  Spur c e l l  human e r y t h r o c y t e s  w ere p ro v id e d  from a 

p a t i e n t  by Dr. P. M i l l s  a t  th e  G a s t ro e n te r o lo g y  U n it ,  Glasgow Royal 

I n f i r m a r y .  Rat b lood was w ith d raw n  from th e  a n t e r i o r  vena cava a f t e r  

in t r a p e r i to n e a l  in je c t io n  o f  heparin  (100 u n i ts /m l  blood). The r a t s  were 

p rev iously  anaes th e tised  in an e th e r  j a r  to  allow the a d m in is tra t io n  of 

h e p a r in  and a l e t h a l  dosage o f  s a g a t a l  (1.0ml f o r  250-300g o f  body 

w e ig h t) .
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H e p a r in i s a t io n  (100 u n i t s / m l  b lood)  o r  d e f ib r in a t io n  was used to  

prevent blood coagula tion . D ef ib r in a t io n  was accomplished using one 5mm 

g la ss  bead per m i l l i l i t r e  o f  blood. The sample was shaken continuously , 

b u t  g e n t ly  u n t i l  t h e  f i b r i n  c l o t  formed on th e  beads  (5 m in .) .  The 

e ry th ro cy te s  and serum were decanted from the  g la ss  beads.

The removal o f  leucocytes  from blood samples was achieved by one o f  

th e  fo l lo w in g  t h r e e  m ethods. The e f f i c i e n c y  o f  each  method was 

d e te rm in e d  by c o u n t in g  th e  r e m a in in g  w h i te  c e l l s  a f t e r  s t a i n i n g  in  

OÀX c r y s ta l  v io le t  so lu t io n  (weight d isso lved  in 1.5% a c e t ic  acid) to  ly se  

th e  re d  c e l l s .  The b lood  was d i l u t e d  1 in  20 u s in g  a Thoma red  c e l l  

p i p e t t e  and th e  w h i te  c e l l s  w ere co u n ted  in  an im proved Neubauer 

haemocytometer.

The plasma, buffy  coa t o f  w hite c e l l s  and p l a t e l e t s  were removed by 

a s p i r a t io n  a f t e r  c e n tr i fu g a t io n  o f  th e  blood sample a t  800g fo r  10 min. 

a t  4®C. The e r y t h r o c y t e s  w ere re su sp e n d e d  in  a b u f f e r  w hich c o n ta in e d  

5mM phosphate pH 7.4 and 150mM sodium ch lo r id e  (PBS 7.4) fo r  a t o t a l  o f  

four washes. A fter each c e n tr i fu g a t io n  the  su rface  c e l l s  o f  the  packed 

e r y t h r o c y t e s  were a l s o  a s p i r a t e d .  T h is  p ro c e d u re  was based  on t h a t  o f  

F a i rb a n k s  £ t a l_ . ,  (1971).

The method o f  Tükës and Chambers (1975) was employed in  th e  

m a jo r i ty  o f  the  e ry th ro c y te  e x p e r im e n ts  which r e q u i r e d  th e  e f f i c i e n t  

removal o f  leucocytes  s ince  le s s  o f  the  w hite c e l l s  remained a f t e r  using 

t h i s  method. A 30ml volume o f  e r y t h r o c y t e s  (50% v /v )  in  PBS 7.4 was 

poured in to  a 50ml s t e r i l e  syringe (with a c lose  end) con ta in ing  loose ly  

packed cotton  wool and g la ss  wool up to  the  50ml mark. The syringe was 

s e a le d  a t  th e  to p  end and in c u b a te d  in  a w a te r  b a th  f o r  30min a t  37°C.
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The e ry th rocy te  suspension was emptied under g ra v i ty  and th e  remaining 

c e l l s  were washed o u t  u s in g  PBS 7.4 (50ml) a t  37^0. The re d  c e l l s  were 

th en  c e n t r i f u g e d  and th e  to p  l a y e r  o f  packed c e l l s  was removed by 

a s p i r a t i o n .

The method o f  B e u t l e r  al.-, (1976) was adop ted  fo r  some o f  th e  

experim ents, A sample o f  f re sh ly  drawn human blood was d e f ib r in a te d  and 

washed four tim es in i so to n ic  sodium ch lo r id e  so lu t io n  (150mM) a f t e r  

a s p ir a t io n  o f  the  serum. The e ry th ro cy te s  were then resuspended in  th e  

iso to n ic  so lu t io n  (50% v/v). A m ixture o f  m ic ro c ry s ta l l in e  c e l lu lo s e  and 

© /-c e l lu lo s e  (eq u a l  p a r t s  by d ry  w e ig h t)  was made up in  i s o t o n i c  s a l i n e  

s o l u t i o n  and poured i n t o  a 5ml p l a s t i c  s y r in g e  w i th  a c lo s e d  end. The 

s y r in g e  was p lugged  w i th  a s m a l l  amount o f  c o t to n  wool to  h o ld  in  th e  

c e l l u l o s e  and th e  d im en s io n  o f  th e  column was 1.6cm x 1.2cm ( i .d . ) .  The 

e ry th ro cy te  suspension (up to  20ml) was passed through th e  column w ith a 

f low  r a t e  o f  a p p ro x im a te ly  0 .8m l/m in . The re m a in in g  re d  c e l l s  w ere 

washed out w ith  th e  iso to n ic  s a l in e  so lu t io n  (10ml). The c e l l s  were then 

cen tr ifu g ed  and the  top lay e r  o f  packed c e l l s  was removed by a s p ira t io n .

2.3 P repara tion  o f  E ry throcy te  Ghosts.

E rythrocyte  ghosts were prepared according to  the  method o f  Steck 

e t  a l . ,  (1970). Packed re d  c e l l s  (1.5ml) were ly se d  in  25ml o f  5mM 

sodium dihydrogen orthophosphate b u f fe r  ad justed  w ith sodium hydroxide 

to  pH 8.0, m a in ta in e d  a t  4°C in  c e n t r i f u g e  tu b e s .  Sam ples were 

cen tr ifuged  a t  17,000g for 20 min. a t  4°C. This process was repeated  for 

a minimum o f  f i v e  w ashes. The g h o s ts  were made up t o  3ml in  l y s i s  

b u f fe r ,  giving a suspension o f  approxim ately 3mg p ro te in /m l.

The p e l l e t  o f  red c e l l  membranes can be divided in to  two d i s t i n c t  

f ra c t io n s .  The top f r a c t io n  o f  ghosts  are  le s s  densely packed than the



33

bottom  hard  " b u t to n "  f r a c t i o n .  A lthough F a irb a n k s  ^  a l . ,  (1971) 

suggested th a t  the  "button" o r ig in a te d  from the  membranes o f  leucocy tes , 

Baxter (1975) found th a t  the  "button" a lso  contained membranes o f  aged 

e r y t h r o c y t e s .  In some e x p e r im e n ts  th e  top  and "b u t to n "  g h o s t  su b 

f r a c t i o n s  were i s o l a t e d  as s e p a r a t e  sam p les .  F a i rb a n k s  e t  a l . ,  (1971) 

recommended t h a t  th e  f i r s t  " b u t to n " ,  which formed in  th e  e r y t h r o c y t e  

membrane p e l l e t ,  be d iscarded  to  remove leucocyte membranes.

P h e n y l m e t h y l s u l p h o n y l f l u o r i d e  (PMSF) was u s e d  a t  a f i n a l  

concen tra tion  o f  ImM to  i s o l a t e  ghosts fo r gel e le c tro p h o re s is  s tu d ie s .  

The se r in e  p ro tease  in h ib i to r  was d isso lved  in dimethylsulphoxide (DMSO) 

to  g iv e  a s to c k  s o l u t i o n  o f  lOOmM w hich was a l i q u o te d  and s to r e d  a t  -  

20°C.

2.4 Erythrocyte Phosphatase Assays.

2.4.1 Para-Nitropheny 1 Phosphate s u b s t r a t e .

Assays were c a r r i e d  o u t  in  a f i n a l  volume o f  1,5ml in  a r e a c t i o n  

m ixture conta in ing  5mM para-n itrophenylphosphate  (PNPP), 0,5mM magnesium 

c h lo r id e  and 30mM T ris -h y d ro ch lo r ic  acid b u ffe r  pH 7.4 (Tris-HCl, 7.4) 

along w ith  lOOpl o f  enzyme so lu t io n .  Blanks without enzyme or s u b s t r a te  

and a zero tim e co n tro l  were employed.

The reac t io n  was i n i t i a t e d  by the  add it ion  o f  200pl o f  37.5mM PNPP 

to  the  samples which were e q u i l ib ra te d  to  37°C in a heated water bath. 

A fter a 1h incubation period the  re a c t io n  was term inated  by the add it io n  

o f  200jjil o f  t r i c h lo r o a c e t ic  acid  so lu t io n  (33% w/v). The con ten ts  o f  th e  

tubes were vigorously  mixed and cen tr ifuged  a t  800g fo r  10 min a t  4°c. 

An a l i q u o t  o f  1.0ml o f  th e  s u p e r n a t a n t  was mixed w i th  2.0ml o f  0.2M 

sodium hydroxide so lu t io n  to  develop the  colour. Values were recorded as 

a change in  ab so rb an ce  a t  418nm. A f te r  th e  d e d u c t io n  o f  a p p r o p r i a t e
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c o n t r o l  v a lu e s  th e  r e s u l t s  w ere c a l c u l a t e d  as s p e c i f i c  a c t i v i t i e s  

(c h a n g e  in  a b s o r b a n c e / h / m g  p r o t e i n ) .  T h e se  and a l l  s u b s e q u e n t  

c o l o r i m e t r i c  a s sa y s  were p e rfo rm ed  in  d u p l i c a t e  and m easured  in  a 

Beckman D.B. s p e c t ro p h o to m e te r .  The s p e c i f i c  a c t i v i t i e s  in  some c a s e s  

were c o n v e r te d  to  nanom oles o f  PNP/min/mg p r o t e in  u s in g  th e  m olar  

e x t in c t io n  c o e f f ic ie n t  o f  PNP (€  =18000).

2.4.2 [32p]_cagein S ubstra te

Phosphatase assays were a lso  performed using C ^^Pl-labelled  casein  

as th e  s u b s t r a t e .  T h is  m a t e r i a l  had a s p e c i f i c  a c t i v i t y  of430,000 cpm 

p er  mg o f  p r o te in  and was s to r e d  as a s o lu t i o n  in  50mM T ris -H C l pH 7.5 

b u ffe r  con ta in ing  60mM e t h y l e n e d i a m i n e t e t r a c e t i c  a c id  (EDTA). A ssays 

were c a r r i e d  o u t  in  E ppendorf tu b e s  in  a f i n a l  volume o f  60jul. The 

re a c t io n  m ixture con ta in ing  Tris-HCl pH 7.5 (50mM), magnesium ch lo r id e  

(BmM) and s u b s t r a t e  (20jul) was a l lo w e d  to  e q u i l i b r a t e  a t  37®C, in  a 

heated water bath, before the  add it ion  o f  the  enzyme so lu t io n  (4 ^ 1 ) .

Incubation was fo r  30 min. a t  37^0 and the re a c t io n  was stopped by 

th e  a d d i t i o n  o f  100^1 o f  c o ld  t r i c h l o r o a c e t i c  a c id  s o l u t i o n  (15% w/v) 

and 100/ j I  o f  c o ld  b o v in e  serum a lbum in  s o lu t i o n  (0.6% w /v). The tu b e  

contents  were v igorously  mixed and placed in ice  for 10 min. to  maximise 

p r e c i p i t a t i o n .  A f te r  c e n t r i f u g a t i o n  o f  th e  sam ples  in  an Eppendorf 

m ic ro fu g e  a t  15,000g f o r  2 m in., an a l i q u o t  (200jul) o f  th e  s u p e r n a t a n t  

was added to  2.0ml o f  the  T r i to n :to lu en e  (1 volume o f  Triton-X-114 to  2 

volumes o f  to luene) s c i n t i l l a t o r  con ta in ing  4mg of 2,5-diphenyloxazole 

per l i t r e .  A blank w ithout enzyme and a zero tim e c o n tro l  were employed 

and a l l  sam ples  w ere a ssay ed  in  d u p l i c a t e .  V alues were re c o rd e d  as  

c o u n t s  p e r  m i n u t e s  (cpm) u s i n g  an I n t e r t e c h n i q u e  S.L.30 l i q u i d  

s c i n t i l l a t i o n  s p e c t ro p h o to m e te r .  A f te r  th e  d e d u c t io n  o f  a p p r o p r i a t e  

c o n t r o l  v a lu e s  th e  r e s u l t s  were c a l c u l a t e d  as s p e c i f i c  a c t i v i t i e s
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(cpm/mg p ro te in ) . This method i s  an adap ta tion  from the work o f  Antoniw 

e t  a l ,, (1971 ).

2,5 Assessment o f  Phosphatase A c t iv i t i e s  in  Erythrocytes

Both o f  th e  p h o sp h a ta se  a s s a y  sy s te m s  were used to  m easure  th e  

a c t i v i t i e s  o f  e r y t h r o c y t e  membrane and c y to so l ic  enzymes. A liquots o f  

the  e ry th rocy te  phosphatases were used to  asses  the  l i n e a r i t y  o f  product 

r e le a se  as a function o f  tim e and o f  enzyme concen tra tion .

The pH o p tim a  were e s t im a te d  f o r  human and r a t  e r y t h r o c y t e  PNPP 

p h o s p h a t a s e  a c t i v i t i e s  u s i n g  t h e  f o l l o w i n g  b u f f e r s  a t  a 20mM 

concen tra tion , w ith a 0.5pH u n i t  i n te rv a l .  The b u ffe r  systems employed 

were ; -

pH 4.0-5.5 Acetic acid/sodium ace ta te .

6 .0 -6 .5  M o rp h o l in o e th a n e s u lp h o n ic  a c i d  (M E S )/sod ium  

hydroxide.

7 .0 -9 .0  T r is /h y d ro c h lo r ic  ac id .

In h ib i t io n  s tu d ie s  were a lso  performed on membrane and cytoplasm ic 

PNPP p h o sp h a ta se s  o f  norm al and sp u r  c e l l  human e r y t h r o c y t e s .  T h is  

in v o lv e d  th e  u se  o f  a v a r i e t y  o f  compounds known to  m o d u la te  th e  

a c t i v i t y  o f  p h o s p h a ta se s .  For s a l t s  occun lng  in  e r y t h r o c y t e s ,  f o r  

example ATP and ADP, the  concen tra tions  employed were in the  range known 

to  occur in normal human e ry th ro cy tes .

The membrane PNPP phosphatases were compared between normal c e l l s ,  

spur  c e l l s  and norm al c e l l s  which had p r e v io u s ly  been in c u b a te d  in  

norm al o r  sp u r  c e l l  p lasm a. Normal c o m p a t ib le  e r y t h r o c y t e s  were 

in c u b a te d  w ith  th e  p lasm a (50% v /v )  in  a h e a te d  w a te r  b a th  f o r  24h a t  

37®C. Aseptic techniques were used to  avoid b a c te r i a l  contam ination.
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2.6 E rythrocyte  N eutral P ro tease  Assay.

Protease assays were performed using [* '^^ I]- labe lled  casein  as the 

s u b s t r a t e  which was s to r e d  as  a s o l u t i o n  (5mg p r o t e in / m l )  in  a pH 7.4 

b u ffe r  containing 50mM Tris-HCl and lOOmM sodium ch lo r id e  (TBS 7.4). The 

r e a c t i o n  m ix tu re  was in  a f i n a l  volume o f  10OyUl with 50mM TBS 7.4 

(contain ing  p e n ic i l l i n  10,000 u n i t s /m l  and streptom ycin  lOmg/ml), lOpl 

o f  s u b s t ra te  ( sp e c if ic  a c t i v i t y  2x10^cpm/mg p ro te in )  and 2 ^ 1  o f  enzyme 

s o lu t io n .

The reac t io n  was i n i t i a t e d  by the  add ition  o f  the  s u b s t r a te  and the  

in c u b a t io n  was c a r r i e d  o u t  in  a h e a te d  w a te r  b a th  fo r  1h a t  37°C. 

Termination o f  the  p ro te in  hydro lys is  was achieved by the  add it ion  o f  

10C]ul o f  cold t r i c h lo r o a c e t i c  acid so lu t io n  (15% w/v) and lOQul o f  cold 

bovine serum albumin so lu t io n  (0.6% w/v). The tube con ten ts  were mixed 

th o ro u g h ly  and p la c e d  in  i c e  f o r  10 min.. A f te r  c e n t r i f u g a t i o n  in  an 

E p p e n d o r f  m i c r o f u g e  a t  1 5 ,0 0 0 g  f o r  2 m in . ,  e a c h  o f  t h e  t o t a l  

superna tan ts  were t r a n s fe r re d  in to  counting v ia l s  w ith  caps and counted 

using an L.K.B. Wallac 1275 Minigamma counter, A blank enzyme and a zero 

t im e  c o n t r o l  were used in  each a s sa y  and a l l  sam ples  were examined in  

t r i p l i c a t e .  Values were recorded as counts per minute (cpm). A fter the  

su b tra c t io n  of the  ap p ro p ria te  c o n tro ls  the  values were expressed as a 

s p e c i f ic  a c t iv i ty  e i th e r  as cpm/h/mg p ro te in  or ng t ry p s in  a c t iv i ty /m g  

p ro te in .  A try p s in  s tandard curve o f  0,10,20,50 and lOOng of t ry p s in  per 

assay tube was employed in each assay.

2.7 Assessment o f  P ro te o ly t ic  A c t iv i t i e s  in Erythrocytes.

The a s sa y  system  was used  to  m easure th e  a c t i v i t i e s  o f  whole 

e ry th ro cy tes ,  e ry th rocy te  membranes and cytoplasmic enzymes. Aliquots o f  

the  e ry th ro cy te  p ro teases  were a lso  used to  assess  the  l i n e a r i t y  o f  the
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product re le a se  with re sp e c t  to  tim e and enzyme concen tra tion .

I n t a c t  e r y t h r o c y t e s  (10^ c e l l s )  were used to  d e te rm in e  th e  

p r o t e o l y t i c  a c t i v i t y  lo c a t e d  on th e  o u t s i d e  o f  th e  membranes. The 

co n tro l  involved th e  incubation  o f  10^ e ry th ro cy tes ,  under the  normal 

assay cond itions , fo r  1h a t  37°C in  the  absence of the  su b s t ra te .  A fter  

c e n t r i f u g a t i o n ,  a t  800g f o r  10 min, a t  4°C, th e  s u p e r n a t a n t  from t h i s  

red  c e l l  in c u b a t io n  was a s say ed  and th e  v a lu e  was s u b t r a c t e d  from th e  

p ro te o ly t ic  a c t i v i ty  measurement made on 10^ c e l l s  incubated w ith  the  

su b s tra te .  This c o n tro l  value accounted fo r  any leakage o f  cytoplasm ic 

p ro teases  from c e l l s  which may have lysed.

V a r ia t io n  o f  a c t i v i t y  w i th  pH was examined in  human e r y t h r o c y t e  

membranes and cytoplasm. The pH p r o f i l e  fo r  human leucocyte  membrane was 

a lso  measured. This was achieved by assaying (a) mixed e ry th ro cy te  and 

leucocyte  membranes, and (b) homogeneous e ry th rocy te  membranes, through 

a range o f  50mM b u f fe r s  (contain ing  lOOmM sodium ch lo r ide )  covering a 

wide pH ran g e .  S u b t r a c t io n  o f  th e  pH c u rv e s ,  (a ) - (b )  gave t h e  pH 

a c t i v i t y  p r o f i l e  o f  le u c o c y te  membrane p r o te a s e s .  The b u f f e r  sy s tem s  

employed were:

pH 2 .5 -3 .0  C i t r i c  acid/Disodium hydrogen orthophosphate.

4 .0 -5 .0  Acetic acid/sodium a c e ta te .

6 .0 -  Succinic acid/sodium hydroxide.

7 .0 -8 .0  T r is /h y d ro c h lo r ic  ac id .

9 .0  Boric acid/sodium hydroxide.

I n h i b i t i o n  s t u d i e s  were c a r r i e d  o u t  on e r y t h r o c y t e  membrane and 

cy to so l ic  p ro teases . Various s u b s t r a te s ,  known to  e f f e c t  the  c a t a ly t i c  

a c t i v i t y  o f  p r o te a s e s ,  were t e s t e d  in  th e  a s sa y  s o lu t i o n .  A ll  o f  th e  

t e s t  substances were prepared as concentrated  stock so lu t io n s  and were
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p r e - in c u b a te d  in  th e  a s sa y  sy s tem  w ith  th e  enzyme f o r  30 min. a t  22^0 

before the  add it ion  o f  th e  su b s tra te .

2.8 I s o la t io n  and P u r i f ic a t io n  o f  E rythrocyte  C ytosolic  P ro teases .

This method i s  an abbrev ia ted  version  o f  t h a t  devised by Pontremoli 

e t  a l . ,  (1980) to  i d e n t i f y  th e  p r o t e o l y t i c  a c t i v i t i e s  l o c a te d  in  th e  

c y to so l ic  compartment o f  mature human e ry th rocy tes .  The r a d io - la b e l le d  

[ 125f ] - c a s e i n  s u b s t r a t e  was used  to  assay  the p ro te o ly t ic  a c t i v i t y  in 

t h i s  system.

A 20ml sam ple  o f  f r e s h l y  drawn human b lood was d e f i b r i n a t e d  and 

made f re e  o f  leucocytes using the  method o f  B eutler  e t  a l . ,  (1976). The 

c e l l s  were ly se d  by t h r e e  c y c le s  o f  f r e e z in g  and th aw in g .  A f te r  

c e n t r i f u g a t i o n  a t  10,000g in  a 8x50ml f ix e d  a n g le  r o t o r  f o r  1h a t  5°C, 

th e  f r a c t i o n  ( c o n ta in in g  ab o u t 2.8g o f  haem oglobin) was d i l u t e d  w ith  

25mM sodium p h o sp h a te  b u f f e r  pH 6,5 to  r e a c h  a f i n a l  c o n c e n t r a t i o n  o f  

28mg o f  haemoglobin/ml. A fter  the  d i lu t io n  the pH was ad justed  back to  

6.5. D ie th y la m in o e th y l  c e l l u l o s e  (DEAE), which had been p r e v io u s ly  

e q u i l ib ra te d  in 25mM sodium phosphate b u ffe r  pH 6.5 (column b u ffe r ) ,  was 

added (lOg wet w eight/g  haemoglobin) w ith constan t s t i r r i n g  a t  5^C. The 

suspension was then f i l t e r e d  on a Büchner funnel and the  ion exchanger 

was t r a n s f e r r e d  o n to  a column 10cmx2.2cm ( i .d .)  and s u b m i t te d  to  

e x te n s iv e  w ashing  in  column b u f f e r .  E lu t io n  was o b ta in e d  w i th  0.5M 

sodium c h l o r id e  s o l u t i o n  in  column b u f f e r  (50ml). The e f f l u e n t  

con ta in ing  a l l  o f  the  p ro te o ly t ic  a c t i v i t y  was pooled and concentrated  

to  10ml by u l t r a f i l t r a t i o n  on an Amicon D iaflow  UM.10 membrane 

and d i a ly s e d  ex ten s iv e ly  ag a in s t  50mM sodium phosphate b u ffe r  pH 6.5.
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The p ro te o ly t ic  a c t i v i t y  and p ro te in  concen tra tion  was assayed a t  

v a r io u s  s ta g e s  th ro u g h o u t  th e  p u r i f i c a t i o n  p ro c e d u re .  The s p e c i f i c  

a c t i v i t y  o f  th e  p r o te a s e s  was e x p re s se d  as ng t r y p s i n  a c t i v i t y / m g  

p r o te in ,

2.9 P ro te in  e s tim a tio n .

All p ro te in  determ ina tion  of e ry th rocy te  ghosts were c a r r ie d  out by 

a s l i g h t  m o d i f i c a t i o n  o f  Lowry e t  a l . ,  (1951), u s in g  bov ine  serum 

album in  as a s ta n d a rd .  The p ro c e d u re  was m o d if ie d  u s in g  th e  a n io n ic  

d e t e r g e n t  sodium dodecy l s u lp h a t e  (SDS), in  a f i n a l  c o n c e n t r a t i o n  o f

0.5% (w/v) in  th e  1.0ml sam ple  volume. This  d e t e r g e n t  was in c lu d e d  to  

enhance the  s o lu b i l i s a t io n  o f  e ry th ro cy te  membrane p ro te in s .

2.10 Phosphorylation o f  Casein.

[ 3 2 p ]_ i a b e l l e d  c a s e in  was a g i f t  from Dr. H.G. Nimmo. I t  was 

p re p a re d  u s in g  th e  method o f  Antoniw e t  a l . ,  (1971). The s p e c i f i c  

a c t i v i t y  o f  the s u b s t r a te  was approximately 420,000 cpm/mg protein(6m g/m l).

2.11 Chloramine-T lo d in a t io n  o f  Casein.

The chloramine-T method was used to  iod in a te  the  casein  s u b s t r a te  

a c c o rd in g  to  th e  d e t a i l s  p u b l ish e d  by H unter and Greenwood (1962). A 

2 0 ^ 1  a l i q u o t  o f  c a s e in  s o l u t i o n  (5mg p r o t e in / m l )  and 1 0 ^ 1  o f  

chloramine-T so lu t io n  (1 mg/ml) were t r a n s fe r r e d  to  a sm all tube and th e  

i o d i n a t i o n  was im m e d ia te ly  i n i t i a t e d  by th e  a d d i t i o n  o f  400juCi o f  

[ 125i ] _ io d in e  ( 4 ^ 1 ) .  A l l  o f  th e  c h e m ic a l  s o l u t i o n s  used in  t h i s  

re a c t io n  were disso lved  in PBS 7.4. The re a c t io n  was allowed to  proceed 

f o r  1 min. a t  22®C, a f t e r  th o ro u g h  m ix in g , and was t e r m in a t e d  by th e  

add it ion  of 10(^1 o f  sodium m etab isu lp h ite  (1 mg/ml) so lu t io n  d isso lved  

in  PBS 7.4. The m ix tu re  was th en  p assed  down a G-25 sephadex column 

(25cm X 1.5cm), e q u i l ib ra te d  in PBS 7.4, to  remove the  unreacted



40

io d in e .  The f i r s t  [ ] - i o d i n e  peak was pooled  and d i a ly s e d  a g a i n s t  

50mM TBS 7.4 and d i lu te d  w ith  cold casein  so lu t io n  to  ob ta in  a r a t i o  o f  

1:10 o f  r a d i o - l a b e l l e d  to  n o n - l a b e l l e d  c a s e in .  The s u b s t r a t e  was h e a t  

denatured (10 min/IOO^C), r a p id ly  cooled and a liquo ted  for s to rag e  a t  -  

20^0 .

T ra c e s  o f  c o n ta m in a t in g  p r o te a s e s  p r e s e n t  in  th e  c a s e in  w hich 

survived the  heat d én a tu ra tio n  could be in a c t iv a te d  by the  add it ion  o f  

io d o a c e ta m id e .  A f te r  th e  r a d i o - l a b e l l e d  s u b s t r a t e  was d i a ly s e d  and 

d i lu te d  with cold case in , the  so lu t io n  was made 50mM w ith iodoacetamide 

and l e f t  in  th e  d ark  f o r  1h a t  22^0. The sam ple was a g a in  d i a l y s e d , . t o  

remove the excess iodoacetamide, and hea t denatured, made in to  a l iq u o ts  

and s to r e d  f ro z e n  (-20°C). T h is  m o d i f i c a t i o n  was found to  red u ce  th e  

background o f  th e  s u b s t r a t e  m a t e r i a l .  The s p e c i f i c  a c t i v i t y  o f  th e  

[ 2 5 i  ] - c a s e i n  s u b s t r a t e ,  a f t e r  d i l u t i o n  w i th  c o ld  c a s e in ,  was 

approximately 2x10^ cpm/mg p ro te in .

2.12 D e te rm in a t io n  o f  C h o le s t e r o l  and P h o sp h o l ip id  in  E r y th r o c y te  

Membranes.

C h o l e s t e r o l  and p h o s p h o l i p i d  w e re  e x t r a c t e d  from  i n t a c t  

e ry th rocy tes  according to  the  method o f  Rose and Oklander (1965). Packed 

ery th rocy tes  (0.5ml), a f t e r  thorough washing, were mixed with 0.5ml of 

cold water to  achieve ly s i s .  Isopropanol (0.5ml) was added to  the  sample 

and l e f t  fo r  1h a t  22^C, a f t e r  which c h lo ro fo rm  (3.5ml) was added and 

l e f t  fo r  a f u r t h e r  hour a t  22^C. The f o l lo w in g  sam ples  were a l i q u o te d  

a f t e r  the m ixture was cen tr ifu g ed  to  remove the  in so lu b le  m a te r ia l :

1. C holes tero l de te rm ina tion  2.0ml in t r i p l i c a t e .

2. Lipid Phosphorus de term ina tion  1.5ml in d u p lica te .

Acid t r e a t e d  t e s t  tu b e s  were used  f o r  th e  l i p i d  phosphorus  a s sa y  

and a l l  the samples were dried  down under reduced pressure .
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All c h o le s te ro l  de te rm ina tions  o f  e ry th rocy te  membranes were made 

a c c o rd in g  to  th e  method o f  Z l a t k i s  ^  , (1953). L ip id  phosphorus

d e t e r m in a t io n s  were c a r r i e d  o u t  a c c o rd in g  to  th e  method o f  B a r t l e t t  

(1959).

2.13 F la t  Bed Polyacrylamide Gel E lec trophoresis .

Flad bed gel e le c tro p h o re s is ,  using the  discontinuous b u ffe r  system 

o f  Laemmli (1970), was employed to  analyse the p ro te in  banding p a t te rn s  

o f  e r y t h r o c y t e  membranes. E l e c t r o p h o r e s i s  was c a r r i e d  o u t in  th e  

p re se n c e  o f  0.1% (w/v) sodium d o decy l s u lp h a te  (SDS) and two ty p e s  o f  

gel apparatus were employed. The f i r s t  apparatus had a ge l dimension o f  

20x20x0.1cm w ith  a c a p a c i t y  f o r  tw e lv e  sam p les .  The second s m a l l e r  

apparatus of Amos (1976) was adopted because i t  produced a much sharper 

r e so lu t io n  o f  the  p ro te in  bands. The gel dimension was 7x7x0.15cm with 

th e  c a p a c i ty  o f  seven  t r a c k s  f o r  sam ple  lo a d in g .  The e l e c t r o p h o r e s i s  

cond itions  and method o f  sample p rep ara tio n  were id e n t ic a l  fo r  each type 

o f  g e l  a p p a r a tu s .  The membrane sam ple  (40^g p r o te in )  was in  a f i n a l  

volume o f  approximately 30jul con ta in ing  50mM Tris-HCl pH 8.8 b u ffe r ,  15% 

(w/v) sucrose, 2% (w/v) SDS, 50mM d i t h i o t h r e i t o l  and lOOng o f  pyronin Y, 

as f i n a l  c o n c e n t r a t i o n s .  The sam p les  w ere h e a te d  f o r  2 min. a t  100°C 

followed by 30 min. a t  37®C.

The s tacker gel was a 5% acrylam ide so lu t io n  which contained 0.1 M 

Tris-HCl pH 6.8 b u f fe r  and the  main separa tion  gel was a 9% acrylam ide 

s o l u t i o n  c o n t a i n i n g  0.4M T r i s - H C l  b u f f e r .  The r a t i o  o f  N ,n "'- 

m ethylenebisacrylam ide to  acrylamide in  the  stock so lu tio n  was 1 to  38. 

The r e s e r v o i r  b u f f e r  was 25mM T r i s - g ly c in e  pH 8.8 so lu t io n  conta in ing  

0.1 % SDS, and the ge ls  were run a t  a constan t cu rren t  o f  15mA a t  22^C.
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E l e c t r o p h o r e s i s  c a l i b r a t i o n  k i t s  o f  h ig h  (330,000 t o  18,500) and 

low (94,000 to  14,400) m o le c u la r  w e ig h t  ran g es  were used to  c a l i b r a t e  

the  gel systems. By p lo t t in g  the  r e l a t i v e  m ob ili ty  o f  each p ro te in  (with 

r e s p e c t  to  th e  dye f r o n t )  a g a i n s t  t h e  lo g a r i th m  o f  m o le c u la r  w e ig h t ,  

m olecular weight values fo r  o ther  p ro te in s  were obtained.

High Molecular Weight C a lib ra t io n  K it

PROTEIN MOLECULAR WEIGHT ( s u b u n i t )

Thyroglobulin 669,000 (330,000)
F e r r i t i n  440,000 (18,500)
Catalase 232,000 (60,000)
L acta te
Dehydrogenase 140,000 (36,000)
Albumin 67,000 (67,000)

Low Molecular Weight C a l ib ra t io n  K it

PROTEIN MOLECULAR WEIGHT

Phosphorylase b 94,000
Albumin 67,000
Ovalbumin 43,000
Carbonic anhydrase 30,000
Trypsin in h ib i to r  20,100
o<-Lactalbumin 14,400

S ta in in g  and f i x i n g  o f  t h e  p r o t e i n s  i n t o  th e  p o ly a c ry la m id e  g e l  

were achieved s im ultaneously  using an overnight soaking in a so lu t io n  

c o n ta in in g  0.05% (w/v) Coom assie b lue in a c e t ic  ac id :isopropano l:w ater  

m ix tu re  (1 :25:1.5 by volum e). T h is  was fo l lo w e d  by a second s t a i n  o f  

0,005% (w/v) Coom assie b lu e  in  a c e t i c  a c id : i s o p r o p a n o l :w a te r  m ix tu re  

(1:1:3 by volume) which in v o lv e d  so ak in g  th e  g e l  f o r  6 t o  9 h o u rs .  

Destaining was accomplished using sev e ra l  changes o f  a 10% (v/v) a c e t ic  

acid s o lu t io n .

2.14 I s o la t io n  o f  Antiserum.

A ntiserum  to  human im m unoglobin l i g h t  c h a in s  was o b ta in e d  from
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S t u a r t  C la rk  o f  th e  B io c h e m is t ry  D epartm en t a t  th e  U n i v e r s i t y  o f  

S tra th c ly d e ,  Glasgow. The serum was p r e c ip i ta te d  w ith 14% (w/v) sodium 

s u lp h a t e  added in  th e  s o l i d  form. The serum (2ml) was c e n t r i f u g e d  a t  

17,000g fo r  10 min. a t  22°C. The p e l l e t  was resuspended in a so lu t io n  o f  

14% (w/v) sodium su lpha te  and again cen tr ifuged . The second p e l l e t  was 

resuspended in 0.9% (w/v) sodium ch lo r id e  so lu t io n .  The co ncen tra tion  o f  

the  antiserum  so lu t io n  was ad justed  to  15mg p ro te in /m l by r e l a t in g  the  

ab so rb an ce  o f  th e  s o l u t i o n  a t  280nm to  a s ta n d a rd  s o l u t i o n  o f  human 

immunoglobin (1mg p ro te in /m l) .  This p rep ara tio n  was used in an assay to  

d e te c t  immunoglobin m olecules. The antibody molecules were coupled to  

Horse r a d i s h  p e ro x id a s e  to  q u a n t i t a t e  th e  m easurem ent o f  human 

immunoglobin-G  u s in g  th e  e n z y m e - l in k e d  im m uno-so rben t a s sa y  (ELISA) 

according to  the  method o f  Engvall and Perlmann (1971).

2.15 Enzyme Linked Immuno-sorbent Assay (ELISA).

A ll o f  the  immunological reagen t used in  t h i s  assay was provided by 

S t u a r t  C la rk  o f  th e  B io c h e m is t ry  D epartm en t a t  th e  U n iv e r s i t y  o f  

S t r a t h c l y d e  in  Glasgow. He e s t a b l i s h e d  t h i s  a s sa y  f o r  th e  s p e c i f i c  

d e tec t io n  o f  human antibody l i g h t  chain molecules (lambda and kappa): he 

followed the method o f  Avrameas (1969) fo r  conjugating the  enzyme to  the 

a n t ib o d y  m o le c u le s  and th e  method o f  E n g v a ll  and Perlm ann (1971) to  

q u a n t i ta te  the  assay. However i t  was necessary  to  adapt t h i s  technique 

to  d e te c t  antibody molecules in th e  presence o f  the  non-ionic  de te rg en t 

Triton-X-100. The de te rg en t (0.1% v/v) was used to  s o lu b i l i z e  antibody 

molecules from e ry th ro cy te  membranes.

An a l iq u o t  o f  10(^1 o f  coating  antibody so lu t io n  (15mg/ml), d i lu te d  

1:400 in 0.2M Tris-HCl pH 9.0 b u f fe r ,  was added to  each w ell  o f  a m icro- 

E l i s a  p l a t e  and in c u b a te d  o v e r n ig h t  a t  4°C. The p l a t e  was th en  washed 

tw ice  w ith  0.2M Tris-HCl pH 7.4 b u ffe r  con ta in ing  0.19M sodium ch lo r id e
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(Tris-wash bu ffe r) ;  once w ith  T ris-w ash  b u ffe r  con ta in ing  0.05% Tween-20 

(Tris-Tween b u ffe r ) ;  once w ith Tris-w ash b u ffe r  and d ried  thoroughly by 

shaking.

The sam ple (10(^1) d i s s o lv e d  in  PBS 7.4 was added to  each  w e l l  in  

t r i p l i c a t e  and incubated fo r  30 min. a t  22^C. The t r a y  was then emptied 

and washed fo u r  t im e s  in  T r is -T w een  b u f f e r  and d r ie d  th o ro u g h ly .  Then 

1 0 ^ 1  o f  th e  c o n ju g a te d  a n t ib o d y  (Horse r a d i s h  p e ro x id a s e )  s o l u t i o n  

(12.5jJg p r o t e in / m l )  was added to  each w e l l  and in c u b a te d  to  30 min. a t  

22°C. The t r a y  was emptied and washed four t im es, using th e  Tris-Tween 

b u f f e r ,  and d r i e d  th o ro u g h ly .  An a l i q u o t  (lOOjjl) o f  th e  s u b s t r a t e  

so lu t io n  o f  ortho-phenylene diamine (0.4mg/ml o f  0.2M phosphate c i t r a t e  

bu ffe r  pH 6.0) con ta in ing  0.0075% (v/v) hydrogen peroxide, was added to  

each  w e l l .  The r e a c t i o n  was a l lo w e d  t o  p roceed  in  th e  d a rk  f o r  30 min. 

a t  22°C and was s to p p ed  by th e  a d d i t i o n  o f  5(^1 o f  2M s u lp h u r i c  a c id .  

The absorbance o f  each w e ll  sample was measured a t  492nm using a Flow 

T i te r te k  Multiskan spectrophotom eter.

A s ta n d a rd  c u rv e  was in c lu d e d  u s in g  0 to  lOOOng o f  human IgG 

so lu t io n  fo llow ing s e r i a l  d i lu t io n  o f  a stock so lu t io n  (Img p ro te in /m l) .  

The Flow Multiskan spectrophotom eter was blanked a g a in s t  empty w ells .  

All e ry th rocy te  membrane samples were in a f in a l  co ncen tra tion  o f  0.1% 

(v/v) Triton-X-100 d isso lved  in PBS 7.4. They were i n i t i a l l y  d isso lved  

in  1.0% (v /v )  T r i to n -X -1 0 0  and l e f t  f o r  30 min. a t  22°C and th e n  

c e n t r i f u g e d  to  remove any d e b r i s .  The s u p e r n a t a n t s  were removed and 

d i l u t e d  one in  t e n  t o  re d u c e  th e  d e t e r g e n t  c o n c e n t r a t i o n .  S ta n d a rd  

cu rv e s  were p re p a re d  in  th e  p re s e n c e  and absence  o f  th e  d e t e r g e n t  and 

the values were compared.
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3. RESULTS

3.1 Separation  o f  Leucocytes from E ry th rocy tes .

The e f f i c i e n c y  o f  th e  rem oval o f  le u c o c y te s  was a s s e s s e d  by 

c o u n t in g  th e  w h i te  c e l l s  r e m a in in g  in  e r y t h r o c y t e s  i s o l a t e d  by t h r e e  

m ethods. The te c h n iq u e  o f  F a i rb a n k s  e t  a l . ,  (1971), which in v o lv e d  th e  

removal of the  buffy coat by a s p i r a t io n ,  l e f t  approximately 18% o f  th e  

l e u c o c y te s ;  th e  c o t t o n / g l a s s  wool a d s o rp t io n  te c h n iq u e  o f  Tokës and 

Chambers (1975) l e f t  a p p ro x im a te ly  5% o f  th e  l e u c o c y te s ;  and th e  ion  

exchange ch rom atog raphy  te c h n iq u e  o f  B e u t l e r  e t  a l . ,  (1976) l e f t  l e s s  

t h a n  0.5% o f  t h e  l e u c o c y t e s  i n  t h e  b lo o d  s a m p l e s .  R e c o v e ry  o f  

e ry th ro cy tes  from each o f  the  th re e  methods was not le s s  than 95%.

To i n v e s t i g a t e  th e  p o s s i b l e  in f lu e n c e  o f  l e u c o c y te s  in  t h e  

p h o sp h a ta se  and p r o te a s e  a s sa y  sy s te m s  th e  b u f fy  c o a t  o f  w h ite  c e l l s  

w ere l e f t  in  some o f  t h e  b lood  sam p les  to  s e rv e  as e x p e r im e n ta l  

c o n t r o l s .

3.2 Spur Cell E ry th ro cy te s .

Spur c e l l  anaemia stems from a d iso rd e r  o f  plasma l ip o p ro te in  which 

g iv e s  r i s e  to  i n c r e a s e d  membrane c h o l e s t e r o l  c o n te n t  c a u s in g  a 

sp icu la ted  (acanthocyte) appearance o f  the  e ry th rocy tes  (Cooper, 1978). 

The term spur c e l l  i s  derived from the  presence o f  the  i r r e g u la r  thorny 

p ro je c t io n s  or spurs which occur on these  c e l l s .

A naly tica l r e s u l t s  provided by th e  Haematology d e p a r tm e n t  in  th e  

Glasgow Royal In firm ary  quoted the  p a t ie n t  as having a haemoglobin lev e l  

o f  6.86% (w /v); a r e t i c u l o c y t e  co u n t o f  3% and a h a e m a to c r i t  o f  

approximately 30%. The p a t ie n t  was a male Caucasian, aged 57. He was an 

a lco h o lic  but stopped d rink ing  a f t e r  he became jaundiced. A l i v e r  biopsy
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confirmed the  severe c i r r h o t i c  condition  o f  h is  t i s s u e ,  and the  onset o f  

sp u r  c e l l  anaem ia was i d e n t i f i e d  in  Ja n u a ry  1980. The p a t i e n t  a l s o  

s u f f e r e d  from sp le n o m e la g y  and h ep a to m e lag y  and l i v e r  f a i l u r e  was 

diagnosed on the  death o f  th e  p a t ie n t  seven months l a t e r .

The r e s u l t s  o f  t h e  c h o l e s t e r o l / p h o s p h o l i p i d  m o la r  r a t i o  

d e t e r m in a t i o n s  u s in g  norm al and sp u r  c e l l  e r y t h r o c y t e s  a r e  shown in  

T ab le  2. Spur c e l l  e r y t h r o c y t e s  had an in c r e a s e d  c h o l e s t e r o l  c o n te n t  

(146% ) c o m p a r e d  t o  c o n t r o l  l e v e l s .  T h i s  r e s u l t e d  i n  a 

c h o le s te ro l /p h o sp h o lip id  molar r a t i o  o f  1.26 (154% o f  the  c o n tro ls ) .  The 

mean value o f  th e  c h o le s te ro l /p h o sp h o l ip id  molar r a t i o  found fo r  four 

normal in d iv id u a ls  was 0.82. This compares w ith the  normal range o f  the  

c h o le s te ro l /p h o sp h o lip id  molar r a t i o  repo rted  by Cooper (1978) to  be 0.9 

to  1 .0 .

Table 2. Measurement o f  th e  C ho les te ro l/P hospho lip id  Molar R atio .

L e u co cy te s  w ere removed from b lood  sam p les  u s in g  th e  method o f  
Tôkés and Chambers (1975). The values in  p a ren th es is  denote the  number 
o f  s u b j e c t s  used . The d i f f e r e n c e  be tw een  d u p l i c a t e  a n a ly s e s  was l e s s  
than +5%. An average m olecular weight o f  750 was employed to  determ ine 
phospholipid co n cen tra tio n .

Membrane Sample CHOLESTEROL(+SD) PHOSPHOLIPID(+SD) C/PL
(umoles/mT (umoles/mT Molar r a t i o

packed c e l l s ) packed c e l l s )

Normal (4) 3.48 (+0.05) 4.23 (+0.20) 0.82

Spur Cell (1)* 5.00 3.98 1.26

*
average o f  two de term inations  in  d u p l ic a te

The membranes i s o la te d  from spur c e l l  e ry th ro cy te s  always contained 

a la rg e r  "button” f ra c t io n  o f  densely  packed ghosts  compared to  normal 

e ry th ro cy te  membranes. Analysis o f  th e  p ro te in  con ten t o f  membrane sub- 

f r a c t io n s ,  prepared from normal and spur c e l l  e ry th ro cy te s ,  are  shown in
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T ab le .  3. Almost fo u r  t im e s  as much o f  th e  t o t a l  membrane p r o t e in  was 

p resen t in the  spur c e l l  "b u tto n ” as th a t  found in the  normal "bu tton” .

Table 3. P ro te in  D is tr ib u t io n  in  Ery throcy te  Membrane S ub-F rac tions .

Leucocytes were removed from e ry th ro cy te  blood samples using th e  
method o f  Tokës and Chambers (1975). The t o t a l  number o f  su b je c ts  used 
are quoted in p a ren th es is .  The e r ro r  between d u p lica te s  in  the  assay was 
le s s  than +5%.

Blood Sample PERCENTAGE WEIGHT OF TOTAL
Membrane F raction MEMBRANE PROTEIN

Normal C ells  (2) Top Subject 1 73 Subject 2 84
"Button” 27 16

Spur C ells  (1) Top 16 40
"Button” 84 60

3.3 Spur Cell Serum Incubation  Experiment.

An experiment was c a r r ie d  out to  determ ine whether incubation  o f  

spur c e l l  serum and normal (B, Rh +ve) compatible e ry th ro cy tes  produced 

a change in  c e l l  shape. P er iod ic  examination o f  th e  e ry th ro cy te s ,  using 

phase  c o n t r a s t  m ic ro sc o p y ,  r e v e a le d  a change in  t h e  m orphology o f  t h e  

e ry th ro cy tes  which was not observed in  the  co n tro l  a f t e r  4h (Figure 6). 

At t h i s  s ta g e  th e  c e l l s  in  sp u r  c e l l  serum were p re d o m in a n t ly  

e c h in o c y te s ,  b u t  th e  no rm al serum c o n ta in e d  o n ly  a few e c h in o c y te s .  

A f te r  9h th e  no rm al serum c o n ta in e d  m a in ly  e c h in o c y te s .  N orm ally  

e ry th ro cy tes  have a smooth biconcave d isc  shape; echinocytes are  rounded 

c e l l s  w ith  sm all re g u la r  spikey p ro tru s io n s  on t h e i r  su rface  and spur 

c e l l s  have l a r g e  i r r e g u l a r  th o rn y  p r o j e c t i o n s  on t h e i r  s u r f a c e .  T h is  

spur c e l l  serum fa i le d  to  convert normal e ry th ro cy tes  to  spur c e l l s  but 

i t  did a c c e le ra te  the  form ation o f  echinocytes.
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3.4 Phosphatase A c t iv i t i e s  in  E ry th rocy tes .

The s u b s t r a t e  p - n i t r o p h e n y l  p h o sp h a te  (PNPP) was employed to  

m easure  th e  p r o p e r t i e s  o f  e r y t h r o c y t e  m e m b r a n e - a s s o c i a t e d  and  

cytoplasm ic phosphatases. F igure 7(a) shows th a t  the  re a c t io n  k in e t i c s  

o f  b o th  th e  membrane and c y t o s o l i c  enzymes a r e  f i r s t  o rd e r  o v er  a 

period o f  2h a t  37°C. Figure 7(b) d ep ic ts  the  change in  th e  r a t e  o f  PNPP 

hydro lys is  w ith  increasing  amounts o f  enzyme for both th e  membrane and 

c y t o s o l i c  p r e p a r a t i o n s .  R e le a se  o f  PNP was a l i n e a r  f u n c t io n  o f  th e  

amounts o f  e r y t h r o c y t e  l y s a t e  (up to  2mg p r o t e in )  and membrane 

d i s p e r s io n  (up to  O.Smg p r o t e i n )  used  when in c u b a te d  f o r  1h a t  37^C, 

S im ila r  cond itions  were employed fo r  a l l  PNPP phosphatase de te rm ina tions  

c a r r i e d  ou t on human o r  r a t  e r y t h r o c y t e s .  Rat e r y t h r o c y t e s  had h ig h e r  

phosphatase a c t i v i t i e s  and were used in  the  i n i t i a l  c h a ra c te r is a t io n  o f  

the  system.

A [3 2 p ]„ o a s e in  s u b s t r a t e  was used in  an a t t e m p t  to  m easure th e  

p ro p e r t ie s  o f  the  phosphoprotein phosphatases 6 f  e ry th ro cy te  membranes 

and l y s a t e s .  F ig u re  7 (c)  shows th e  k i n e t i c s  o f  h y d r o ly s i s  o f  th e  

phosphorylated casein  by the  membrane phosphatase to  be first order 

over a p e r io d  o f  30 min a t  37^0. The r e a c t i o n  was a l s o  shown to  be 

l i n e a r  fo r  two amounts o f  t h e  membrane d i s p e r s io n  (60jjg and 120^g 

p r o t e in ) .  F ig u re  7(d) shows th e  k i n e t i c s  o f  th e  p h o s p h o ry la te d  c a s e in  

hydro lys is ,  by the  ly sa te  phosphatases, to  be first order over a period 

o f  30 min a t  37^0. The r e a c t i o n  was a l s o  shown t o  be l i n e a r  f o r  two 

amounts o f  th e  l y s a t e  (4(^g and 60^g p r o t e in ) .  R e lea se  o f  l a b e l l e d  

t r i c h lo r o a c e t i c  acid so lub le  m a te r ia l  was found to  be a l in e a r  function  

o f  the  amounts o f  e ry th ro cy te  ly s a te  (up to  8(^g p ro te in )  and membrane 

d i s p e r s io n  (up to  120yug p r o t e in ) .  S i m i l a r  c o n d i t io n s  were employed in  

the determ ination o f  phosphoprotein a c t i v i t i e s  in human e ry th ro cy te s .
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3.5 pH Dependence o f  E ry throcy te  Phosphatases .

The a c t i v i t y  p r o f i l e  o f  the  PNPP phosphatases were measured over a 

wide range  o f  pH v a lu e s  u s in g  d i f f e r e n t  b u f f e r in g  sy s te m s .  Both th e  

membrane and c y t o s o l i c  p h o s p h a ta se s  o f  r a t ,  human and sp u r  c e l l  

e r y t h r o c y t e s  had pH o p tim a  o f  5.5 (F ig u re  8). There was an a p p a re n t  

s h o u ld e r  in  th e  a c t i v i t y  p r o f i l e  in  th e  pH 7.0 r e g io n .  T h is  e f f e c t  may 

have been produced as a r e s u l t  o f  the  change in the  type o f  b u ffe r  used 

a t  pH 7.0. A l te rn a t iv e ly  i t  could be an in d ic a t io n  th a t  more than one p -  

n itropheny l phosphatase a c t i v i t y  i s  p resen t in e ry th ro c y te s .

A lthough th e  p h o sp h a ta se  a c t i v i t y  was p re d o m in a n t ly  a c i d i c  in  

n a tu r e  th e  a s sa y  was c a r r i e d  o u t  a t  n e u t r a l  pH to  m easure  th e  enzyme 

which would be a c t i v e  i n s i d e  th e  e r y t h r o c y t e  a t  p h y s io l o g i c a l  pH. 

However i t  was e s s e n t i a l  to  c o n t r o l  th e  a s sa y  pH w ith  p a r t i c u l a r  c a r e  

s ince  the  value chosen did not correspond to  the optimum value fo r  the 

phosphatases .

3.6 D is tr ib u t io n  o f  E rythrocyte  Phosphatase A c t iv i t i e s .

The d i s t r ib u t io n  o f  the  PNPP p h o sp h a ta se  a c t i v i t i e s  was a s s e s s e d  

u s i n g  r a t  e r y t h r o c y t e s ,  n o r m a l  and a b n o rm a l  (sp u r  c e l l )  human 

e r y t h r o c y t e s  (Table  4), The [ ^ ^ P 1 -c a s e in  a c t i v i t y  d i s t r i b u t i o n  was 

m easured  on ly  u s in g  norm al human re d  c e l l s .  In  a l l  c a s e s  s tu d ie d ,  th e  

c y to p la s m ic  PNPP a c t i v i t y  co m p rised  g r e a t e r  th a n  95% o f  th e  t o t a l  

c e l lu l a r  a c t iv i ty .  Spur c e l l  membranes possessed almost four tim es as 

much membrane-associated phosphatase a c t i v i t y  as norm al c o n t r o l s .  Rat 

e ry th rocy tes  contained almost f iv e  tim es as much membrane-associated and 

cytoplasm ic a c t i v i t y  compared to  human e ry th rocy tes  but were not used 

for fu r th e r  experiments.
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Table 4, D is t r ib u t io n  o f  PNP Phosphatase A c t iv i t ie s  in  E ry th rocy tes .

L eu co cy te s  w ere removed from b lood  sam ples  u s in g  th e  method o f  
T5kés and Chambers (1975). The d if fe re n c e  between d u p l ic a te  analyses o f  
b o th  a s sa y s  was below +5%. The s ta n d a rd  d e v ia t i o n  was c a l c u l a t e d  f o r  
human e ry th rocy te  PNPP phosphatase a c t i v i t i e s  where f iv e  su b je c ts  were 
used . The v a lu e s  in  p a r e n t h e s i s  i n d i c a t e  th e  p e r c e n ta g e  o f  th e  t o t a l  
a c t i v i t y .

BLOOD SAMPLE PNPP-PHOSPHATASE* [32p] PHOSPHATASE+

RATt Membranes 600 (1.3%) ND
Lysates 44,000 (97.7%) ND

HUMAN Membranes 100+30 (0.1%) 30,000 (0.2%)
Lysates 9 ,000+2000 (99.9%) 14,700,000 (99.8%)

SPUR CELL* Membranes TOO (4.3%) ND
Lysates 9,000 (95.7%) ND

Results  expressed as nanomoles PNP/min/ml packed c e l l s  
+ Results  expressed as cpm/30min/ml packed c e l l s  

Average o f  two de term inations  in d u p lica te  
ND Not determined.

The s u b s t r a t e  PNPP i s  h y d ro ly se d  by a v a r i e t y  p h o sp h o p ro te in  

phosphatases, ATPases and o ther  phosphatases (Hui & Harmony, 1979) which 

a r e  p r e s e n t  in  t h e  e r y t h r o c y t e .  F o r  a m ore s p e c i f i c  a s s a y  o f  

p h o sp h o p ro te in  p h o s p h a ta s e s ,  which may be r e s p o n s i b le  fo r  s p e c t r i n  

d e p h o s p h o ry la t io n ,  th e  ] - c a s e i n  s u b s t r a t e  was employed. Although 

t h i s  s u b s t r a te  was a more s p e c i f ic  phosphoprotein phosphatase s u b s t r a te  

i t  was a l s o  s u s c e p t i b l e  to  p r o t e o l y t i c  d e g ra d a t io n  by th e  numerous 

membrane and c y t o s o l i c  p r o t e a s e s  (S e c t io n  3.12). When t h i s  became 

a p p a re n t  th e  use  o f  t h i s  s u b s t r a t e  was c u r t a i l e d .  The PNPP s u b s t r a t e ,  

although le ss  s p e c i f ic  than the  phosphorylated case in , was not a f fe c te d  

by p ro te ases ,

3 .7  Membrane A ssociation o f  Phosphatase A c t iv i t i e s .

To in v e s t ig a te  the  s t a b i l i t y  o f  the  a sso c ia t io n  between phosphatase 

a c t i v i t y  and e r y t h r o c y t e  membranes th e  enzyme s p e c i f i c  a c t i v i t y  

(nanomoles PNP/min/mg p ro te in )  was monitored a f t e r  repeated  washing o f
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the  ghosts . The study was c a r r ie d  out on th re e  membrane samples prepared 

from normal e ry th rocy tes  f ree  o f  leucocytes and on e ry th ro cy te s  lysed in  

the presence of 0.1 mM and I.OmM calcium ions.

T ab le  5 c o n ta in s  th e  r e s u l t s  o b ta in e d  from th e  p h o sp h a ta se  

d e t e r m in a t io n  c a r r i e d  o u t  on th e  t h r e e  sam ples  a f t e r  f i v e  h y p o to n ic  

washes and a f t e r  t h r e e  a d d i t i o n a l  h y p o to n ic  o r  i s o t o n i c  w ashes. They 

i n d i c a t e d  t h a t  th e  s p e c i f i c  a c t i v i t y  o f  th e  e r y t h r o c y t e  membrane 

decreased only s l i g h t l y  w ith repeated  hypotonic (6%) and iso to n ic  (21%) 

w ashes. P r io r  to  t h e s e  i n v e s t i g a t i o n s  in fo r m a t io n  c o n c e rn in g  th e  

s t a b i l i t y  o f  th e  membrane p h o sp h a ta se  a c t i v i t y  was o b ta in e d  fo r  

hypotonic b u ffe r .  The membranes were resuspended and cen tr ifu g ed  fo r  a 

maximum o f  e i g h t  t im e s  and th e  e l u t i o n  o f  th e  l o o s e ly  a s s o c i a t e d  

c y to p la s m ic  a c t i v i t y  was fo l lo w e d  by a s sa y in g  th e  membrane a c t i v i t y  

a f t e r  each wash. The s p e c i f ic  a c t i v i t y  o f  the  membrane phosphatases was 

found to  dec line  ra p id ly  over th e  f i r s t  th re e  to  four washes and remain 

r e l a t i v e l y  c o n s ta n t  w i th  s u c c e s s iv e  w ashing . T h e re fo re  t o  e n s u re  th e  

co m p le te  rem oval o f  th e  l o o s e l y  bound c y to p la s m ic  p h o s p h a ta se s  from 

g h o s ts  th e  membrane sam p les  w ere r o u t i n e l y  washed f i v e  t im e s  in  

hypotonic ly s i s  b u ffe r  and these  were used as the  co n tro ls  fo r  f u r th e r  

washing experiments involving high io n ic  s tre n g th  media.
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Table 5. Membrane A ssocia tion  o f  E ry throcyte  Phosphatase A c t iv i ty .

L eu co cy te s  w ere removed from b lood  sam ples  u s in g  th e  method o f  
B eu tle r  e t  a l .  (1976). The values in p a ren th es is  express each f ig u re  as 
a percetvEage o f  th e  c o n t r o l ,  ta k e n  as 25. The d i f f e r e n c e  be tw een  
d u p lica te  analyses in the  assay was le s s  than +5%.

PNPP PHOSPHATASE* 
ACTIVITY

NUMBER OF MEMBRANE WASHES

MEMBRANE SAMPLE'*' 5XHYP0T0NIC 5XHYP0T0NIC 5XHYP0T0NIC LYSATE
3xHYP0T0NIC 3XIS0T0NIC

Erythrocytes  without
leucocytes 25 (100) 23 (94) 20 (79) 48
Erythrocytes lysed in
0 .1mM calcium ions 33 (130) 22 (88) 20 (81) 50
Erythrocytes lysed in
1.OmM calcium ions 46 (186) 26 (104) 22 (90) 49

Results  expressed as nanomoles PNP/min/mg p ro te in
Mean values taken from two su b je c ts  ( le s s  than 10% v a r ia t io n )

By including  two co n cen tra tions  o f  calcium ions (0.1 mM and I.OmM) 

in  th e  l y s i s  b u f f e r  th ro u g h o u t  th e  i s o l a t i o n  p ro c e d u re ,  th e  s p e c i f i c  

a c t i v i t y  o f  the  phosphatases a sso c ia ted  with the  e ry th ro cy te  membranes 

in c r e a s e d .  I t  a l s o  ap p eared  g r e a t e r  when more c a lc iu m  io n s  w ere 

employed, how ever, t h e r e  was no a p p r e c ia b le  d i f f e r e n c e  in  th e  

p h o sp h a ta se  a c t i v i t i e s  o b se rv ed  f o r  th e  c e l l  l y s a t e s .  T h is  i n c r e a s e d  

a c t iv i t y  observed, in the  cases o f  calcium ly s i s ,  on th e  membranes was 

o n ly  l o o s e ly  a s s o c i a t e d  s in c e  i t  cou ld  be e l u t e d  u s in g  r e p e a te d  

hypotonic and iso to n ic  washes.

These r e s u l t s  showed t h a t  t h e r e  a re  two ty p e s  o f  membrane 

phosphatase a c t i v i t i e s .  One type o f  a c t i v i ty  can be removed e f f i c i e n t l y  

by i s o t o n i c  w ashing  and l e s s  e f f i c i e n t l y  by h y p o to n ic  w ash ing . The 

second type o f  phosphatase a c t i v i t y  r e s i s t s  e lu t io n  from the  membranes 

by washing and t h e r e f o r e  may be an i n t e g r a l  o r  t i g h t l y  a s s o c i a t e d  

membrane a c t iv i t y  possessing  a s p e c i f ic  function .
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3.8 E ffe c t  o f  Ions and M etabolites  on E ry throcy te  Phosphatases.

Human e ry th ro cy te  phosphatases o f  the  membrane and cytoplasm were 

c h a ra c te r is e d  by in co rp o ra tin g  a v a r i e t y  o f  io n s  and m e t a b o l i t e s  i n t o  

t h e  a s s a y  s y s t e m .  The e f f e c t s  o f  t h e s e  com pounds  on t h e  PNPP 

phosphatase a c t i v i t i e s  are  shown in  Table 6.

Table 6. Modulation o f  E ry th rocy te  PNP Phosphatase A c t iv i ty .

Each t e s t  compound was included in  the  assay a t  th e  co n cen tra tio n  
in d ica ted .  Stock so lu t io n s  o f  a l l  the  t e s t  compounds were ad justed  to  pH 
7.4. L e u co cy te s  w ere removed from b lo o d  sam p les  u s in g  th e  method o f  
B eu tle r  e t  a l . , (1976).

PHOSPHATASE ACJIVITY REMAINING (+SD) 
M odifier Concentration Membranes Lysate'*'

(mM) y
f* A

0.1 ATP 84 18 114 + 8
1.0 ADP 66 + 17 123 25

10.0 NaP 54 + 24 47 + 16
10.0 NaF 28 T 25 70 + 13

100.0 KCl 120 T 2 86 + 10
10.0 CaClp 60 + 5 48 + 15
5.0 2,3 DPG 45 T 17 155 + 38
1.0 EDTA 182 + 20 238 45

-MgCl2 39 13 82 + 21
10.0 MgClp 64 + 9 86 + 10
0.1%(v/v) Triton-X-100 151 20 109 + 9

* co n tro l  a c t i v i t y  12 nmoles/min/mg p ro te in
■*’ co n tro l  a c t i v i t y  18 nmoles/min/mg p ro te in

T his  e x p e r im e n t  was c a r r i e d  o u t  on b lood  sam p les  from t h r e e  
i n d i v i d u a l s .  The d i f f e r e n c e  be tw een  d u p l i c a t e  a n a ly s e s  was l e s s  th a n  
+5%.

L y sa te  p h o sp h a ta se  a c t i v i t y  was s l i g h t l y  d e c re a se d  to  82% in  th e  

a b s e n c e  o f  m ag n es iu m  and t o  86% u s i n g  a h i g h e r  m a g n e s iu m  io n  

concen tra tion  than was p re sen t  in th e  normal assay system (0.5mM Mg^+j. 

The a c t i v i t y  was s t i m u l a t e d  by th e  a d d i t i o n  o f  1 mM EDTA to  th e  a s sa y  

sy s tem  c o n ta in in g  0.5mM Mĝ "*". T h is  e f f e c t  p resu m ab ly  was a r e s u l t  o f  

a c t iv a t io n  o f  the  enzyme by th e  removal o f  in h ib i to ry  d iv a le n t  ca t io n s .
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T h e re fo re  th e  l y s a t e  p h o s p h a ta se s  r e q u i r e d  th e  p re se n c e  o f  magnesium 

i o n s  f o r  t h e i r  a c t i v i t y  in  t h e  c o n c e n t r a t i o n  r e g i o n  o f  0,5mM. 

P h y s io lo g i c a l  c o n c e n t r a t i o n s  o f  ATP, ADP and 2 ,3  d ip h o s p h o g ly c e r a te  

s t i m u l a t e d  th e  a c t i v i t y  o f  th e  l y s a t e  p h o s p h a ta se s .  A l l  o f  th e  o t h e r  

compounds t e s t e d  i n h i b i t e d  th e  l e v e l s  o f  th e  l y s a t e  p h o s p h a ta se  

a c t i v i t i e s  w ith  the  most e f f e c t iv e  being inorganic  phosphate (47%) and 

c a l c i u m  (48%). The n o n - i o n i c  d e t e r g e n t  T r i t o n - X - 1 0 0  d id  n o t  

s ig n i f i c a n t ly  e f f e c t  the  ly s a te  phosphatase a c t i v i t y  (109%).

The response o f  the  membrane assoc ia ted  phosphatase a c t i v i t i e s  to  

th e s e  io n s  and m e t a b o l i t e s  v a r i e d  from th e  p r o f i l e  o f  th e  l y s a t e  

phosphatases. Magnesium ions produced more in h ib i t io n  o f  the  membrane 

phosphatases (64% a c t i v i t y  rem ain ing)  and in  th e  ab sen ce  o f  magnesium 

the a c t i v i t y  was reduced fu r th e r  to  39% o f  the  c o n tro l  a c t iv i ty .  Again 

t h e s e  p h o sp h a ta se s  may have a r e q u i re m e n t  f o r  magnesium below th e  

c o n c e n t r a t i o n  o f  1OmM. N o n - io n ic  d e t e r g e n t  s t i m u l a t e d  th e  membrane 

phosphatase a c t i v i ty  to  151% o f  th e  c o n tro l ,  in d ic a t in g  th a t  a l l  o f  th e  

enzyme was n o t f r e e l y  a c c e s s i b l e  to  th e  a s sa y  s u b s t r a t e .  U n like  th e  

l y s a t e  p h o s p h a ta se s  th e  membrane p h o sp h a ta se  were i n h i b i t e d  by 

p h y s io l o g i c a l  c o n c e n t r a t i o n  o f  ATP, ADP and 2 ,3  d ip h o s p h o g ly c e r a te ,  

although both the in so lu b le  and so lub le  enzymes were s im i la r ly  in h ib i te d  

by inorganic phosphate, EDTA a lso  s tim u la ted  the  in so lu b le  phosphatases 

(182%) and potassium ions s t im u la te d  the  a c t i v i ty  to  120% o f  the  c o n tro l  

value. The f lu o r id e  ion was a very e f f e c t iv e  in h ib i to r  o f  the  in so lu b le  

phosphatases (28%) and calcium ions in h ib i te d  the  a c t i v i t y  to  60% o f  th e  

c o n t r o l .

T h e re fo re  th e  s i m i l a r i t i e s  w hich e x i s t  betw een  th e  s o lu b le  and 

in s o l u b l e  p h o sp h a ta se s  a re  t h a t  th e y  a re  b o th  i n h i b i t e d  by in o r g a n ic  

phosphate (lOmM), f lu o r id e  ions (lOmM) and calcium ions (lOmM). Moreover
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th e y  a re  b o th  s t i m u l a t e d  by EDTA (1mM) and a r e  m ost a c t i v e  in  th e  

p re se n c e  o f  low c o n c e n t r a t i o n s  o f  magnesium. However, th e  i n s o l u b l e  

phosphatases were more in h ib i te d  by f lu o r id e  ions and le s s  s t im u la ted  by 

EDTA compared to  the  so lu b le  phosphatases.

However, when in te rp r e t in g  th ese  r e s u l t s ,  the  l im i t a t i o n s  imposed 

by b o th  th e  im pure s t a t e  o f  th e  enzymes and th e  l a t e n t  n a tu r e  o f  th e  

membrane assoc ia ted  phosphatase a c t i v i t y ,  must be taken in to  account,

3.9 Phosphatase A c t iv i t i e s  in  Leucocytes and Serum.

The lev e l  o f  PNPP phosphatase a c t i v i t y  was compared in  normal human 

e r y t h r o c y t e  membranes w i th  and w i th o u t  le u c o c y te s  p r e s e n t  and th e  

enzyme a c t iv i ty  of normal human serum was a lso  measured.

Table 7 shows th e  r e s u l t s  which in d ic a te  t h a t  the  s p e c i f i c  a c t i v i t y  

for the  e ry th rocy te  membrane sample was almost 50 percen t g re a te r  when 

leucocyte membranes were p resen t.  This high value was not observed to  

decrease on a d d it io n a l  hypotonic washing but almost h a l f  o f  th e  a c t i v i t y  

could be e lu ted  using a d d i t io n a l  iso to n ic  washing ( r e s u l t s  not shown). 

The leucocytes only con tr ib u ted  to  the  membrane-associated phosphatase 

a c t i v i t y  and did not s ig n i f i c a n t ly  e le v a te  the  a c t i v i t y  measured in the  

c e l l  l y s t a t e s .  These r e s u l t s  dem onstrate the importance o f  the  removal 

o f leucocytes from blood samples before  i s o la t in g  e ry th ro cy te  membranes 

to  be used in the de term ina tion  o f  phosphatase a c t iv i ty .
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Table 7. Phosphatase A c t iv i t i e s  Measured on Leucocytes and in  Serum. 

L e u co cy te s  w ere removed from  b lood  sam p les  u s in g  th e  method o f
B eu tler  e t  a l . ,  (1976). The values 
da ta  from two normal donors. The 
was le ss  than +5% fo r  both assays .

were taken as the 
d i f fe re n c e  between

mean o f  two s e ts  o f  
d u p l ic a te  analyses

MEMBRANE SAMPLE PNPP Phosphatase A c t iv i ty
nanomoles/min/mg p ro te in

MEMBRANES LYSATE

Erythrocytes  without leucocytes 25 + 6 48 + 5
Erythrocytes  with leucocytes 38 + 4 52 + 6

Erythrocyte  serum* 1 4 + 2

R esults  expressed as nanomoles/min/ml serum

The serum p h o sp h a ta se  a c t i v i t y  was r e l a t i v e l y  low compared t o  th e  

a c t i v i t y  o f  the  membranes even though t h i s  a c t i v i t y  was expressed per 

m i l l i l i t r e  o f  serum (Table 7). The phosphatase a c t i v i t y  p resen t  in  th e  

serum would th e re fo re  not be expected to  i n t e r f e r e  in  the  assay o f  th e  

e ry th ro cy te  membrane phosphatase a c t i v i ty .  Figure 9 shows th a t  th e  human 

serum predominantly con ta ins  an a lk a l in e  phosphatase w ith  a pH optimum 

g r e a t e r  th a n  pH 9.0. T h is  i s  in  a g reem en t to  th e  o b s e r v a t i o n s  made by 

Boyer (1961 ).

3.10 The E f f e c t  o f  Spur C e l l  Serum on Normal E r y th r o c y te  Membrane 

Phosphatases.

Normal e ry th ro cy tes  were incubated with spur c e l l  serum fo r  a t o t a l  

o f  18h a t  37OC. A c o n t r o l  i n c u b a t io n  was a l s o  c a r r i e d  o u t  and th e  

membranes o f  the  e ry th ro cy te s  were i so la te d  and used in  the  phosphatase 

assay .

Table 8 shows the  r e s u l t s  which in d ic a te  th a t  spur c e l l s  contain  a t  

l e a s t  fo u r  t im e s  as much p h o s p h a ta se  a c t i v i t y  a s s o c i a t e d  w i th  t h e i r  

membranes compared to  normal e ry th ro cy te  membranes (both samples were



FIGURE 9 HUMAK_SERTTM PHOSPHATASE 
DEPENDENCE ON pH.

10 0 /il Sermn

0-8

06

0-2

5 6 7 8 9  10 U 1 242 30 1
pH



57

n o t  in c u b a te d ) .  I n c u b a t io n  o f  norm al c e l l s  in  norm al serum s l i g h t l y  

d e c re a se d  th e  membrane p h o s p h a ta se  a c t i v i t y .  However i n c u b a t io n  o f  

normal c e l l s  in spur c e l l  serum did not a l t e r  the  phosphatase a c t i v i t y  

assoc ia ted  with the  membranes.

Table 8. E ry throcy te  Membrane Phosphatase A c t iv i t i e s .

L eu co cy te s  were removed from b lood  sam p les  u s in g  th e  method o f  
Tokés and Chambers (1975). The d if fe re n c e  between d u p lica te  analyses was 
le s s  than +5%.

PNPP PHOSPHATASE ACTIVITY
Membrane Sample nanomoles PNP/min/mg p ro te in

Normal C ells 16
Spur C ells 55
Normal C ells  Incubated with Normal Serum 14
Normal C e lls  Incubated with Spur C ell  Serum 16

3.11 E f f e c t  o f  I o n s  and M e t a b o l i t e s  on S p u r  C e l l  E r y t h r o c y t e  

Phosphatases.

Human sp u r  c e l l  e r y t h r o c y t e  p h o sp h a ta se s  o f  th e  membrane and 

cy to p la sm  were c h a r a c t e r i s e d  by in c o r p o r a t i n g  a v a r i e t y  o f  io n s  and 

m etabo li tes  in to  the  assay system.

The e f f e c t  o f  these  compounds on the  PNP phosphatase a c t i v i t i e s  are 

shown in  Table 9. Both the  membrane and ly sa te  phosphatases o f  spur c e l l  

e r y t h r o c y t e s  fo l lo w e d  g e n e r a l l y  th e  same t r e n d  o f  i n h i b i t i o n  and 

s t im u la t io n  as the  normal e ry th ro cy te  phosphatases. Inorganic  phosphate 

and f l u o r i d e  ions  i n h i b i t e d  b o th  a c t i v i t i e s .  However, EDTA had l i t t l e  

e f f e c t  on both so lub le  and in so lu b le  spur c e l l  phosphatase a c t i v i t é s ,  in  

add ition  to  t h i s  2,3 d iphosphoglycerate and calcium had no in h ib i to ry  

e f f e c t  on the  in so lu b le  phosphatases. The non-ionic  d e te rg en t T riton-X - 

100 more than doubled the  spur c e l l  membrane phosphatase a c t i v i t y  (231%) 

in d ic a t in g  th a t  more than h a l f  o f  the  in so lu b le  phosphatase a c t i v i t y  was
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l a t e n t .  This f a c t  might expla in  some o f  the  d if fe re n c e s  observed between 

th e  e x t e n t  o f  i n h i b i t i o n  produced  by th e  t e s t  compounds on sp u r  c e l l  

phosphatases compared to  normal e ry th ro cy te  phosphatases.

Table 9. Modulation o f  Spur C e ll  E rythrocyte  PNP Phosphatases .

L e u co cy tes  w ere removed from b lood  sam ples  u s in g  th e  method o f  
Tokés and Chambers (1975). The d if fe re n c e  between d u p l ic a te  analyses was 
le s s  than +10%.

Modifier Concentration
(mM)

% PHOSPHATASE ACTIVITY 
Membranes

%

REMAINING
Lysate+

%

0.1 ATP 86 75
1.0 ADP 135 113

10.0 NaP • 84 42
10.0 NaF 70 79

100.0 KCl 70 34
10.0 CaCl- 102 64
5.0 2,3 DPG 107 56
1.0 EDTA 126 92

-MgClg 121 77
0 . n ( v / v ) Triton-X-100 231 79

c o n tro l  a c t i v i t y  30 nmoles PNP/min/mg p ro te in  
c o n tro l  a c t i v i t y  10 nmoles PNP/min/mg p ro te in

3.12 P ro te o ly t ic  A c t iv i t i e s  in  Human E ry throcy tes .

The p r o p e r t i e s  o f  membrane and l y s a t e  n e u t r a l  p r o t e o l y t i c  

a c t i v i t i e s  in normal human e ry th ro cy tes  were measured with ["^^^Il-casein 

as the  s u b s t r a te .

F ig u re  10(a) shows th e  r e l e a s e  o f  p ro d u c t  u s in g  membrane and 

. lysate p ro teases . The re a c t io n  tim e course fo r  both were l in e a r  over a 

p e r io d  o f  2h a t  37^C, F ig u re s  10(b) and 10(c) show th e  r a t e  o f  p ro d u c t  

r e l e a s e  w i th  i n c r e a s i n g  am ounts o f  e r y th r o c y te  l y s a t e  and membranes 

r e s p e c t i v e l y .  The r e l e a s e  o f  l a b e l l e d  t r i c h l o r o a c e t i c  a c id  s o lu b le  

m a t e r i a l  was found to  be l i n e a r  d u r in g  a 1h in c u b a t io n  p e r io d  a t  37®C 

for amounts of ly sa te  (up to  50^ug p ro te in )  and membrane d isp e rs io n  ( up
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to  \20jjg p ro te in ) .  S im ila r  cond itions  were employed fo r  a l l  p ro te o ly t ic  

determ inations  made on human e ry th ro c y te s .

A t r y p s i n  s ta n d a rd  c u rv e ,  c o v e r in g  th e  ran g e  o f  5 t o  lOOng, was 

included in each assay and the  e r y t h r o c y t e  p r o t e o l y t i c  a c t i v i t é s  were 

measured using t h i s  curve. Figure 11 shows the  r a t e  o f  hyd ro ly s is  o f  the  

casein  s u b s t r a te  w ith in c reas in g  amounts o f  t ry p s in  over a period o f  1h 

a t  37^C. The re le a se  o f  product was found to  be a l in e a r  function  o f  the 

amount o f  t r y p s i n  below 20ng. V a l i d i t y  in  u s in g  th e  t r y p s i n  s ta n d a rd  

cu rv e  was t e s t e d  u s in g  p u r i f i e d  c y to p la s m ic  p r o te a s e s  ( s e c t i o n  3.16, 

f ig u re  13). Hydrolysis o f  casein  by t ry p s in  and e ry th ro cy te  p ro teases  i s  

shown to  be id e n t ic a l .

3.13 The E ffec t  o f  pH on E ry throcy te  P ro te o ly t ic  A c t iv i t é s .

Normal human e ry th ro cy tes  were used to  examine the  e f f e c t  o f  pH on 

the membrane p ro te o ly t ic  a c t iv i ty .  Two e ry th rocy te  membrane samples were 

prepared in the presence and absence o f  leucocytes. The values obtained  

fo r  the e ry th rocy te  membrane a c t i v i t i e s  were su b trac ted  from th e  values 

o b ta in e d  w ith  th e  l e u c o c y te s  p r e s e n t  to  o b ta in  th e  pH p r o f i l e  f o r  

leucocytes (Figure 12).

The r e s u l t s  i n d i c a t e  t h a t  two w id e ly  sp read  pH o p tim a  peaks f o r  

e r y t h r o c y t e  membranes were o b ta in e d .  The a c i d i c  (pH 2.5) a c t i v i t y  was 

s l i g h t l y  g r e a t e r  th an  th e  b a s i c  a c t i v i t y  a t  pH 8.0. The le u c o c y te  

membrane p r o t e o l y t i c  a c t i v i t i e s  w ere a l s o  a m ix tu re  o f  two a c t i v i t y  

peaks, where the  n e u tra l  a c t i v i t y  maximum a t  pH 7.5 was o f  a much higher 

magnitude- than the  a c id ic  a c t i v i t y  peak a t  pH 3.0, Leucocyte membranes 

a l s o  had a much h ig h e r  a c t i v i t y  in  th e  n e u t r a l  pH ran g e  compared to  

e r y t h r o c y t e  membrane p r o te a s e  l e v e l s  in  t h a t  pH r e g io n .  S in ce  th e  

p h y s io l o g i c a l  pH was ag a in  chosen fo r  th e  m easurem ent o f  e r y t h r o c y t e
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p r o t e a s e  a c t i v i t i e s ,  as  in  th e  c a s e  o f  th e  p h o s p h a ta se  a s sa y ,  t h e  pH 

a l s o  fav o u red  th e  d e t e c t i o n  o f  n e u t r a l  p r o t e a s e s  in  l e u c o c y te s .  These 

r e s u l t s  em phasised  th e  im p o r ta n c e  o f  th e  rem oval o f  w h i te  c e l l s  from 

e ry th ro cy tes  to  be used in t h i s  assay system.

3.14 D i s t r i b u t i o n  o f  E r y th r o c y te  P r o t e o l y t i c  A c t iv i t i e s  in  Normal and 

Abnormal C e l ls .

P ro te o ly t ic  a c t i v i t y  measurements, using i n t a c t  c e l l s ,  membranes, 

and l y s a t e s ,  w ere c a r r i e d  o u t  t o  e s t a b l i s h  th e  d i s t r i b u t i o n  o f  th e  

p ro teases  in human e ry th ro cy te s .  Normal c e l l s  and spur c e l l s  were used 

in  t h i s  study, the  r e s u l t s  o f  which are  shown in  Table 10.

Table 10. D is t r ib u t io n  o f  P ro te o ly t ic  A c t iv i t i e s  in  E ry th ro cy tes .

L e u co cy te s  w ere removed from b lood  sam ples  u s in g  th e  method o f  
B e u t l e r  e t  a l . ,  (1976). S e c t io n  2.6 c o n ta in s  th e  d e t a i l s  f o r  t h i s  
exper im en tr  The d if fe re n c e  between d u p l ic a te  analyses was below +5%.

Blood sample
PROTEOLYTIC ACTIVITY ng t ry p s in /m l packed c e l l s  

I n ta c t  C e lls  Membranes' Membrane-Free Lysate

Control c e l l s* 4 + 1 34 + 10 157 + 20

Control c e l l s  with 
leucocytes p resen t^ 4 + 1 264 + 20 156 + 20

Spur C ells* 10 + 2 85 + 15 190 + 20

mean value from two in d iv id u a ls  
. mean value from two in d iv id u a ls  

t  mean o f  two sep a ra te  es tim a tes  on one in d iv id u a l

Approximately 18% o f the  t o t a l  c e l l u l a r  a c t i v i t y  (so lub le  and in so lu b le  

p r o te a s e s )  in  norm al human e r y t h r o c y t e s  was found t o  be m embrane- 

a s s o c i a t e d ,  Of th e  m e m b ra n e -a s so c ia te d  a c t i v i t y  10% was d e t e c t e d  on 

i n t a c t  c e l l s  and hence p resu m ab ly  t h i s  a c t i v i t y  was p r e s e n t  on th e  

o u ts id e  o f  the  e ry th ro cy te  s ince  c o n tro ls  fo r  c e l l  l y s i s  were included. 

However sp u r  c e l l  e r y t h r o c y t e s  had a p p ro x im a te ly  31% o f  th e  t o t a l
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c e l l u l a r  a c t i v i t y  loca ted  on t h e i r  membranes and 11% o f  the  membrane- 

asso c ia ted  a c t i v i t y  was on the  o u ts id e  o f  the  e ry th ro cy tes .

When t h e  b u f f y  c o a t  o f  w h i t e  c e l l s  was n o t  rem o v ed  f ro m  

e r y t h r o c y t e s  th e  p r o t e o l y t i c  a c t i v i t y  m easurem ent f o r  th e  i n t a c t  r e d  

c e l l s  did not change, th e re fo re  leucocytes  do not possess any p ro teases  

on the ex te rn a l  su rfaces  o f  t h e i r  c e l l  membranes which i s  assayable  w ith  

the ra d io la b e l le d  casein .

3.15 Membrane A ssociation  o f  P ro te o ly t ic  A c t iv i t i e s .

The a s s o c i a t i o n  o f  p r o t e a s e s  w i th  membranes was exam ined by 

r e p e a te d  w ashing o f  e r y t h r o c y t e  g h o s ts .  T ab le  11 shows th e  r e s u l t s  o f  

the  membrane washing experiment c a r r ie d  out using human e ry th ro cy tes .  

Calcium ions (O.ImM) were included in the  ly s i s  b u f fe r  o f  one sample and 

a l l  o f  the  membrane p r o te o ly t ic  a c t i v i t i e s  were assayed in  the  presence 

and absence of calcium ions (O.ImM).

The r e s u l t s  i n d i c a t e d  t h a t  a f t e r  f iv e  h y p o to n ic  washes th e  

p r o te o ly t ic  a c t i v i ty  a sso c ia ted  w ith  e ry th rocy te  membranes did not a l t e r  

w i th  f u r t h e r  h y p o to n ic  w ashes. The v a lu e  fo r  th e  membrane a c t i v i t y  

s l i g h t l y  decreased a f t e r  further- i so to n ic  and hypertonic  washes. Lysis 

o f  the e ry th rocy tes  in the  presence o f  O.ImM Câ "** increased  the  s p e c i f ic  

a c t i v i t y  o f  th e  p r o te a s e s  t o  133% o f  c o n t r o l  v a lu e s .  However t h i s  

a c t i v i t y  r e tu r n e d  to  th e  c o n t r o l  l e v e l  on f u r t h e r  i s o t o n i c  w ash ing . 

Calcium ions added to  the  p ro te o ly t ic  assay decreased casein  hydro lys is .  

P re-incubation  o f  calcium ions w ith  the  p ro teases  before  the  add it io n  o f  

the s u b s t ra te  a lso  decreased case in  hydro lys is .  Therefore t h i s  suggested 

th a t  calcium does not a c t iv a te  the  e ry th rocy te  p ro te ases .
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The r e s u l t s  showed th a t  th e re  are two types o f  membrane p ro te o ly t ic  

a c t i v i t i e s ,  th o s e  t h a t  can be removed e f f i c i e n t l y  by i s o t o n i c  and 

hypertonic  washing compared to  hypotonic washing. This type o f  a c t i v i t y  

a lso  appears to  be g re a te r  when calcium ions are used in  the  i s o la t io n  

b u f f e r .  The second ty p e  o f  th e  p r o te a s e s  r e s i s t s  e l u t i o n  from th e  

e r y t h r o c y t e  membranes and may t h e r e f o r e  be an i n t e g r a l  o r  f i r m l y  

assoc ia ted  membrane a c t iv i t y ,  s i tu a te d  on the  in te rn a l  and/or e x te rn a l  

su rface  perhaps possessing a s p e c i f ic  func tion .

Table 11. Membrane Associated P ro te o ly t ic  A c t iv i t i e s .

L e u co cy tes  w ere removed from  b lo o d  sam ples  u s in g  th e  method o f  
Tbkés and Chambers (1975). Membrane p ro te o ly t ic  a c t i v i t i e s  were compared 
a f t e r  t h e i r  i s o l a t i o n  u s in g  f i v e  h y p o to n ic  w ashes and t h r e e  f u r t h e r  
washes o f  (a) hypotonic b u ffe r ,  (b) iso to n ic  s a l t  so lu t io n  (0.15M NaCl),
(c) h y p e r to n ic  s o l u t i o n  (1.0M NaCl) o r  (d) i s o t o n i c  s a l t  s o l u t i o n  
conta in ing  O.ImM Ca2+ employed in the  t o t a l  e ig h t washes. The d if fe re n c e  
between d u p lica te  analyses was below +5%.

PROTEOLYTIC ACTIVITY 
Membrane Sample nanograms trypsin/mg p ro te in  Assay+Ca

(a) 5 hypotonic washes 7 3 hypotonic 4.4 2.2
(b) 5 hypotonic washes C 4.4 3 iso ton ic 3.3 1.8
(c) 5 hypotonic washes J 3 hypertonic 3.4 3.0
(d) 5 hypotonic washes+Ca^+ 5.7 3 isotonic+Ca^'*' 4.5 2.2

Another experiment was cons truc ted  to  examine in  more d e t a i l  the 

e f f e c t s  o f  c a lc iu m  io n s  on th e  p r o t e o l y t i c  a c t i v i t y  a s s o c i a t e d  w i th  

e ry th rocy te  membranes. Membranes were a lso  prepared from one sample o f  

red  c e l l s ,  in  w hich t h e  l e u c o c y te s  had n o t been removed, and t h e  

p ro te o ly t ic  a c t iv i t y  was measured.
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Table 12. E f fe c t  o f  Calcium Ions and Leucocytes on the  
P ro te o ly t ic  A c t iv i ty  oT E ry throcyte  Membranes.

L eu co cy tes  were removed from b lood  sam ples  u s in g  th e  method o f  
B e u t l e r  e t  a l . ,  (1976). The d i f f e r e n c e  betw een d u p l i c a t e  a n a ly s e s  was 
le s s  than +5%.

MEMBRANE SAMPLES* PROTEOLYTIC ACTIVITY nanograms trypsin/m g p ro te in
MEMBRANES (j^D ) LYSATES (j^D )

Erythrocytes  without leucocytes

i ÿ i l â  i s  SI2I
E rythrocytes  w ith leucocytes

% f  ^
13 + 5
44 + 30

1.6 + 0 .2  
1.6 + 0.4

average r e s u l t s  estim ated  from four d i f f e r e n t  in d iv id u a ls .

Calcium ions, a t  a concen tra tion  o f  O.ImM, increased  the  s p e c i f ic  

a c t i v i t y  by one and a h a l f  t im e s ;  I.OmM c a lc iu m  io n s  in c r e a s e d  th e  

s p e c i f ic  a c t iv i ty  by th re e  tim es the  a c t i v i t y  measured fo r  homogeneous 

e ry th ro cy te  membranes (Table 12). The calcium e f f e c t  on th e  p r o te o ly t ic  

a c t i v i t y  o f  the membranes was concen tra tion  dependent and no change in 

the re sp e c tiv e  ly sa te s  occurred. The r e s u l t s  in d ica ted  t h a t  calcium ions 

did not a c t iv a te  the so lub le  p ro teases .  As found in  the  previous sec tio n  

(Table 11) e x tra  hypotonic washing o f  the  membranes did not change th e  

s p e c i f i c  a c t i v i t i e s  o f  th e  m e m b ra n e -a s so c ia te d  p ro teases  but fu r th e r  

i so to n ic  and hypertonic  washing decreased the  a c t i v i t y  o f  the  membranes 

i so la te d  in the presence o f  calcium (values not shown).

L eucocy te  membranes e l e v a t e d  th e  norm al membrane p r o t e o l y t i c  

a c t iv i t y  by approximately ten  t im es the  co n tro l  values and the  a c t i v i t y  

o n ly  s l i g h t l y  d e c re a se d  w i th  f u r t h e r  i s o t o n i c  w ash ing  (v a lu e s  n o t  

shown).

3.16 P u r i f ic a t io n  o f  E ry throcyte  C ytoso lic  P ro teases .

The aim of  the study was to  remove the  haemoglobin from the  human
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e r y t h r o c y t e  c y t o s o l i c  ( s o lu b le )  p r o te a s e s  and th e n  to  c a r r y  o u t  

p ro te o ly t ic  a c t i v i t y  measurements. Throughout the  p u r i f i c a t io n  p ro toco l 

o f  the  so lub le  p ro teases  t h e i r  s p e c i f ic  a c t iv i ty  was determined a f t e r  

each s te p  (Table 13).

The r e s u l t s  in d ica ted  th a t  a f t e r  the  removal o f  haemoglobin, by ion 

exchange chromatography, the  p ro teases  were p u r if ie d  tw en ty -f iv e  fo ld . 

Concentration o f  the  p ro teases ,  by u l t r a f i l t r a t i o n ,  gave an in c rease  in 

th e  s p e c i f i c  a c t i v i t y  t o  f o r t y  t h r e e  fo ld .  Speed in  c a r r y in g  o u t  th e  

p u r f ic a t io n  procedure was necessary  to  m aintain a high s p e c i f ic  a c t i v i t y  

f o r  th e  p r o te a s e s .  The c o n c e n t r a t e d  enzyme, a f t e r  d i a l y s i s ,  was 

a l i q u o te d  and s to r e d  f ro z e n  (-20^C) w i th o u t  s i g n i f i c a n t  l o s s  o f  

a c t i v i t y .

Table 13. P u r i f ic a t io n  o f  E rythrocyte  C ytoso lic  P ro te a se s .

Human b lood (10ml packed c e l l s )  was used fo r  t h e  p r e p a r a t i o n  o f  
so lu b le  p ro teases  a f t e r  removing leucocytes  using the method o f  B eutler  
e t  a l . ,  (1976). The p u r i f ic a t io n  le v e ls  are  expressed in  p a re n th e s is  and 
tHe t o t a l  t ry p s in  a c t i v i t i e s  are  expressed for the  t o t a l  volume o f  each 
p ro te in  so lu t io n .  The d i f fe re n c e  between d u p lic a te s  was l e s s  than +5%.

P u r i f ic a t io n  s te p  (volume) TOTAL 
■ PROTEIN 

(mg)

TOTAL TRYPSIN 
ACTIVITY 

(ng)

ng TRYPSIN ACTIVITY 
per mg PROTEIN

1. Membrane f re e  ly s a te
(100 ml) 3200 8447 3

2. Büchner funnel
f i l t r a t e  (100ml) 2850

3. DEAE column pooled
f ra c t io n s  (52ml) 68 5115 75 (X25)

4. U l t r a f i l t r a t i o n
concen tra te  (10ml) . 41 5311 130 (X43)

5. U l t r a f i l t r a t i o n
f i l t r a t e  (42ml) 0.42

6. Dialysed u l t r a f i l t r a t i o n
concen tra te  (10ml) 36 4302 120 (X40)
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Figure 13 shows the dependence o f  the  p u r if ie d  c y to so l ic  p ro te ases ,  

e x p re s se d  as  nanogram s o f  t r y p s i n  read  on a s ta n d a rd  c u rv e ,  on th e  

amount o f  enzyme assayed. The l i n e a r i t y  o f  the  graph in d ica ted  th a t  the  

s o lu b le  e r y t h r o c y t e  p r o t e a s e s  and t r y p s i n  have i d e n t i c a l  c a l i b r a t i o n  

curves with the  range up to  lOOpg protem .

3.17 The pH Dependence o f  E ry th rocy te  P u r if ie d  C ytosolic  P ro teases .  

Figure 14 shows the  pH p r o f i l e  obtained when the  haem oglobin-free

e r y t h r o c y t e  c y to s o l  was used to  exam ine th e  e f f e c t  o f  pH on th e  

p r o t e o l y t i c  a c t i v i t y .  The p u r i f i e d  enzyme p r e p a r a t i o n  was found to  

c o n t a i n  tw o m a jo r  a c t i v i t y  p e a k s ,  one in  t h e  a c i d i c  r e g i o n  

(a p p ro x im a te ly  pH 2.5) and th e  o th e r  in  th e  n e u t r a l  pH r e g io n  (pH 8.0). 

These two a c t i v i t y  peaks were a t  the  same pH values determined fo r  the  

membrane assoc ia ted  p r o te o ly t ic  a c t i v i t y  o f  e ry th ro cy tes  (Section 3.13). 

However the lev e l  o f  the  p ro te o ly t ic  a c t i v i t y  in the  a c id ic  pH region i s  

s l i g h t l y  h ig h e r  th an  th e  a c t i v i t y  a t  pH 8.0 fo r  th e  p u r i f i e d  s o lu b le  

p ro te a s e s .

3.18 Haemoglobin E ffe c t  on the  Assay o f  Cytosolic  P ro tea ses .

During the e ry th rocy te  l y s i s  s te p ,  r e fe r re d  to  in  se c t io n  3.16, th e  

c y t o s o l i c  p r o t e a s e s  w e re  in  a s o l u t i o n  c o n t a i n i n g  2,0% (w /v )  

haem oglob in . The f i n a l  c o n c e n t r a t i o n s  o f  haem oglob in  in  th e  

c a s e in  a s sa y  d e c re a se d  to  0,2% (w /v). An e x p e r im e n t  was c a r r i e d  o u t  t o  

i n v e s t i g a t e  th e  e f f e c t  o f  haem oglob in  on th e  a s sa y  o f  p r o t e o l y t i c  

a c t i v i t i e s ,  A range o f  haemoglobin concen tra tions  were employed in  the  

assay o f  t ry p s in  and p u r i f ie d  c y to s o l ic  p ro teases . Haemoglobin so lu t io n s  

(0.05% to  2.0% w/v) w ere used  in  th e  p re se n c e  o f  (a) 5ng t r y p s i n  and (b) 

e ry th ro cy te  p u r i f ie d  c y to so l ic  p ro teases  which had a le v e l  o f  a c t i v i t y  

approximately equ iva len t to  the amount o f  t ry p s in  chosen.
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The r e s u l t s  can be seen  in  F ig u re  15. Haemoglobin a t  a f i n a l  

concen tra tion  o f  0.2% ’(w/v) p a r t i a l l y  in h ib i te d  the  p r o te o ly t ic  a c t i v i t y  

o f  th e  c y to s o l  g iv in g  o n ly  64% o f  t h e  o r i g i n a l  v a lu e  e s t i m a t e d  in  th e  

absence o f  haemoglobin. Thus th e  s p e c i f i c  a c t i v i t y  o f  the  membrane f re e  

l y s a t e  was u n d e r - e s t im a te d  by 36%, A pplying  t h i s  c o r r e c t i o n ,  th e  t r u e  

value fo r  the  s p e c i f i c  a c t i v i t y  o f  the  n e u tr a l  p ro te ases  in  the  l y s a te  

would be 4ng trypsin/m g o f  p ro te in  ( sec t io n  3 .1 6 ) .

3.19 E ffe c t  o f  I n h ib i to r s  on E ry th rocy te  P ro te a se s .

The e r y t h r o c y t e  membrane and p u r i f i e d  c y t o s o l i c  p r o t e a s e s  w ere 

c h a ra c te r is e d  using  a v a r ie ty  o f  substances known to  modify p r o te o ly t ic  

a c t i v i t i e s .  The b u f fy  c o a t  o f  w h i te  c e l l s  was r e t a i n e d  in  one 

e r y t h r o c y t e  sam ple  and th e  membranes w ere a l s o  used in  th e  s tu d y  t o  

examine the  response o f  leucocyte  membrane p ro teases  to  the  in h ib i to ry  

compounds.

T ab le  14 shows th e  r e s u l t s  o b ta in e d .  The i r r e v e r s i b l e  s e r i n e -  

p ro tease  i n h ib i to r  PMSF (ImM) alm ost t o t a l l y  abolished  the  p ro te o ly t ic  

a c t i v i t y  assoc ia ted  w ith  e ry th ro cy te  membranes and was not observed to  

be more in h ib i to ry  a t  h igher concen tra tio n s .  PMSF (lOmM) a lso  in h ib i te d  

t h e  p r o t e o l y t i c  a c t i v i t y  a s s o c i a t e d  w ith  e r y t h r o c y t e  membranes 

con ta in ing  leucocyte  membranes. The so lu b le  p ro teases  were in h ib i te d  by 

lOmM PMSF to  54% o f  th e  c o n t r o l  c o n ta in in g  DMSO w hich was used  as a 

s o lv e n t  f o r  th e  i n h i b i t o r .  The t h i o l  p r o te a s e  i n h i b i t o r  PCMB, a t  a 

concen tra tion  o f  ImM, decreased the  membrane a c t i v i t y  to  73% and to  3% 

a t  te n  t im e s  th e  i n h i b i t o r  c o n c e n t r a t i o n .  The sam ple  c o n ta in in g  

le u c o c y te  membrane p r o te a s e s  was i n h i b i t e d  t o  5% a t  lOmM PCMB 

concen tra tion  and the  c y to so l ic  p ro teases  were g r e a t ly  in h ib i te d ,  down 

to  4% o f  th e  c o n t r o l  a c t i v i t y ,  u s in g  ImM PCMB. D i t h i o t h r e i t o l  (1mM) 

s t i m u l a t e d  a l l  t h r e e  p r o t e o l y t i c  a c t i v i t i e s  i n d i c a t i n g  t h a t  t h e s e
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p r o t e a s e s  p o s s i b l y  r e q u i r e d  t h i o l  groups fo r  a c t i v i t y .  The t r y p s i n  

in h ib i to r  (TLCK) a t  1mM and lOmM concen tra tions  in h ib i te d  th e  so lu b le  

p r o t e a s e s ,  down to  38% and 19% r e s p e c t i v e l y ,  more th an  th e  membrane 

a s s o c i a t e d  a c t i v i t y ,  down t o  50% and 34% r e s p e c t i v e l y .  At th e  lOmM 

c o n c e n t r a t i o n  TLCK d e c re a s e d  th e  e r y t h r o c y t e  and le u c o c y te  membrane 

p r o t e o l y t i c  a c t i v i t y  down t o  57%. C a lc iu m  i o n s  (ImM), o r t h o  

p h e n a n th r o l in e  (ImM) and e th y le n e d ia m in e  t e t r a c e t i c  a c id  (ImM), in  

genera l caused g re a te r  in h ib i t io n  o f  th e  e ry th ro cy te  membrane a s so c ia ted  

p r o te a s e s .

The r e s u l t s  i n d i c a t e d  t h a t  t h e r e  i s  more th a n  one ty p e  o f  

p r o t e o l y t i c  a c t i v i t y  in  human e r y t h r o c y t e s .  A l l  o f  th e  membrane 

assoc ia ted  p ro te o ly t ic  a c t i v i t y  can be in h ib i te d  by PMSF (lOmM) whereas 

a second type o f  p ro tease ,  not in h ib i te d  by PMSF, accounts fo r  about 50% 

o f  the  c y to so l ic  a c t iv i ty .  The PMSF in h ib i ta b le  a c t i v i t i e s  o f  cytcsol and 

membrane may a r i s e  from  more th a n  one enzyme. Both membrane and 

c y to so l ic  p ro te ases  could be in h ib i te d  p a r t i a l l y  by PCMB (1mM), however 

the  so lu b le  a c t i v i t y  appears to  be more s e n s i t iv e  to  t h i s  compound. The 

leucocyte  p ro teases  were found to  be t o t a l l y  in h ib i te d  by PMSF (lOmM).
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Table 14. E ry throcy te  P ro te o ly t ic  A c t iv i ty  I n h ib i t io n .

L e u co cy tes  were removed from b lood  sam ples  u s in g  th e  method o f  
B e u t l e r  e ^  a l . ,  (1976). The v a lu e s  in  p a r e n t h e s i s  i n d i c a t e  th e  
p e rc e n ta g e  o f  th e  a c t i v i t y  r e m a in in g  u s in g  th e  a p p r o p r i a t e  s o lv e n t  
c o n tro ls .  D e ta i ls  o f  the  experim ental procedure are  in  sec t io n  2.7. Both 
PMSF and TLCK were d isso lved  in  DMSO. The d if fe re n c e  between d u p l ic a te  
analyses was le s s  than +10%

% PROTEOLYTIC ACTIVITY REMAINING

M odifier Concentration(mM)

Membranes of^ 
E ry throcy tes

Membranes o f  
Erythrocytes  

and Leucocytes*

P u r if ie d
Cytosolic
P ro te a se s t

Phenylmethylsulphonyl
f lu o r id e  (PMSF) 1.0 6 (10) ND 79 (79) + 24

5.0 4 (7) ND 50 (66) + 19
10.0 2 (3) 0 28 (54) T  16

Dimethylsulphoxide 1 .Oui 58 ND 100 + 1
(DMSO) 5. Oui 60 ND 73 T  16

10.Oui 65 79 46 T  20
P a r a -c h lo r o m e rc u r i ■1.0 73 ND 4 I  ^
benzoate (PCMB) 10.0 3 5 ND
D L -D ith io th re ito l
(DTT) 1.0 125 188 121 + 24
Ethylenediamine 1.0 56 ND 38 + 20
t e t r a c e t i c  acid 10.0 51 59 ND
(EDTA)
O rtho-Phenanthroline 1.0 7 ND 36 + 9

10.0 5 15 9 T  5
N -Tosyl-L-lysylchloro 1.0 50 (86) ■ ND 38 (38) + 5
methyl ketone (TLCK) 10.0 34 (52) 57 (72) 19 (37) T  6
Calcium ch lo r ide 1.0 56 ND 116 + 45
(CaClg) 10.0 39 76 ND

*
+

$

ND

co n tro l  a c t i v i t y  8ng t ry p s in  (one experiment in  d u p l ic a te )  
co n tro l  a c t i v i t y  13ng t ry p s in  (one experiment in d u p lic a te )  
co n tro l  a c t i v i t y  lOng t ry p s in  (mean o f  th re e  e s tim a tio n s  in  
d u p lic a te  from two in d iv id u a ls )  
not determined

3.20 P r o t e o l y t i c  A c t i v i t i e s  o f  Normal and Spur C e l l  E r y th r o c y te  

Membranes.

The membrane a s s o c i a t e d  p r o t e o l y t i c  a c t i v i t y  was measured using 

norm al red  c e l l s  and sp u r  c e l l  e r y t h r o c y t e s .  Normal e r y t h r o c y t e  

membranes were a lso  divided in to  su b frac t io n s  as top and ”bottom” ghosts 

and th e i r  re sp e c tiv e  p ro te o ly t ic  a c t i v i t é s  were determined (Table 15). 

The p ro te o ly t ic  a c t iv i ty  o f  spur c e l l  membranes was found to  be almost
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fo u r  t im e s  th e  a c t i v i t y  o b ta in e d  fo r  no rm al e r y t h r o c y t e  membranes. 

F r a c t i o n a t i o n  o f  th e  no rm al e r y t h r o c y t e  membranes r e v e a le d  t h a t  th e  

" b u t to n "  membrane f r a c t i o n ,  w hich c o n ta in e d  a p p ro x im a te ly  20% o f  th e  

t o t a l  membrane p ro te in ,  had th e  h ig h e s t  p ro te o ly t ic  a c t i v i t y  compared to  

the  top ghost f r a c t io n .

Table 15. Normal and Spur C e ll  E rythrocyte  Membrane 
R ro teo ly tfc  A c t i v i t i e s .

Leucocytes were removed from blood samples according to  the  method 
o f  Tokés and Chambers (1975). The numbers in  p a r e n t h e s i s  i n d i c a t e  th e  
number o f  su b jec ts  used. The e r ro r  o f  e s t im a tio n  between d u p l ic a te s  was 
le s s  than +5%.

Blood Sample 
Membrane F rac tion

Percentage Weight 
o f  t o t a l  Membranes

P ro te o ly t ic  A c tiv i ty  
ng Trypsin/mg p ro te in

Normal c e l l s  (2) Tota l ghosts 4.8  + 1
Top ghosts 80 + 8 3.3 T  1
Button ghosts 20 + 8 1 1 . 3 + 2

Spur c e l l s  (2) T o ta l  ghosts 13.5 + 2

3.21 E rythrocyte  Membrane P ro te in  Banding P a t te rn .

Membranes from norm al and sp u r  c e l l  human e r y t h r o c y t e s  were 

i s o l a t e d  a c c o rd in g  to  th e  method o f  S teck  e t  a l . ,  (1970). In a d d i t i o n  

t o  th e  u s u a l  g h o s t  p r e p a r a t i o n  th e  "b u t to n "  f r a c t i o n  a p p e a r in g  as a 

packed p e l l e t  in  th e  membrane p r e p a r a t i o n  was exam ined. The membrane 

p r o t e i n s  were examined by p o ly a c ry la m id e  g e l  e l e c t r o p h o r e s i s  in  th e  

presence o f  0.1% SDS.

A n a ly s is  o f  th e  r e s u l t s  (F ig u re  16) i n d i c a t e d  t h a t  th e  norm al 

e r y t h r o c y t e  t o t a l  membranes d i s p la y e d  th e  p re se n c e  o f  th e  e x p e c te d  

com plem ent o f  e i g h t  m ajo r  p o ly p e p t id e s ,  i d e n t i f i e d  by th e  system  o f



FIGURE LEGEND.

Normal and abnormal (spur cell) erythrocyte 

membrane polypeptides are shown in th is  photograph of 

a slab gel employing the discontinuous buffer system of 

Laemmli (1969), Band 4.1 which appears homogeneous by 

phosphate gels (Fairbanks . 1971) is actually a

mixture of two protein components, namely 4.1.1 

and 4.1.2.



FTCxtlRE 16. NORMAL AND ABNORMAL ERYTHROCYTE

PROTEIN GEL BANDING PATTERNS.

TRACK NUMBER 1 2 3 4 BAND

m  c " :
— 2.3

1 .Spur ce] 1 to ta l ghosts. 
2 .Spur cell button ghosts.
3 .Normal total ghosts.
4.Norm al button ghosts .

= ^4.1 .1  / 4 .1 .2  
— 4.2

— 5

— 7
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F a irb a n k s  e t .  a l . ,  (1971). However th e  "b u tto n "  membrane f r a c t i o n  o f  

norm al e r y t h r o c y t e s  c o n ta in e d  l e s s  o f  bands 2.3 and 3 w ith  th e  

a p p earan ce  o f  a new com ponent, be tw een  bands 3 and 4, which w i l l  be 

designated h e re a f te r  as band 3' (approximate mol. wt. 80,000).

Spur c e l l  membranes, on th e  o th e r  hand, had a p r o t e in  banding  

p a t t e r n  a lm o s t  i d e n t i c a l  to  t h a t  o b ta in e d  f o r  norm al e r y t h r o c y t e  

"button" ghosts , w ith one exception demonstrated by the  absence o f  band 

4,1.1 in spur c e l l  t o t a l  membranes. The corresponding "button" membrane 

f ra c t io n  was com pletely lacking  in the  major p ro te in  bands showing only 

a s l i g h t  s ta in in g  in t e n s i ty  in the  reg ion  o f  the  dye f ro n t .  The t r a c k e r  

dye was a c c id e n ta l ly  allowed to  pass out o f  t h i s  particular gel.

The presence o f  these  new lower molecular weight pep tides , coupled 

with the  p a r t i a l  or complete lo ss  o f  major polypeptide bands, suggests  

the  occurrence o f  p r o te o ly t ic  degradation in e ry th rocy te  membranes. The 

p ro te o ly s is  was apparen tly  more pronounced in the  spur c e l l  e ry th rocy te  

membrane p rep a ra tio n ,  p a r t i c u la r ly  in the  "button" ghost f r a c t io n .

3.22 I s o la t io n  o f  E rythrocyte  Membranes in the  Presence and Absence o f  

PMSF.

To exam ine th e  o c c u r re n c e  o f  p r o t e o l y t i c  d e g ra d a t io n  norm al 

human e ry th ro cy tes  and spur c e l l '  e ry th ro cy tes  were lysed and iso la te d  in  

the presence or absence o f  PMSF (ImM). An in h ib i to r  would be expected to  

p re v e n t  d e g ra d a t io n  o f  membrane p r o t e in s  by membrane a s s o c i a t e d  

p ro teases  (section  3.19). The ghosts  were divided into ' top and "button" 

ghosts a f t e r  the l a s t  wash and examined on SDS-polyacrylamide g e ls .

Figure 17 d ep ic ts  the  p ro te in  banding p a t te rn s  obtained a f t e r  the 

e le c tro p h o re s is  o f  the  membrane samples. Normal e ry th rocy te  membranes



FIGURE LEGEND.

Tracks 1 and 2 contain membranes of spur cell 

erythrocyte top and button fractions isolated in the

presence of the serine protease inhibitor. Tracks 5 and 

6 contain the same samples w ithout inhibitor. Tracks 

3 and 4 contain membrane samples from normal 

erythrocyte top and button fractions isolated with 

inhibitor and tracks 7 and 8 are the same samples 

isolated w ith no inhibitor present.The outer two 

tracks contain low and high molecular weight 

standards respectively. Leucocytes were removed 

from blood sam ples according to the method of 

Tokés and Chambers (1975).



FIGURE 17. PROTEIN BANDINOt PATTERNS OF

MEMBRANES ISOLATED IN THE PRESENCE 

AND ABSENCE OF PMSF.

TRACK NUMBER 1 2 3 4 5 6 7 8
  .330

, ,  . . .  ? f

67—

43-

I I

20

1 4 4 -

 67
“60

' — 36

I I

— 18.5
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i s o la te d  in the  presence o f  ImM PMSF showed no s igns o f  degradation  in 

e i t h e r  th e  to p  o r  " b u t to n ” sam ple . However, th e  "b u t to n "  membrane 

sam p les  showed e v id e n c e  o f  m ild  p r o t e o l y t i c  degradation  having taken 

p lace  when no PMSF was employed.

Spur c e l l  e r y t h r o c y t e  to p  and "b u tto n "  membranes w ere b o th  

degraded in  the absence o f  PMSF w ith  the  ’̂ Dutton" again e x h ib i t in g  th e  

m ost e v id en ce  o f  d e g r a d a t io n .  Moreover th e  " b u t to n "  membrane sam ple  

d e r iv e d  from spu r  c e l l s  c o n t in u e d  to  d i s p l a y  e v id e n c e  o f  p r o t e o l y s i s  

even in  the  presence o f  PMSF, although the  degradation was l im i te d  to  a 

few p r o t e in s .  Spur c e l l  e r y t h r o c y t e s  a l s o  c o n ta in e d  more haem oglob in  

assoc ia ted  with t h e i r  membranes.

3.23 Degradation P a t te rn  produced by Membrane Associated P ro tea ses .

Normal and sp u r  c e l l  e r y t h r o c y t e  membranes were i s o l a t e d  in  th e  

presence or absence o f  ImM PMSF. The ghosts i so la te d  in  the  absence o f

th e  s e r i n e  p r o te a s e  i n h i b i t o r  w ere th en  in c u b a te d  f o r  24h a t  4®C to

a l lo w  p r o t e o l y t i c  d e g r a d a t io n  to  t a k e  p la c e .  The p u rp o se  o f  t h i s  

experiment was to  examine the  p a t te rn  o f  degradation o f  th e  e ry th ro cy te  

membrane p ro te in s .  The samples were run on SDS-polyacrylamide g e ls  using 

the  m icro-gel e le c tro p h o re s is  appara tus .

Figure 18 shows the  p ro te in  banding p a t te rn s  obtained from each o f

the  samples. Control e ry th ro cy te  membranes i s o la te d  in  th e  presence o f

PMSF had a normal p ro te in  banding p a t te rn  = U nfortunately  t h i s  gel t ra c k  

was s l i g h t l y  under lo ad ed .  W ith o u t  th e  s e r i n e  p r o te a s e  i n h i b i t o r ,  t h e  

p ro te in  banding p a t te rn  shows evidence o f  mild degradation having taken 

p la c e .  Band 2.3 in c r e a s e d  in  s t a i n i n g  i n t e n s i t y  and band 3 ’ ap p ea red .  

I n c u b a t io n  o f  t h e s e  membranes (24h/4^C) produced more o f  bands 3 ’ and

4,2 with some d i f fu s e  s ta in ed  a reas  appearing between bands 4 and 5 and



FIGURE LEGEND.

Leucocytes were removed from the blood 

samples according to the m ethod of Tokés and 

Chambers (1975). Membranes were re suspended in 

lysis buffer (3 m g /m l) and incubated in an equal 

volume of the same buffer. Tracks l  and 2 contain 

normal and spur cell membranes which were 

isolated in the presence of PMSF. Tracks 3 and 4 

contain the same samples isolated w ithout PM SF 

and incubated (24h/4C). Spur cell and normal 

membranes iso lated  in the absence of PMSF 

are contained in tracks 5 and 6.



FIGURE 18. THE PATTERN OF PROTEOLYTIC

DEGRADATION ON RBC MEMBRANE PROTEINS

TRACK NUMBER BAND
1 2 3 4 5 6

5-

6 -

7-

8 -

^ — 2.3

=  4.1.1/4.1.2 
— 4.2

— 7

— dye front.
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below band 7.

Spur c e l l  e ry th ro cy te  membranes i so la te d  using PMSF show signs o f  

l i m i t e d  d e g ra d a t io n  h av in g  ta k e n  p la c e .  The s t a i n i n g  o f  band 2.3 

in c r e a s e d  in  i n t e n s i t y ,  band 3 ’ ap p eared  a long  w i th  band 8 (mol. w t, 

24,000) and in c r e a s e d  s t a i n i n g  was ob se rv ed  betw een  bands 4 and 5. 

However most o f  th e  d e t a i l s  have n o t  been c l e a r l y  re p ro d u c e d  on t h i s  

p i c t u r e  o f  th e  g e l  p h o to g rap h .  In  th e  absence  o f  PMSF th e s e  membrane 

p r o t e i n s  were e x t e n s iv e ly  deg raded  and o n ly  s p e c t r i n  (bands 1 and 2), 

a c t in  (band 5) and band 6 were id e n t i f i e d  as being r e l a t i v e ly  r e s i s t a n t  

to  d e g r a d a t io n .  Many o th e r  new bands appeared  as  a r e s u l t  o f  th e  

degradation. Incubation o f  the  membranes (24h/4^C) led  to  lo sse s  o f  more 

p r o t e in  bands which gave r i s e  to  s m a l l  p o ly p e p t id e  f ra g m e n ts .  Again 

s p e c t r i n ,  a c t i n  and band 6 a p p a r e n t ly  rem ained  i n t a c t ,  a l th o u g h  t h i s  

does not r u le  out the  p o s s i b i l i t y  t h a t  bands 5 and 6 are  non-homogeneous 

and conta in  degradation products from p ro te in s  w ith  very high m olecular 

weight va lues .

The p a t te rn  o f  degradation produced by the in so lu b le  p ro teases  on 

the  membrane-associated po lypep tides  followed the  same p a t te rn  in both 

membrane samples except t h a t  the  occurrence o f  t h i s  phenomenon in spur 

c e l l  membrane p ro te in s  was more rap id  and th e re fo re  more ex tens ive  a f t e r  

incubation . From the  r e s u l t s  i t  can be seen th a t  the  f i r s t  in d ic a t io n  o f  

p ro te o ly s is  was observed in  the  ankyrin band region (track  6) where band 

2.3 increased  in in te n s i ty  w h i l s t  the  o ther  ankyrin bands are  r e l a t iv e ly  

unchanged and band 3’ appeared. However a f t e r  24 hours incubation  a t  4^0 

norm al e r y t h r o c y t e  g h o s ts  showed an in c r e a s e  in  th e  amount o f  band 3' 

p r e s e n t  on th e  g e l  ( t r a c k  3) and th e  s t a i n i n g  i n t e n s i t y  o f  band 4.2 had 

become more d if fu se .  Moreover these  a l t e r a t io n s  in the  banding p a t te rn  

occurred w ith spur c e l l  membrane p ro te in s  which had been i s o la te d  in the
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presence o f  PMSF ( track  2). Spur c e l l  membranes i s o la te d  in  the  absence 

o f  PMSF (track  5) showed d e f in i t e  lo sse s  in  th e  p ro te in  banding p a t te rn  

where many degradation products appreared as a d i f fu s e  s ta in  spanning 

th e  to p  r e g io n  o f  th e  g e l .  T rack  4 showed th e  p r o g r e s s io n  o f  th e  sp u r  

c e l l  membrane p r o t e in  d e g r a d a t io n  a f t e r  in c u b a t io n  a t  4°C where th e  

degradation products were observed to  spread down towards the  dye f ro n t  

in to  the middle and.bottom se c t io n s  o f  the  gel.

I t  i s  p o ss ib le  th a t  the  r a t e  o f  degradation o f  spur c e l l  membrane 

p ro te in s  r e s u l t s  from e i th e r  an increased  s u s c e p t ib i l i t y  o f  the  membrane 

polypeptides to  hydro lys is  o r  th e  presence o f  a g re a te r  q u a n ti ty  o f  th e  

p ro tease  in the  membranes or cy to so l.  The r e s u l t s  from the  ra d io -c a se in  

assay showed th a t  th e re  i s  an increased  le v e l  o f  p ro te o ly t ic  a c t i v i t y  on 

these  membranes.

3.24 The E ffe c t  o f  Calcium Ions on E rythrocyte  Membrane P ro te in s .

Calcium ions were p rev iously  shown to  increase  the  a s so c ia t io n  o f  

p ro teases  with e ry th ro cy te  membranes (sec tion  3.15) when included in the  

e ry th ro cy te  l y s i s  b u ffe r .  Normal e ry th ro cy te  membranes, i s o la te d  in  th e  

p re se n c e  o f  c a lc iu m  io n s ,  were examined using SDS-polyacrylamide gel 

e l e c t r o p h o r e s i s  t o  s tu d y  th e  banding  p a t t e r n  o f  e r y t h r o c y t e  membrane 

p o ly p ep tid es .

The r e s u l t s  from the  membrane i s o la t io n  and incubation  experiment 

are  shown in  Figure 19. Human e ry th ro cy te s  were lysed and washed e i th e r  

in  th e  u s u a l  way or in  th e  p re s e n c e  o f  I.OmM c a lc iu m  io n s .  The 

e ry th rocy te  ly s a te  and p u r if ie d  c y to so l ic  p ro tease  were used in  membrane 

incubation experiments c a r r ie d  out in  the presence or absence o f  I.OmM 

calcium ions. The r e s u l t s  o f  the  incubation  experiments were obtained by 

exam in ing  th e  sam p les  u s in g  SD S-polyacry lam ide ge ls  on the  m icro-gel



FIGURE LEGEND.

Leucocytes were removed from blood samples 

according to the method of Beutler et al.,(1976). Two 

types of membranes were prepared 1. norm al, and a. 

calcium (im M ) isolated ghosts.The two membrane 

samples were used in the following way and the protein 

banding patterns were examined.

Track. Sam ple .Treatment.
1 1 Control.

2 . 1 Incubated l h / 3 7 'c .

3 1 Incubated w ith  Ca ih  /  37 °C.

4 2 Control.

5 2 Incubated ih  / 3 7 C .

8 1 Preincubated w ith Ca and lysate i h /  4°C; washed;

incubated ih  /  37 'C.

9 1 Preincubated with lysate lh/4°C ; washed ;

incubated i h / 37 °C,

10 1 Preincubated w ith Ca and purified proteases i h / 4  C ;

washed; incubated ih  /  3 7 “c.

1 1  1 Preincubated with purified proteases ih/4°C ;

washed; incubated ih/37'C .

1 2  1 Incubated with Ca and purified proteases lh /3 7  C.

1 3  1 Incubated with purified proteases ih  / 3 7 C .

14 1 Incubated w ith Trypsin l h / 3 7 C .



FIGURE 19. EFFECT OF CALCIUM IONS ON

RBC MEMBRANE PROTEINS.

TRACK NUMBER BAND
1 2 3 4 5 6 7 8 9 10 11 12 13 14
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apparatus. Again the  reproduction  of the  gel photograph does not id e a l ly  

show a l l  o f  the  changes o r ig in a l ly  observed.

Normal e ry th rocy te  membranes displayed a t o t a l  complement o f  e ig h t  

major bands (track  1), band 2.3 seemed to  be more in te n se ly  s ta in ed  than 

th e  r e s t  o f  th e  an k y r in  bands and a f a i n t l y  s t a i n e d  band 3' ap p ea red .  

This sample was used as th e  co n tro l.  Incubation o f  t h i s  membrane sample 

(1h/37®C) in the absence ( track  2) or presence ( track  3) o f  calcium ions 

(ImM) brought about very l i t t l e  change-in e i th e r  case .

E r y th r o c y te s  ly se d  and i s o l a t e d  in  th e  p re se n c e  o f  c a lc iu m  io n s  

(1mM) displayed changes in  th e  p ro te in  banding p a t te rn  which were not 

o b s e r v e d  in  t h e  c o n t r o l .  T h e re  was a d e c r e a s e  in  t h e  s t a i n i n g  

i n t e n s i t i e s  o f  band 3, 4.1 and 4.2, and in c r e a s e  in  th e  i n t e n s i t i e s  o f  

bands 3’ and 4.5, and band 8 (24,000) appeared  ( t r a c k  4), In c u b a t io n  o f  

t h e s e  c a lc iu m  ly se d  membranes ( t r a c k  5) produced d e c r e a s e s  in  bands 

1,2,3, 4.1 and 4.5. Low molecular weight products were d i f fu s e ly  s ta in ed  

a t  th e  dye f r o n t  o f  t r a c k s  4 and 5.

P r e - in c u b a t io n  o f  th e  e r y t h r o c y t e  membranes (Ih  and 4^0) in  th e  

presence o f  ly sa te  w ith and w ithout calcium ions (I.OmM) produced more 

degradation o f  the  membrane p ro te in s  when calcium ions were included in 

the f i r s t  incubation. Track 9 showed an increase  in  th e  d en s ity  o f  band 

2.3; band 3 ’ was p r e s e n t ;  band 4.2 d e c re a se d  and t h e r e  was a new band 

o b served  betw een bands 5 and 6, T rack  8, which had th e  c a l c i u m - ly s a t e  

t r e a t m e n t ,  showed d e c re a s e s  in  bands 2.3, 3, 4.1, 4.2 and 5 and b o th  

t ra c k s  8 and 9 had an increased s ta in in g  in te n s i ty  a t  t h e i r  re sp e c tiv e  

dye f ro n ts .

E ry th ro c y te  membranes w hich had been p r e - in c u b a te d  w i th  th e



76

p u r if ie d  c y to so l ic  p ro teases  ( track s  10 and 11) both showed an in c rease  

in  band 2.3; th e  p re se n c e  o f  band 3' and a l o s s  o f  band 3 s t a i n i n g .  

However, th ese  degradation  e f f e c t s  were not apparen tly  increased  when 

calcium was p resen t in the  p re - in cu b a tio n  sample.

The d i r e c t  incubation  o f  membranes and p u r if ie d  c y to so l ic  p ro teases  

in  the  presence ( track  12) and absence ( track  13) o f  calcium ions showed 

th e  same e x t e n t  o f  d e g r a d a t io n  o f  th e  e r y t h r o c y t e  p r o t e i n s .  T rack  14 

shows th e  d e g r a d a t io n  p roduced  by t r y p s i n  on th e  p o ly p e p t id e s  o f  th e  

e r y t h r o c y t e  membranes. These l a s t  t r a c k s  d e m o n s tr a te d  th e  a b i l i t y  o f  

both t ry p s in  and c y to so l ic  p ro tease  to  degrade the  membrane p r o te in s .

The main c o n c lu s io n  to  be drawn from t h i s  e x p e r im e n t  was t h a t  

c a lc iu m  io n s  prom oted  th e  d e g r a d a t i o n  o f  e r y t h r o c y t e  m em brane  

polypeptides  e i th e r  when the  c e l l s  were lysed  in the  presence o f  calcium 

ions or when the  ghosts were incubated w ith the  ly sa te  in  the  presence 

o f  c a lc iu m .  For t h i s  t o  o ccu r  c a lc iu m  m ost p ro b a b ly  p rom oted  th e  

a d s o r p t io n  o f  c y t o s o l i c  p r o t e a s e s  o n to  t h e  membranes. However in  

p u r i f y i n g  th e  l y s a t e  p r o t e a s e s  t h e i r  a b i l i t y  t o  be ad so rb ed  o n to  

e ry th ro cy te  membranes by calcium was apparen tly  l o s t .

3.25 The E ffe c t  o f  leucocytes  on E ry th rocy te  Membrane P ro te in s .

Normal human e ry th ro cy te s  were used in  the  p rep ara tio n  o f  t o t a l ,  

to p  and " b u t to n "  g h o s t  f r a c t i o n s .  Only h a l f  o f  th e  b lo o d  sam ple  was 

made f r e e  o f  l e u c o c y te s  and th e  method o f  B e u t l e r  e t  a l .  (1976) was 

employed to  a c h ie v e  t h i s .  Each o f  th e  sam p les  was d iv id e d  i n t o  two 

a l i q u o t s ,  one o f  which was in c u b a te d  f o r  24h a t  4°C. A ll  t h e  sam p les  

were compared on SDS-polyacrylamide ge ls  using the  m icro-gel apparatus. 

The aim o f  the  experiment was to  examine the  degradation p o te n t ia l  o f  

leucocyte  membrane p ro teases  on e ry th ro cy te  membrane po lypeptides.



FIGURE LEGEND.

Leucocytes were removed from blood samples 

using the method of Beutler e t a l..Ç1976).Membrane 

samples were resuspended in lysis buffer (3m g /m l  ) 

and incubated in the same buffer(1 .5m g/m l).

Tracks 1,3 and 5 contain the  to ta l,to p  and 

button membranes respectively of homogeneous 

erythrocytes. Tracks 7,9 and 11 contain the total, 

top and button membranes respectively of 

erythrocytes which were not made free of 

leucocytes. Each of the samples were incubated 

for 2 4 h / 4 C  and the proteins were examined 

in gel tracks parallel to the original sample 

("akuck unis lAot* ihcufacikexi).



FIGURE 20. THE EFFECT OF LEUCOCYTES ON

THE DEGRADATION PATTERN OF RBC 

MEMBRANE PROTEINS.
TRACK NUMBER 
1 2  3 4 8 10 11 12
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From th e  r e s u l t s  (F ig u re  20) th e  o n ly  t r a c k s  w hich e x h i b i t e d  

evidence o f  a change in  th e  membrane p ro te in  banding p a t te rn s  through 

d e g r a d a t io n  w ere t r a c k s  11 and 12. The p r o t e i n s  o r i g i n a t e d  from 

e r y t h r o c y t e  and l e u c o c y te  membrane " b u t to n "  f r a c t i o n .  P r o t e i n  band 3 

d e c re a se d  in  i n t e n s i t y ;  band 3' ap p ea red  and band 4.5 in c r e a s e d  in  

i n t e n s i t y  in  t r a c k  11. A f te r  i n c u b a t io n  o f  th e  membrane s u s p e n s io n ,  

s p e c t r in  and more o f  band 3 were degraded, and the  in te n s i t y  o f  band 4,5 

increased .

A ll  o f  th e  o th e r  t r a c k s  showed some i n c r e a s e  in  th e  s t a i n i n g  

i n t e n s i t y  o f  band 2.3, a l s o  band 3  ̂ ap p e a re d ,  how ever, no changes  were 

observed a f t e r  incubation  o f  the  samples rep resen ted  in  t ra c k s  1,3,5,7 

and 9.

3.26 The D e te c t io n  o f  A n t ib o d ie s  on E r y th r o c y te  Membranes u s in g  th e  

ELISA Assay.

In one experiment normal and spur c e l l  e ry th ro cy te  membranes were 

prepared in th e  presence o f  I.OmM PMSF and f ra c t io n a te d  in to  t o t a l ,  top 

and ’̂ Dutton" ghosts. The membranes were examined on SDS-polyacrylamide 

g e ls  (Figure 21). However, p r io r  to  th e  membrane i s o la t io n  procedure th e  

sp u r  c e l l  e r y t h r o c y t e s  (90% v /v  in  homologous p lasm a)  were used  to  

d e te rm in e  t h e i r  c o n c e n t r a t i o n s  o f  phosphorus  c a t i o n s  by em ploy ing  

Nuclear Magnetic Resonance (NMR) spectroscopy. This technique involved 

s p in n in g  th e  c e l l s  suspended  in  p lasm a  f o r  3h a t  4°C w i th in  t h e  NMR 

in s tru m en t.

F ig u re  22 shows th e  p l o t  o f  th e  r e l a t i v e  m o b i l i t i e s  o f  th e  

e ry th rocy te  p ro te in s  a g a in s t  th e  logarithm  o f  t h e i r  m olecular weights. 

Two new p o ly p e p t id e  bands ,  d e s ig n a te d  x and y, ap p ea red  on th e  g e l



FIGURE LEGEND.

Leucocytes were removed from  blood samples 

using  the m ethod of Tokés and Cham bers (1975). 

T racks 1,2  and 3 contain t o t a l , t o p  and button  

ghosts isolated from norm al erythrocytes in the  

presence of PMSF. Tracks 4,5 and 6 contain to ta l, 

top and button ghosts isolated from spur cell 

erythrocytes in the presence of PMSF.



FIGURE 21. IMMUNOGLOBULIN BINDING TO
SPUR CELL RBC MEMBRANES.
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FIGURE 22. MOLECULAR WEIGHT DETERMINATIOVS
OF ERYTHROCYTE POLYPEPTIDES BY S.D.S -  
POLYACRYLAMIDE GEL ELECTROPHORESIS.
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t ra c k s  conta in ing  spur c e l l  membrane p ro te in s .  These were id e n t i f i e d  as 

h a v in g  m o l e c u l a r  w e i g h t s  o f  a p p r o x i m a t e l y  5 0 ,0 0 0  and 2 5 ,0 0 0  

r e s p e c t i v e l y .  The two p o ly p e p t id e s  were n o t d e g r a d a t io n  p ro d u c ts  b u t 

were s u sp e c te d  to  r e p r e s e n t  th e  heavy and l i g h t  c h a in s  o f  th e  

immunoglobulin and antibody molecule.

To q u a n t i t a t e  th e  b in d in g  o f  a n t ib o d y  m o le c u le s  to  e r y t h r o c y t e  

membranes the  enzyme-linked immunosorbent assay (ELISA) was c a r r ie d  out. 

Triton-X-100 (0.1% v/v) e x t r a c t s  o f  e ry th rocy te  membranes were assayed. 

F ig u re  23 shows th e  s ta n d a r d  c u rv e s  o b ta in e d  f o r  human IgG in  th e  

p re se n c e  and absence  o f  T r i to n -X -1 0 0  (0.1% v /v ) .  The r e d u c t io n  in  th e  

s e n s i t i v i t y  o f  the  s tandard  curve in  the  presence o f  d e te rg en t  was found 

to  r e s u l t  from the  e lu t io n  of coating  antibody molecules from the  sample 

w e l l s .  H igher c o n c e n t r a t i o n  o f  th e  d e t e r g e n t  (1%) t o t a l l y  reduced  

binding. However i t  was d e s ira b le  to  use t h i s  d e te rgen t concen tra tion  to  

b r in g  abou t s o l u b i l i s a t i o n  o f  membrane bound IgG m o le c u le s  from 

ery th ro cy te  ghosts .

T ab le  16 shows th e  r e s u l t s  o f  th e  a s sa y  which s i g n i f i e s  th e  

presence o f  la rg e  amounts o f  antibody molecules on spur c e l l  membranes 

d e r iv e d  from c e l l s  used  in  th e  NMR s tu d y .  I t  a l s o  i n d i c a t e s  t h a t  sp u r  

c e l l  e ry th rocy tes  do not norm ally possess la rg e  amounts o f  IgG bound to  

th e  membranes, compared to  th e  c o n t r o l  l e v e l s  on no rm al e r y t h r o c y t e  

membranes. This ru le s  ou t the  p o s s i b i l i t y  o f  spur c e l l  anaemia being an 

autoimmune d isease  with re sp e c t  to  IgG molecules.



FIGURE 23. FUSA STANDARD CURVE FOR
HUMAN Ig G
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Table 16. IgG Binding to  E ry throcyte  Membranes.

L e u co cy tes  w ere removed from b lood  sam p les  u s in g  th e  method o f  
Tokés and Chambers (1975). The d i f fe re n c e  between d u p l ic a te  analyses was 
below +10%.

Erythrocytes  
Membrane Sample

ELISA ASSAY 
ng human IgG/mg p ro te in

Spur Cell (Control) 111
C ir rh o t ic 432
C ir rh o t ic 79
Normal 254
Spur C ell (NMR Study) 7143

The NMR study i t s e l f  was not pursued fu r th e r  because th e re  was no 

evidence to  suggest t h a t  th e  phosphorus ca tio n  conten t o f  spur c e l l s  was 

abnormal. However the  f o r tu i to u s  observation  made concerning th e  binding 

o f  an tib o d ies  to  spur c e l l s  was o f  i n t e r e s t .  This e f f e c t  could have been 

a m an ife s ta t io n  o f  the  shear s t r e s s  fo rces  experienced by the  red c e l l s  

w h i l s t  they were being spun in the  magnetic f i e ld ,  or i t  could have been 

a r e s u l t  of the  magnetic f i e ld  i t s e l f .  Moreover, i t  would be u se fu l  to  

d iscover whether t h i s  same enhancement o f  IgG binding w i l l  occur when 

normal human e ry th ro cy tes  are used in the  NMR spectrophotom eter.
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4. DISCUSSION

E rythrocyte  phosphatase a c t i v i t i e s  o f  membranes and cytoplasm were 

measured using two s u b s t r a te s .  p-Nitrophenyl phosphate was employed as a 

convenient general s u b s t r a te  fo r  the  d e tec t io n  o f  phosphatases. Radio- 

p h o s p h o r y l a t e d  c a s e i n  was u s e d  as  a s p e c i f i c  s u b s t r a t e  f o r  

p h o sp h o p ro te in  p h o s p h a ta se s .  Hui and Harmony (1979) had p r e v io u s ly  

employed these  s u b s t r a te s  to  measure changes in  the  le v e ls  o f  membrane 

p h o sp h a ta se  a c t i v i t i e s  w hich  w e re  shown t o  be a s s o c i a t e d  w i t h  

e ry th rocy te  shape changes. The p ro te in  phosphatase assay i s  designed to  

m easure th e  r e l e a s e  o f  in o r g a n ic  p h o sp h a te  from th e  ] - l a b e l l e d  

p h o sp h o case in  in  th e  form o f  t r i c h l o r o a c e t i c  a c id  s o lu b l e  c o u n ts .  

However i t  was found d u r in g  th e  c o u rse  o f  t h i s  work t h a t  a c id  s o lu b l e  

p e p t i d e s  c o u ld  be l i b e r a t e d  f ro m  t h e  p h o s p h o ry la te d  c a s e in  by 

e ry th rocy te  p ro teases .  This in form ation  th e re fo re  questions  th e  v a l i d i t y  

o f  a p p ly in g  p r o t e in  p h o s p h a ta se  s u b s t r a t e s  in  th e  d e t e c t i o n  o f  

e ry th rocy te  phosphatase a c t i v i t i e s  u n l e s s  c a r e f u l  e f f o r t s  a r e  made to  

in h ib i t  the p ro teases .  Because o f  t h i s  problem the  p ro te in  phosphatase 

assay was not used ex ten s iv e ly  in  th ese  s tu d ie s ,

Hui and Harmony (1979) suggested t h a t  the  p -n itropheny l phosphatase 

a c t i v i t y  o f  e ry th ro cy te  membranes, measured in the  presence o f  ATP to  

i n h i b i t  membrane ATPases, r e f l e c t e d  membrane p r o t e i n  p h o sp h a ta se  

a c t iv i ty .  Other workers have used s p e c i f i c  p h o s p h o ry la te d  p r o t e i n s  to  

exam ine th e  s o lu b l e  s p e c t r i n  p h o sp h a ta se  (Graham £ t  a l . ,  1976) and 

membrane p ro te in  phosphatase a c t i v i t i e s  (Fischer e t  a l . ,  1980) o f  human 

e ry th ro cy tes .  However n e i th e r  o f  these  authors examined the  na tu re  o f  

the  products re le a se  by the  phosphatases to  exclude the  p o s s ib i l i t y  o f  

p ro te o ly t ic  cleavage o f  t h e i r  su b s t ra te s .
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E r y th r o c y te  p r o t e o l y t i c  a c t i v i t i e s  were m easured  u s in g  r a d i o -  

i o d in a t e d  c a s e in  as s u b s t r a t e .  Assay m ethods f o r  p r o t e o l y t i c  enzymes 

which have been used by o th e r  workers have employed s u b s t r a te s  such as 

c a s e in  and u r e a - d e n a tu r e d  h aem og lob in  (M orrison  & N eu ra th ,  1953); 

case in ,  n a t iv e  haemoglobin and e ry th ro cy te  stroma (Moore e t  a l . ,  1970); 

human g lo b in  (P o n tre ra o l i  e t  a l . ,  1979); and t r i t i a t e d  a c e t y l a t e d  

haem og lob in  (B ernack i & Bosmann, 1972). D i f f e r e n t  r a d i o - i o d i n a t e d  

p ro te in s  inc lud ing  human immunoglobulin, horse h e a r t  cytochrome c and 

c a s e in  c o v a l e n t l y  l in k e d  to  p l a s t i c  beads  were used  as s u b s t r a t e s  by 

Tbkes and Chambers (1975) to  av o id  t h e  n e c e s s i t y  f o r  t r i c h l o r o a c e t i c  

ac id  p r e c ip i ta t io n .  The use o f  r a d io - la b e l le d  p ro te in s  has the  advantage 

o f  high s e n s i t i v i t y ;  p ro tease  a c t i v i t y  equ iva len t  to  5ng t ry p s in  (Figure

11) co u ld  be m easured  w i th  th e  [ ^ ^ ^ I ] - c a s e i n  a s sa y  d ev e lo p ed  in  t h i s  

work fo r the  d e tec t io n  o f  e ry th ro cy te  membrane p r o te o ly t ic  a c t i v i t i e s .  

In l a t e r  experiments case in  was p re t re a te d  with iodoacetamide to  reduce 

th e  background p r o t e o l y s i s  due t o  endogenous p r o te a s e s  in  th e  c a s e in  

p re p a ra t io n .

One e s s e n t i a l  f a c to r  to  be taken in to  co n s id e ra tio n  when studying 

e r y t h r o c y t e s  i s  t h e i r  d e g re e  o f  p u r i t y  and th e  e x t e n t  o f  i n t e r f e r e n c e  

produced by n o n -e ry th ro cy tic  c e l l s  in  enzyme assays. For example i t  has 

been shown th a t  leucocy tes  have a p r o te o ly t ic  a c t i v i t y  which i s  s e v e ra l  

o r d e r s  o f  m agn itude  h ig h e r  th a n  t h a t  o f  e r y t h r o c y t e s  (Haschen & Krug, 

1966), T h e re fo re  s e v e r a l  m ethods w ere exam ined to  re d u c e  o r  e x c lu d e  

th ese  c e l l s  from blood samples. The most e f f e c t iv e  method was found to  

be t h a t  o f  B eu tle r  e t  a l . ,  (1976). Some e a r l i e r  experiments were c a r r ie d  

o u t  u s in g  th e  method o f  F a i rb a n k s  e ^  a l . ,  (1971) and Tokés & Chambers

(1975) w hich b o th  gave a l e s s  c o m p le te  rem oval o f  l e u c o c y te s  from red  

c e l l s .  The e f f e c t  o f  leucocy tes  in the  phosphatase and p ro tease  assays 

was examined, however, to  determ ine th e  degree o f  t h e i r  in te r f e re n c e  in
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each assay. Leucocytes were found to  e le v a te  the  e ry th ro cy te  membrane 

phosphatase a c t i v i t y  only s l i g h t l y  (Table 7) and they  had no d e te c ta b le  

e f f e c t  on the  so lu b le  cytoplasm ic a c t iv i ty .  In c o n tra s t  the  p ro te o ly t ic  

a c t i v i t y  measured in the  membrane sample from u n frac t io n a ted  blood c e l l s  

was e l e v a te d  e l e v e n - f o l d  (T ab le  12) compared to  e r y t h r o c y t e s .  The 

leucocyte  p ro te o ly t ic  a c t i v i t y  was lo ca ted  ex c lu s iv e ly  in  th e  membrane 

f r a c t io n  and could not be e lu ted  by repeated  washing. Two pH optima were 

i d e n t i f i e d  fo r  th e  leucocyte  p r o te o ly t i c  a c t i v i t i e s  w ith  th e  a c t i v i t y  a t  

pH 7.0 b e in g  fo u r  t im e s  g r e e t e d  th a n  th e  a c t i v i t y  a t  pH 3.0 (F ig u re

12). The s e r i n e  p r o t e a s e  i n h i b i t o r  PMSF, a t  a lOmM c o n c e n t r a t i o n ,  

t o t a l l y  i n h i b i t e d  th e  l e u c o c y te  p r o t e a s e s  a t  p h y s io l o g i c a l  pH. The 

r e s u l t s  em phas ised  th e  need t o  remove l e u c o c y te s  from b lood  sam p les  

b e fo re  c a r r y in g  o u t  p h o s p h a ta se  and p r o te a s e  d e t e r m in a t i o n s  on red  

c e l l s .  E r y th r o c y te s  p re p a re d  by th e  method o f  B e u t l e r  ^  a l . ,  (1976) 

however had le s s  than one leucocyte  per 200 e ry th ro c y te s .

Erythrocyte  membrane a s so c ia te d  phosphatases were de tec ted  using  p- 

n itropheny l phosphate as s u b s t r a te  (Table 4). This enzyme, which had the  

same pH optimum as the  so lub le  enzyme (Figure 8), remained bound to  th e  

red c e l l  membrane a f t e r  exhaustive  washing with b u f fe rs  o f  varied  io n ic  

s t r e n g t h  (Table  5) s u g g e s t in g  t h a t  i t  m igh t be a s s o c i a t e d  w i th  t h e  

membrane. Such an a s so c ia t io n  could occur d i r e c t ly  as in  the  case o f  an 

i n te g ra l  membrane p ro te in  or i n d i r e c t ly  v ia  a s so c ia t io n s  w ith components 

o f  the  membrane, fo r example intramembrane p a r t i c le s  (IMP).

C h a r a c t e r i s a t i o n  o f  th e  e r y t h r o c y t e  membrane a s s o c i a t e d  and 

cytoplasm ic phosphatase a c t i v i t i e s  was c a r r ie d  out a t  n e u tr a l  pH using 

various  m e tab o li te s  in  the  p -n itropheny l phosphatase assay system. The 

membrane a s s o c i a t e d  p h o sp h a ta se  a c t i v i t y  o n ly  co m p rised  0.1% o f  th e  

t o t a l  c e l l u l a r  p h o sp h a ta se  a c t i v i t y  (Table  4). However from t h e  pH
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optima values and in h ib i t io n  s tu d ie s  the  so lub le  and membrane asso c ia ted  

p - n i t r o p h e n y l  p h o sp h a ta se  a c t i v i t i e s  ap p eared  t o  be v e ry  s i m i l a r  o r  

i d e n t i c a l .  Both p h o s p h a ta se s  were i n h i b i t e d  by in o r g a n ic  p h o sp h a te ,  

f l u o r i d e  io n s ,  c a lc iu m  io n s  and s t i m u l a t e d  in  th e  p re se n c e  o f  EDTA 

(Table 6). Minor q u a n t i t a t iv e  d i f fe re n c e s  in  in h ib i t io n  and a c t iv a t io n  

may be due to  th e  c ru d e  n a t u r e  o f  th e  enzyme p r e p a r a t i o n s .  Both 

phosphatases requ ired  magnesium ions for t h e i r  a c t iv i ty .  The s t im u la t io n  

o f  the  membrane phosphatase a c t i v i t y  by Triton-X-100 could have r e s u l te d  

from the re le a se  o f  enzyme from re sea led  ghosts or the  c ry p t ic  na tu re  o f  

t h e  i n s o l u b l e  enzyme which would l i m i t  s u b s t r a t e  a c c e s s i b i l i t y .  The 

former explanation i s  le s s  l i k e ly  because red c e l l s  have l i t t l e  tendency 

to  r e s e a l  in  hypotonic phosphate b u f fe r s .  A p o s i t iv e  in d ic a t io n  o f  t h i s  

o c c u r re n c e  would have been th e  p r e s e n c e  o f  haem oglob in  in  th e  g h o s t  

membrane p e l l e t s ,  however t h i s  phenomenon was not observed.

P h o sp h a ta se  a c t i v i t i e s  o f  human e ry th ro c y te s  appear to  be almost 

t o t a l l y  s o lu b le .  The membrane a s s o c i a t e d  a c i t i v i t y  may be a s m a l l  

f ra c t io n  o f  t h i s  a c t i v i t y  r a th e r  f i rm ly  assoc ia ted  w ith the  membrane, 

through a l im i te d  number o f  s p e c i f i c  binding s i t e s ,  where th e  binding 

a f f i n i t y  i s  unaffected  by high ion ic  s tren g th  media. The reg u la t io n  o f  

th e  p h o sp h a ta se  b in d in g  to  th e  membrane cou ld  p e rh ap s  be m ed ia ted  by 

e r y t h r o c y t e  m e t a b o l i t e s  s i n c e  some o f  t h e s e  compounds, in  t h e  

p h o sp h a ta se  a s sa y  sy s tem , were o b se rv ed  to  a l t e r  th e  l e v e l s  o f  

p h o sp h a ta se  a c t i v i t y .  Examples o f  such enzymes have been found in  

e r y t h r o c y t e s .  They can e x i s t  in  b o th  th e  s o lu b le  and membrane bound 

s ta t e s  and are hence defined as being "ambiquitous enzymes". Tn v i t r o  i t  

has been shown t h a t  g lu c o s e -3 -p h o s p h a te  dehydrogenase  (Yu & S te c k ,  

1975), a ldo lase  (Strapazon & Steck, 1976; 1977) and phosphofructokinase 

(R ich a rd s  e t  a l . ,  1979) b ind  to  band 3 in  th e  e r y t h r o c y t e  membrane. 

Binding was reported  to  be r e v e r s ib le  and in most cases the  a c t iv i t y  o f
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t h e  bound form was s i g n i f i c a n t l y  d i f f e r e n t  to  th e  s o lu b l e  form o f  th e  

enzyme. In a d d i t i o n  t h e  v iv o  b in d in g  o f  g lu c o s e -3 - p h o s p h a te  

dehydrogenase to  the  membrane v ia  band 3 was observed (Kliman & Steck, 

1980) and i t  c o u ld  be d i s p l a c e d  from th e  membrane in  v i t r o  u s in g  low 

co n cen tra tions  o f  m e tab o li te s  such as Pi and NAD. Such phenomenon led to  

th e  suggestion by th ese  au thors  t h a t  th e  reg u la t io n  o f  th e  a c t i v i t y  o f  

th ese  enzymes could be achieved by i n t r a c e l l u l a r  m e tab o li te s .

Graham £ t  a l . ,  (1976) i d e n t i f i e d  a p h o s p h o p ro te in  p h o s p h a ta se  

a c t i v i t y  in  human e r y t h r o c y t e s  by m e a su rin g  th e  r e l e a s e  o f  ^^P i from 

p a r t i a l l y  p u r if ie d  [ ^ % ] - s p e c t r i n .  They r e p o r te d  t h a t  t h e  p h o s p h a ta se  

a c t i v i t y  was e n t i r e ly  cytoplasm ic and d e te c ta b le  a t  very high d i lu t io n s ,  

F i s c h e r  a l . ,  (1980) found t h a t  human e r y t h r o c y t e s  c o n ta in e d  a 

m e m b ra n e -a s so c ia te d  p h o s p h o p ro te in  p h o sp h a ta se  a c t i v i t y  c a p a b le  o f  

d e p h o s p h o ry la t in g  m em brane p r o t e i n s  w h ic h  had  p r e v i o u s l y  b e e n  

p h o s p h o r y l a t e d  by an e n d o g e n o u s  p r o t e i n  k i n a s e .  B o th  o f  t h e  

aforementioned authors  c h a r a c t e r i s e d  t h e i r  r e s p e c t i v e  p h o s p h o p ro te in  

p h o s p h a ta se s  u s in g  e r y t h r o c y t e  io n s  and m e tab o li te s  and t h e i r  r e s u l t s  

are quoted in Table 17. The phosphatase assay employed by Graham e t  a l . ,  

(1976) did not include magnesium ions and those authors found th a t  only 

58% o f  the  co n tro l  a c t i v i t y  remained in  th e  presence o f  lOmM magnesium 

io n s .  F i s c h e r  e t  a l . ,  (1980), on th e  o t h e r  hand, r o u t i n e l y  used  lOmM 

m ag n e s iu m  i o n s  and t h e y  r e p o r t e d  t h a t  t h e  am o u n t o f  p r o t e i n  

dephosphorylation could be c o r re la te d  d i r e c t ly  w ith th e  magnesium ion 

concen tra tion . In the  absence o f  magnesium , they observed v i r t u a l l y  no 

d e p h o s p h o ry la t io n  d u r in g  an in c u b a t io n  p e r io d  o f  one ho u r .  The 

concen tra tion  o f  magnesium was found to  in fluence  the  s p e c i f i c i t y  o f  the  

enzyme in  th e  ran g e  o f  3 t o  20mM, The p h y s io l o g i c a l  c o n c e n t r a t i o n  o f  

magnesium in the  e ry th ro cy te  appears to  be in the  reg ion  o f  10“^M (Weed 

e t  a l . ,  1969).



85

Table 17. E ry throcy te  Phosphatase In h ib i t io n .

The values in  p a re n th e s is  a re  quoted from Table 6.

PERCENTAGE PHOSPHATASE CONCENTRATION REMAINING 
F ischer  Graham

METABOLITE CONCENTRATION(mM)
e t  a l . , (1980)

■RERbrane
e t  a l . , (1976)

lYsate

Mg2+ 10.0 40 (64) 58 (86)

Pi 10.0 67 (54) 2 (47)

F” 10.0 67 (28) 10 (70)

pPi 1.0 80 0

ATP 1.0 77 (84; O.ImM) 2(114; O.ImM)

ADP 1.0 77 12 (123)

2,3 DGP 5.0 61 (45) 12 (155)

Because o f  the  e f f e c t  o f  magnesium ions i t  i s  d i f f i c u l t  to  compare the  

r e s u l t s  o f  these  au thors  for the  membrane and cytoplasm ic phosphoprotein 

p h o sp h a ta se  a c t i v i t i e s .  C o m p a r is o n  o f  t h e  e r y t h r o c y t e  p r o t e i n  

p h o sp h a ta se  a c t i v i t i e s  w i th  th e  p - n i t r o p h e n y l  phosphatase a c t i v i t i e s  

o b ta in e d  in  t h i s  t h e s i s  (Table  17) i n d i c a t e s  l i t t l e  s i m i l a r i t y  in  th e  

l y s a t e  a c t i v i t y  w i th  th e  r e s u l t s  o f  Graham e t  a l . ,  (1976). But some 

general s im i l a r i t y  e x i s t s  concerning th e  in h ib i to ry  e f f e c t s  o f  ino rgan ic  

phosphate and the  phosphorylated m e tab o li te s  reported  by F ischer  e t  a l . ,  

(1980). In c o n t r a s t  t o  Graham e t  a l . ,  (1976), F i s c h e r  e t  a l . ,  (1980) 

r e p o r te d  t h a t  th e  a d d i t i o n  o f  l a r g e  amounts o f  c y to p la sm  to  t h e i r  

membrane p r e p a r a t i o n s  d id  n o t  s i g n i f i c a n t l y  i n c r e a s e  th e  e x t e n t  o f  

d e p h o s p h o ry la t io n  o f  th e  C ^ ^ - P ] - l a b e l l e d  membrane p r o t e i n s .  T h is  

suggests  th a t  e i th e r  th ese  are  d i f f e r e n t  enzymes or t h a t  phosphorylated 

membrane p r o t e i n s  a r e  n o t  a c c e s s i b l e  to  so lub le  phosphatases. Perhaps 

o n ly  m e m b ra n e -a s so c ia te d  p h o s p h a ta se s  and k in a s e s  c o n t r o l  s p e c t r i n
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p h o s p h o ry la t io n  and t h e i r  a c t io n  may be r e s t r i c t e d  to  th e  p r o t e i n  

s u b s t r a te s  which are  in the  c lo s e s t  proxim ity  to  the  enzymes. Tt seems 

probable th a t  the  p -n itropheny l phosphatase a c t i v i t y  o f  the  e ry th ro cy te  

re p re sen ts  a m ixture o f  phosphatases which may include the  enzymes which 

dephosphpry la te  sp e c tr in .

To d e te rm in e  th e  q u a n t i t a t i v e  d i s t r i b u t i o n  o f  th e  p r o t e o l y t i c  

a c t i v i t i e s  in  m a tu re  human e r y t h r o c y t e s  th e  r a d i o - l a b e l l e d  c a s e in  

s u b s t r a t e  was in c u b a te d  w ith  th e  membranes, l y s a t e s  and i n t a c t  red  

c e l l s .  A p p ro x im a te ly  18% o f  t h e  t o t a l  c e l l u l a r  p r o t e o l y t i c  a c t i v i t y  

remained on the  membranes. Repeated washing of the  e ry th ro cy te  ghosts ,  

u s in g  b u f f e r s  o f  i n c r e a s i n g  i o n i c  s t r e n g t h ,  f a i l e d  to  s i g n i f i c a n t l y  

e l u t e  th e  r e s i d u a l  p r o t e o l y t i c  a c t i v i t y  (Table  11). T h e re fo re  t h i s  

enzyme a c t iv i ty  was i d e n t i f i e d  as being assoc ia ted  with the  membranes. 

Tbkés and Chambers (1975) used s im i la r  c r i t e r i a  when they id e n t i f i e d  the  

presence o f  e ry th ro cy te  membrane p ro te o ly t ic  a c t iv i ty .  About 10% o f  the  

membrane p r o t e o l y t i c  a c t i v i t y  was d e te c te d  on th e  o u t s i d e  o f  i n t a c t  

c e l l s  and th u s  r e p r e s e n t s  10% o f  t h e  t o t a l  membrane a c t i v i t y  i f  t h e  

p ro te o ly t ic  a c t i v i ty  i s  expressed to  th e  same ex ten t on i n t a c t  c e l l s  as 

in  red c e l l  ghosts. This e s t im a t io n  o f  the  p roportion  o f  a c t i v i t y  on th e  

e x te r io r  o f  the c e l l s  involves the  assumption th a t  th e  assay s u b s t r a te  

i s  impermeable to  i n t a c t  c e l l s  and completely permeable to  c e l l  ghosts . 

As an exam ple t r y p s i n  (24,000) can deg rad e  p r o t e i n s  l o c a t e d  on th e  

c y to p la s m ic  s u r f a c e  o f  g h o s ts  b u t  i s  r e s t r i c t e d  to  d e g ra d in g  o n ly  th e  

p r o t e in s  on th e  c e l l  s u r f a c e  when in c u b a te d  w i th  i n t a c t  re d  c e l l s  

(S tec k ,  1972). The m o le c u la r  w e ig h t  o f  c a s e in  i s  a p p ro x im a te ly  70,000 

and t h e r e f o r e  a s i m i l a r  a c c e s s i b i l i t y  b e h a v io u r  m igh t be a n t i c i p a t e d  

from a p r o t e in  o f  t h i s  s i z e .  However a s u b s t r a t e  p r o t e in  a t t a c h e d  to  

p a r t i c l e s  such as the la te x  beads used by Toke's and Chambers (1975) may 

not possess these  p ro p e r t ie s .  In so lu b le  s u b s t r a te  assay systems may have
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an im proved s e n s i t i v i t y  as a r e s u l t  o f  e l i m i n a t i n g  th e  need f o r  

t r i c h lo r o a c e t i c  acid p r e c ip i t a t i o n  b u t  t h e s e  s u b s t r a t e s  may a l s o  have 

l i m i t a t i o n s  o f  a c c e s s i b i l i t y  w here membrane p ro teases  are  concerned. 

Radio-iodinated  casein  was chosen to  s a t i s f y  these  c r i t e r i a .  Therefore 

th e  a c t i v i t i e s  m easured  on th e  o u t s i d e  and i n s i d e  o f  t h e  e r y t h r o c y t e  

membrane using case in  may be considered as being r e p re s e n ta t iv e  o f  th e  

t o t a l  membrane p r o te o ly t ic  a c t i v i t i e s .

The e ry th ro cy te  membrane p ro teases  had two pH optima in  th e  reg ions  

o f  pH 2.5 and pH 8.0 (F ig u re  12). P u r i f i e d  c y t o s o l i c  p r o t e a s e s  a l s o  

showed the presence o f  th e  same a c id ic  and bas ic  p ro te o ly t ic  pH maxima 

and the  r a t i o  o f  the  a c id ic  to  b as ic  a c t i v i t y  le v e ls  were approxim ately  

e q u a l  in  b o th  t h e  s o l u b l e  and i n s o l u b l e  p r o t e a s e  f r a c t i o n s  o f  

e r y t h r o c y t e s .  Tbkés and Chambers (1975) r e p o r t e d  th e  p re s e n c e  o f  

p r o t e o l y t i c  a c t i v i t y  peaks  in  th e  a c i d i c  and b a s i c  pH r e g io n s  f o r  

e r y t h r o c y t e  membranes. The pH o p t im a  r e p o r te d  in  t h i s  work d i f f e r  

s l i g h t l y  fhom those reported  by these  authors however t h e i r  assay system 

employed the  use o f  r a d io - la b e l le d  p ro te in  s u b s t r a te s  coupled to  l a te x  

beads thus making the  s u b s t r a te  in so lu b le .  They a lso  rep o rted  t h a t  the  

r a t i o  o f  a c id ic  to  bas ic  p r o te o ly t ic  a c t i v i t i e s  on e ry th ro cy te  membranes 

varied  between 2:1 and 5:1 when d i f f e r e n t  iod ina ted  p ro te in  s u b s t ra te s  

such as case in ,  human immunoglobulin and horse h e a r t  cytochrome c were 

used. Bernacki & Bosmann (1972) compared the  le v e ls  o f  the  p ro te o ly t ic  

a c t i v i t y  in  th e  a c i d i c  and b a s ic  pH r e g io n s  u s in g  th e  s u b s t r a t e  

t r i t i a t e d  ace ty la ted  haemolgobin and reported  the  presence o f  75 tim es 

more p ro te o ly t ic  a c t i v i t y  in  the  acid  pH region fo r e ry th ro cy te  membrane 

p r o te a s e s .

However the e ry th ro cy te  membrane asso c ia ted  p ro te o ly t ic  a c t i v i t i e s  

measured using the so lu b le  iod ina ted  case in , where th e  a c t i v i t y  peaks a t



88

high and low pH were equal, were found to  be rep roduc ib le  and c o n s is te n t  

using t h i s  assay system.

P o n tre m o l i  a l . ,  (1979) d id  n o t  f in d  a n e u t r a l  p r o t e o l y t i c  

a c t i v i t y  a sso c ia ted  w ith  e ry th ro cy te  membranes however they id e n t i f i e d  

th re e  p ro te o ly t ic  a c t i v i t i e s  in  th e  a c id ic  pH region. Their assay system 

in v o lv e d  th e  m easurem ent o f  th e  c< -NH2 g roups, l i b e r a t e d  from a c i d -  

denatured g lobin , using the  re a c t io n  o f  fluorescam ine w ith acid  so lu b le  

d e g r a d a t io n  p ro d u c ts .  They s u g g e s te d  t h a t  th e  n e u t r a l  p r o t e o l y t i c  

a c t i v i t y  found to  be asso c ia ted  w ith  e ry th ro cy te  membrane was in  f a c t  

due to  th e  p re se n c e  o f  r e s i d u a l  l e u c o c y te  membranes. To p re p a re  

homogeneous e ry th ro cy te  membranes Pontrem oli e t  a l . ,  (1979) used the  ion 

exchange ch ro m ato g rap h y  t e c h n iq u e  o f  B e u t l e r  ^  a l . ,  (1976). O th er  

w o rk ers  in  t h i s  f i e l d ,  how ever (Tarone e t  a l . ,  1979; S ie g e l  ^  a l . ,  

1980; G olov tchenko-M atsum oto  ^  a l . ,  1982), have i d e n t i f i e d  a 

p r o t e o l y t i c  a c t i v i t y  w i t h  a n e u t r a l  pH optimum in  homogeneous 

e r y t h r o c y t e  m e m b ra n e s .  The w ork  o f  S i e g e l  ^  a l . , (19 8 0 )  and 

G o lov tchenko-M atsum oto  ^  a l . ,  (1982) in v o lv e d  th e  u se  o f  t h e  ion  

exchange ch ro m ato g rap h y  column te c h n iq u e  o f  B e u t l e r  e t  a l . ,  (1976) to  

remove le u c o c y te s ;  t h i s  t e c h n iq u e  was a l s o  employed in  th e  work 

d e s c r ib e d  in  t h i s  t h e s i s .  In  v iew  o f  t h e s e  f in d in g s  i t  would seem 

p o s s i b l e  t h a t  th e  s e n s i t i v i t y  o f  th e  f l u o r e s c e n t  a s sa y  sy s tem  used  by 

P o n t re m o l i  e t  a l . ,  (1979) may n o t  have been s u f f i c i e n t  to  e n a b le  th e  

d e t e c t i o n  o f  t h e  n e u t r a l  p r o t e o l y t i c  a c t i v i t y  a s s o c i a t e d  w i th  

e ry th ro cy te  membranes s in ce  la rg e  po lypeptide  fragments and amino ac id s  

each g iv e  th e  same amount o f  f lu o r e s c e n c e .  T h is  sy s tem  w i l l  n o t  

t h e r e f o r e  be a b le  t o  d i s t i n g u i s h  be tw een  endo- and e x o - p e p t id a s e s  

whereas assay systems using r a d io - la b e l le d  p ro te in  s u b s t r a te s  w i l l  be 

more e f f e c t iv e  in  d e te c t in g  endopeptidase p ro te o ly t ic  a c t i v i t i e s .
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C h a r a c t e r i s a t i o n  o f  th e  e r y t h r o c y t e  p r o t e o l y t i c  a c t i v i t i e s  was 

c a r r ie d  out by p r e t r e a t in g  the  enzymes w ith se v e ra l  p ro te ase  in h ib i to r s  

b e f o r e  in c u b a t io n  w i th  t h e  r a d i o - l a b e l l e d  c a s e in  s u b s t r a t e .  Only th e  

n e u t r a l  p r o t e o l y t i c  a c t i v i t i e s  o f  th e  e r y t h r o c y t e  membrane and 

c y to so l ic  f ra c t io n s  were examined because o f  the  i n t e r e s t  in  d iscovering  

the  s ta tu s  o f  th e se  enzymes in the  i n t a c t  c e l l  a t  p h y s io lo g ica l  pH.

The p u r i f i e d  c y t o s o l i c  p r o t e a s e s  were found to  be p a r t i a l l y  

in h ib i te d  by p h e n y lm e th y lsu lp h o n y lf lu o r id e  (5mM) and a lm o s t  t o t a l l y  

i n h i b i t e d  by p - c h lo ro m e r c u r ib e n z o a te  (ImM). D i t h i o t h r e i t o l  (ImM) 

s l i g h t l y  s t i m u l a t e d  th e  a c t i v i t y  and e t h y l e n e d i a m i n e t e t r a c e t i c  a c id  

(ImM) i n h i b i t e d  th e  s o lu b l e  p r o t e a s e s  to  40% a c t i v i t y  a t  n e u t r a l  pH. 

This in h ib i t io n  p a t te rn  was found to  be alm ost id e n t i c a l  to  the  r e s u l t s  

o b ta in e d  by P o n t re m o l i  ^  a l .  (1980) f o r  th e  p u r i f i e d  c y t o s o l i c  

p ro te ases  w ith  the  exception t h a t  ImM EDTA was reported  to  s t im u la te  the  

a c t i v i t y  to  150% o f  th e  c o n tro l .  The reason fo r  t h i s  l a t t e r  d if fe re n c e  

i s  unknown.

The membrane a sso c ia ted  n e u tra l  p ro te o ly t ic  a c t i v i t y  was found to  

in h ib i te d  more by phenylmethylsulphonyl f lu o r id e  (5mM) and l e s s  by p- 

chlorom ercuribenzoate (ImM) compared to  the  p u r if ie d  so lu b le  p ro teases .  

However i t  was found th a t  EDTA (ImM) in h ib i te d  the  in so lu b le  p ro te ases  

t o  a p p ro x im a te ly  60% o f  th e  c o n t r o l  compared to  40% f o r  th e  s o lu b l e  

p r o t e a s e s  a l t h o u g h  b o th  en zy m es  w e re  s i m i l a r l y  s t i m u l a t e d  by 

d i t h i o t h r e i t o l  (ImM). Therefore , in genera l,  the  e ry th ro cy te  appears to  

have a m ixture o f  p r o te o ly t ic  enzymes which have some c h a r a c t e r i s t i c s  o f  

s e r in e  and t h i o l  p ro teases  th e re  may a lso  be m e ta l lo -p ro te a se s  p resen t.  

The p r o p e r t i e s  o f  t h e  s o lu b le  and i n s o l u b l e  n e u t r a l  p r o t e a s e s ,  w i th  

re sp ec t  to  t h e i r  in h ib i t io n  p a t te rn ,  a re  apparen tly  d i f f e r e n t  although 

t h i s  may be a m an ife s ta t io n  o f  an uneven q u a n t i t a t iv e  d i s t r i b u t io n  o f
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the  d i f f e r e n t  types o f  p ro teases  in  th e  two e ry th rocy te  f ra c t io n s .

Calcium ions were observed to  e le v a te  the  le v e l  o f  the  p ro te o ly t ic  

a c t i v i t y  a s s o c i a t e d  w i th  human e r y t h r o c y t e  membranes when th e y  were 

employed in  th e  h y p o to n ic  l y s i s  b u f f e r  (Table  12). The e r y t h r o c y t e  p -  

n itropheny l phosphatase a c t i v i t i e s  were a lso  observed to  be e leva ted  in  

s i m i l a r l y  t r e a t e d  m em brane  s a m p le s  (T a b le  5). However, u n l ik e  

phosphatases, the  increased  p r o te o ly t ic  a c t iv i t y  could not be e lu ted  by 

repeated  washing o f  the  membranes which were lysed in  the  presence o f  

c a lc iu m . I n c r e a s in g  th e  c a lc iu m  ion  c o n c e n t r a t i o n  o f  t h e  e r y t h r o c y t e  

l y s i s  b u f f e r ,  from one t o  te n  m i l l i m o l a r ,  in c r e a s e d  th e  p r o te a s e  and 

phosphatase a c t i v i ty  le v e ls  o f  th e  ghosts  fu r th e r ,  in d ic a t in g  t h a t  th e  

e f f e c t  o f  t h i s  c a t i o n  was c o n c e n t r a t i o n  depen d en t.  The s t i m u l a t o r y  

e f f e c t  o f  t h i s  ca tion  on th ese  membrane-associated enzyme a c t i v i t i e s  did 

n o t  appear  to  be a d i r e c t  e f f e c t  on enzyme a c t i v i t y .  The p re se n c e  o f  

t h i s  ion  e i t h e r  w i th  o r  w i th o u t  a p r e - in c u b a to r y  p e r io d  in  t h e  

p h o sp h a ta se  a s sa y  (Table  6) o r  p r o te a s e  a s sa y  (T ab les  11 & 14) d id  n o t  

produce a c t iv a t io n  o f  e i t h e r  enzyme a c t iv i t y .  Therefore calcium appears 

to  promote the  adsorp tion  o f  c y to so l ic  c o n s t i tu e n ts  onto the  membranes 

thereby increasing  the  amount o f  phosphatases and p ro teases  d e te c ta b le  

on the e ry th rocy te  ghos ts ,

Toke's and Chambers (1975) i n i t i a l l y  observed an e f f e c t  o f  calcium 

upon the amount o f  p ro teases  on e ry th ro cy te  membranes. They found th a t  

the  p ro te o ly t ic  a c t i v i t i e s  o f  the  membranes, w ith the  a c id ic  and bas ic  

pH o p t im a ,  were b o th  e l e v a t e d  when e r y t h r o c y t e s  w ere ly se d  in  th e  

presence o f  O.ImM calcium.

The membrane a s s o c i a t e d  n e u t r a l  p r o te a s e s  were a l s o  found to  be 

a c t i v e  a g a i n s t  th e  p o ly p e p t id e s  o f  th e  e r y th r o c y te  membranes. The
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progression  o f  the  p ro te o ly t ic  degradation  upon the  membrane s u b s t r a te s  

co u ld  be fo l lo w e d  by th e  p e r i o d i c  e x a m in a t io n  o f  g h o s t  sam p les  w hich 

were in c u b a te d  a t  4®C, S D S -p o ly ac ry lam id e  g e l  e l e c t r o p h o r e s i s  o f  th e  

sam p les  r e v e a le d  t h a t  th e  a n k y r in  (bands 2.1 to  2.6) were, deg raded  

ra p id ly  whereas the  o th e r  membrane p ro te in  components were degraded more 

slowly.

Degradation o f  the  membrane polypeptides by the  membrane assoc ia ted  

p ro teases  besides  providing a q u a l i t a t i v e  method f o r  th e  d e t e c t i o n  o f  

p ro te ases ,  in conjunction with th e  q u a n t i t a t iv e  ra d io -c a se in  assay, was 

envisaged as a means o f  e lu c id a t in g  th e  p o ss ib le  physio logical- ro le  o f  

the  enzymes in the  red c e l l .  The technique o f  examining membrane p ro te in  

p r o t e o l y s i s ,  u s in g  S D S -p o ly a c ry lam id e  g e l  e l e c t r o p h o r e s i s ,  was a l s o  

employed to  f u r t h e r  i n v e s t i g a t e  th e  c a lc iu m  ion  a b s o r p t io n  e f f e c t  on 

e ry th ro cy te  membranes. E rythrocyte  ghosts ,  i so la te d  in  the  presence o f  

calcium (ImM) showed evidence o f  mild degradation having occurred a t  4®C 

during the  i s o la t io n  procedure (Figure 19 ). Incubation o f  th ese  ghosts ,  

fo r  I8h a t  4^C, promoted fu r th e r  degradation o f  the  membrane a sso c ia ted  

polypeptides. P re-incubation  o f  washed ghosts  w ith calcium ions and red 

c e l l  ly sa te  caused the  adsorp tion  o f  p ro teases  and p ro te in s  (haemoglobin 

and band 8) on to  th e  membranes. However a f t e r  th e  p u r i f i c a t i o n  o f  th e  

ly s a te  p ro teases  the  calcium adsorp tion  phenomenon ceased to  occur. The 

m ost l i k e l y  e x p la n a t io n  f o r  t h i s  l a t t e r  o b s e r v a t io n  i s  t h a t  t h e  

p ro teases  most su sc e p t ib le  to  the  calcium adsorption e f f e c t  were l o s t  or 

denatured during the  p u r i f i c a t io n  process. The co n tro ls  to  examine the  

p o s s i b i l i t y  t h a t  c a lc iu m  was d i r e c t l y  s t i m u l a t i n g  o r  a c t i v a t i n g  th e  

membrane p ro teases ,  involved the  incubation  o f  washed ghosts w ith  and 

w ithout calcium ions. However, no increase  in the  amount o f  degradation 

was observed in  e i th e r  sample. Thus i t  was found th a t  calcium ions were 

r e q u i r e d  in  th e  in c u b a t io n  o f  th e  g h o s ts  and red  c e l l  l y s a t e  a t  4^C to
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c o n tro ls .  The p a t te rn  o f  the  membrane p ro te in  degradation  produced by 

th e s e  adso rbed  p r o te a s e s  fo l lo w e d  th e  same s p e c i f ic  sequence observed 

fo r  the  membrane-associated p ro teases  (Figure 18). Two main areas o f  the  

p r o t e i n  banding  p a t t e r n  w ere o b se rv ed  to  change w i th  th e  l a r g e s t  

p o ly p e p t id e s  in  t h e  a n k y r in  band r e g io n  b e in g  th e  m ost r a p i d l y  

h y d ro ly se d  com ponents. However the  membrane-associated p ro teases  were 

only observed to  produce th e  same degree o f  p r o te o ly t ic  change upon th e  

membrane p ro te in s  a f t e r  longer incubation  periods a t  4°c.

King and M orrison  (1977) exam ined p r o t e in s  from e r y t h r o c y t e  

membranes on SDS-polyacrylamide ge ls  a f t e r  incubating samples, fo r  45h 

a t  37^C, which had been i s o la te d  in th e  presence and absence o f  calcium 

ions. Only membrane samples which were i s o la te d  in  the  presence o f  ImM 

c a lc iu m  io n s  showed e v id e n c e  o f  membrane p r o t e in  d e g r a d a t io n .  High 

m olecular weight aggregates, shown by Carraway e t  a l . ,  (1975) to  r e s u l t  

from a ca lc ium -stim u la ted  t r a n s g lu t a m in a s e ,  were a l s o  v i s i b l e  a t  th e  

in te r f a c e  o f  the  sep ara tio n  and s ta c k e r  ge ls .  In ad d it io n  the gel t ra c k s  

conta in ing  the  calcium is o la te d  e ry th ro cy te  membrane p ro te in s  showed the  

presence of the c y to so l ic  p ro te in s  band 8 (24,000) and g lob in .

A llan  and Cadman (1979) s u b s e q u e n t ly  found t h a t  i n c u b a t in g  

e ry th ro cy tes  e i th e r  fo r  a 24-48h, w ithout glucose and w ith  calcium (ImM) 

or fo r  1h with the  ionophore A23187 and calcium (ImM) produced the  same 

a l t e r a t i o n s  o f  th e  p r o t e i n  banding  p a t t e r n  as  th o s e  o b se rv ed  a f t e r  

haemolysing red c e l l s  in hypotonic b u f fe rs  con ta in ing  ImM calcium ions. 

These changes produced by calcium on e ry th rocy te  membrane p ro te in s  were 

s im i la r  to  the  observa tions  repo rted  by King and Morrison (1977) and in  

t h i s  th e s is  (sec tion  3 .2 4 ) .
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Calcium ion  a d s o r p t io n  e f f e c t s  may a l s o  be s i g n i f i c a n t  in  th e  

e r y t h r o c y t e s  from i n d i v i d u a l s  w i th  s i c k l e  c e l l  anaem ia which have a 

c h a r a c t e r i s t i c  morphology. This cond ition  i s  a sso c ia ted  w ith  increased  

i n t r a c e l l u l a r  calcium (Eaton e t  a l . , 1973).

Observations made on the  e ry th ro cy te s  obtained from one in d iv id u a l  

w ith spur c e l l  anaemia in d ica ted  t h a t  th e  abnormal ghost membranes had 

a t  l e a s t  a fo u r  fo ld  i n c r e a s e  in  b o th  th e  p - n i t r o p h e n y l  p h o sp h a ta se  

a c t i v i t y  (Table  4) and t h e  n e u t r a l  p r o t e o l y t i c  a c t i v i t y  (T ab le  15) 

compared to  normal membranes. Increased  p ro te o ly t ic  a c t i v i t y  le v e ls  were 

d e t e c t e d  bo th  on th e  o u t s i d e  and i n s i d e  o f  th e  abnorm al sp u r  c e l l  

membranes and was m anifest a f t e r  examining th ese  ghost po lypeptides on 

SDS-polyacrylamide g e ls  (Figure 16). The normal p ro te in  banding p a t te rn  

was v i r t u a l l y  undetec tab le . However lo ss  o f  the  membrane p ro te in  could 

be almost com pletely  prevented by using PMSF (ImM) a t  l y s i s  (Figure 17).

The comparative examination o f  s ig n i f ic a n t  d i f fe re n c e s  between the  

abnorm al and norm al e r y t h r o c y t e s  may n o t  have been c o m p le te ly  i d e a l  

because o f  the d if fe re n c e  between the  ages o f  the  spur c e l l  in d iv id u a l  

and th e  c o n t r o l  s u b j e c t s ;  and th e  r e s t r i c t e d  number o f  t h e  c o n t r o l s  

te s te d .  The l im i t in g  f a c to rs  which prevented the  complete sampling o f  

a p p r o p r i a t e  c o n t r o l s  w ere in  th e  l a c k  o f  a v a i l a b l e  donors  who w ere o f  

s im i la r  age to  the  spur c e l l  in d iv id u a l  and the  tim e f a c to r  involved in  

assaying many samples. However the  normal co n tro l  su b je c ts  were from an 

age group, c o v e r in g  a span o f  a p p ro x im a te ly  15 y e a r s ,  and th e y  were 

younger than the  p a t ie n t  by a t  l e a s t  twenty years and more.

I t  m ight be argued  t h a t  some o f  th e  in c r e a s e d  membrane p r o te a s e  

a c t i v i t y  o f  spur c e l l  e ry th ro cy tes  could be a t t r ib u te d  to  the  presence 

o f  leucocyte membranes as in  th ese  experiments membranes were i s o la te d
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by the  method o f  Fairbanks e t  a l . ,  (1971) or Tbkés and Chambers (1975). 

However the  ex ten t  o f  degradation  observed w ith  spur c e l l  membranes f a r  

exceeded  th e  amount o f  d e g r a d a t io n  o f  norm al e r y t h r o c y t e  membrane 

p r o t e i n s  p re p a re d  from u n f r a c t i o n a t e d  re d  c e l l s .  I t  i s  t h e r e f o r e  v e ry  

u n l i k e l y  t h a t  th e  e l e v a t e d  p r o t e o l y t i c  a c t i v i t y  a s s o c i a t e d  w i th  s p u r  

c e l l  membranes, in d ica ted  by both the  dominated case in  assay and t h e i r  

p ro te in  banding p a t te rn  on g e ls ,  could a r i s e  from leu co cy tes .

The p o s s i b i l i t y  o f  r e t i c u l o c y t e s  c o n t r i b u t i n g  t o  t h e  e l e v a t e d  

p r o te a s e  a c t i v i t y  l e v e l  e s t i m a t e d  f o r  sp u r  c e l l s  m ust be c o n s id e re d .  

W hile  th e  m a tu re  e r y t h r o c y t e  h as  l i t t l e  o r  no p r o t e i n  tu rn o v e r  t h e  

immature red c e l l  shows the  occurrence o f  ex tens ive  p ro te in  breakdown 

(R apoport e t  a l . ,  1974), However m ost o f  th e  r e t i c u l o c y t e  p r o t e o l y t i c  

a c t i v i t y  i s  a p p a r e n t ly  s o lu b l e  ( E t l i n g e r  & G o ldberg , 1977) and th e  

membrane a s s o c i a t e d  p r o t e a s e s  ap p e a r  t o  be a c i d i c  e n d o p e p t id a s e s  

(Melloni e t  a l . ,  1981). This assessm ent may not be com pletely  accu ra te  

s in c e  P o n tre m o l i  has  c o n t r i b u t e d  t o  t h e s e  f i n d i n g s  and th e  same 

f l u o r i m e t r i c  a s sa y  sy s tem  was used  to  d e t e c t  membrane a s s o c i a t e d  

p r o t e o l y t i c  a c t i v i t y .  R e t i c u l o c y t e s  have a s p e c i f i c  g r a v i t y  w hich i s  

lower than ad u lt  corpuscles  (Key, 1921) and thus tend to  c o l l e c t  in  the  

upper p o r tion  o f  th e  red  c e l l  suspension which i s  a sp ira te d  a f t e r  blood 

c e n t r i f u g a t i o n  t o  remove l e u c o c y te s  and p l a t e l e t s  (F a irb a n k s  ^  a l . ,  

1971).  B lood  f ro m  t h e  s p u r  c e l l  p a t i e n t  had  a r e l a t i v e l y  low  

r e t i c u l o c y t e  co u n t o f  o n ly  3% f o r  t h i s  d i s o r d e r  (n o rm a l ly  1%) w hich 

suggests  th a t  th e se  c e l l s  would have been almost com pletely  removed by 

th i s  method.

C en tr ifu g a tio n  o f  e ry th ro cy te  ghosts normally produces a sm all t i g h t l y  

packed b u t to n  o f  membranes below  th e  p e l l e t  o f  g h o s ts .  An i n t e r e s t i n g  

fe a tu re  of t h i s  case study o f  spur c e l l  anaemia was th a t  th ese  membranes
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had approximately 80% o f  the  t o t a l  ghost p ro te in  p resen t in  the  "button" 

f r a c t io n  compared to  normal e ry th ro cy te  "button" ghosts which contained 

20% o f  th e  t o t a l  p r o t e i n  (T ab le  3). B ax te r  (1975) r e p o r t e d  t h a t  when 

e ry th ro cy tes  were f ra c t io n a te d  in to  populations o f  d i f f e r e n t  vivo age 

t h a t  o ld  c e l l s  c o n ta in e d  a l a r g e r  th an  norm al " b u t t o n " ' p e l l e t  upon 

ly s i s .  Other ways o f  promoting the  occurrence o f  la rg e  "button" p e l l e t s  

in e ry th rocy te  ghosts have been reported . The enzymic reduction  o f  the 

c e l l  su rface  charge using neuram inidase enhances the  a s so c ia t io n  o f  red 

c e l l s  t o  p roduce a g g re g a te d  membranes on l y s i s  (B a x te r ,  1975). T h is  

"button" ghost e f f e c t  might a lso  r e s u l t  from c y to s k e le ta l  changes w ith in  

th ese  spur c e l l s  or from the  increased  membrane c h o le s te ro l  acquired by 

sp u r  c e l l s .  Lux e t  a l . ,  (1978) found t h a t  th e  a b i l i t y  o f  e x t r a c t i n g  

sp e c t r in  from e ry th ro cy te s  dimninished with changes in  the  c e l l  shape 

and de fo rm ab ili ty .  The severe  d e te r io r a t io n  o f  the  spur c e l l  morphology, 

which seems to  in d ic a te  ex tens ive  membrane fragm entation , may suggest 

t h a t  t h e  c y t o s k e l e t o n  h a s  u n d e r g o n e  m o l e c u l a r  r e a r r a n g e m e n t .  

A l te rn a t iv e ly  a d i r e c t  e f f e c t  o f  the  increased membrane c h o le s te ro l  may 

be th a t  i t  produces la rg e  se c t io n s  o f  the  l i p id  b i la y e r  which a re  devoid 

o f  in tram em b ran e  p a r t i c l e s .  D e c re a s in g  th e  d i s t r i b u t i o n  o f  th e  c e l l  

su rface  g lycopro te ins  could e f f e c t iv e ly  reduce the  c e l l  su rface  charge 

over sm all areas in the  l i p id  b i la y e r  and allow  the  ghosts to  pack more 

t i g h t l y .

The in c r e a s e d  a s s o c i a t i o n  o f  p h o s p h a ta se s ,  p r o t e a s e s ,  band 8 and 

haem oglob in  w i th  sp u r  c e l l  membranes were o b se rv ed  to  p a r a l l e l  th e  

changes induced in normal e ry th ro cy te  membranes lysed in  the  presence o f  

calcium ions (Tables 5 & 12). In add it ion  to  t h i s ,  normal e ry th ro cy te s ,  

which were ly se d  in  th e  p re se n c e  o f  c a lc iu m  and in c u b a te d ,  showed a 

s i m i l a r  membrane p r o t e i n  d e g r a d a t io n  p a t t e r n  t o  t h a t  o b ta in e d  fo r  

f r e s h l y  i s o l a t e d  sp u r  c e l l  membrane p r o t e i n s .  T h is  th en  r a i s e d  th e
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q u e s t i o n  o f  w h e th e r  s p u r  c e l l  e r y t h r o c y t e s  h a v e  an i n c r e a s e d  

c o n c e n t r a t i o n  o f  i n t r a c e l l u l a r  c a lc iu m .  T his  m ig h t o ccu r  i f  t h e  

i n c r e a s e d  c h o l e s t e r o l  o f  sp u r  c e l l  membranes d i r e c t l y  o r  i n d i r e c t l y  

p e r tu rb e d  th e  norm al im p erm eab le  n a tu r e  o f  th e  e r y t h r o c y t e  membrane 

to  calcium ions. However the  i n t r a c e l l u l a r  accumulation o f  calcium does 

not apparen tly  reach the  high co ncen tra tion  necessary  to  s t im u la te  the  

transg lu tam inase  (0.5mM) because the  m a jo rity  o f  th e  spur c e l l  membrane 

p ro te in s  were so lub le  in  SDS.

The r a t i o n a l e  f o r  m easu rin g  th e  q u a n t i t a t i v e  a s s o c i a t i o n  o f  

im m unoglobu lin  m o le c u le s  to  sp u r  c e l l  membranes was based  upon an 

o b s e r v a t io n  made on an S D S -p o ly ac ry lam id e  g e l  (F ig u re  21). Spur c e l l  

e r y t h r o c y t e s ,  which had been used as a sam ple  f o r  NMR s p e c t ro s c o p y ,  

showed th e  p re se n c e  o f  l a r g e  am ounts o f  TgG m o le c u le s  on t h e i r  g e l  

tra c k s  a f t e r  t h e i r  membrane p ro te in s  were e lectrophoresed . However spur 

c e l l  anaem ia was n o t  ' found to  be a c h a r a c t e r i s t i c  exam ple o f  an 

autoimmune d isease  (Table 16). The presence o f  the  IgG molecules in the  

NMR sam ple  was p ro b a b ly  an a r t e f a c t  o f  th e  t e c h n iq u e  w hich in v o lv e d  

spinning the  red c e l l s  ra p id ly  in  plasma fo r  a prolonged period .

I t  i s  i n t e r e s t i n g  to  n o te  t h a t  n o t  a l l  i n d i v i d u a l s  who a r e  

a l c o h o l i c  c i r r h o t i c s  a c q u i r e  sp u r  c e l l  anaem ia and t h a t  n o t  a l l  l i p i d  

a b o rm a lit ie s  o f  red c e l l s  invoke the same extreme c e l lu l a r  changes as 

th o s e  documented f o r  sp u r  c e l l s .  T a rg e t  c e l l s  which a c c u m u la te  b o th  

a d d i t io n a l  membrane c h o le s te ro l  and phospholipid and acanthocytes which 

have membranes e n r ic h e d  in  sp h in g o m y e lin  a t  th e  expense  o f  l e c i t h i n  

surv ive  normally in  the  c i r c u la t io n .  The ae tio logy  o f  spur c e l l  anaemia 

remains unresolved. However Borochov and Shinitzky (1976) suggested t h a t  

in  g e n e ra l  th e  e f f e c t  o f  an e x c e ss  o f  c h o l e s t e r o l  in  e r y t h r o c y t e  

membranes might r e s u l t  in changes o f  the  t ra n sp o r t  p ro p e r t ie s  and enzyme
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a c t i v i t i e s  due to  increased  exposure o f  the  l i p id  b i la y e r  to  the  aqueous 

e n v iro n m e n t.  Hui and Harmony (1979) a r e  i n v e s t i g a t i n g  th e  t h e o r y  t h a t  

low  d e n s i t y  l i p o p r o t e i n s  (LDL) a f f e c t  th e  i n t r a c e l l u l a r  c a t i o n  

concen tra tion  o f  e ry th ro cy te s  thus en h an c in g  th e  membrane p h o sp h a ta se  

a c t i v i t y .  They have r u l e d  o u t  t h e  main p l a u s i b l e  e f f e c t s  o f  LDL 

in te r a c t in g  with o th e r  membrane c o n s t i tu e n ts  and have shown th a t  th e  LDL 

i s  n o t  i n t e r n a l i z e d  by th e  e r y t h r o c y t e .  T h e re fo re  t h i s  may be in  

accordance w ith  the  r e s u l t s  o f  th e  work in  t h i s  th e s i s

which a p p a r e n t l y  i n d i c a t e  th e  p re s e n c e  o f  e l e v a t e d  

co ncen tra tions  o f  calcium in spur c e l l s .

F r a c t i o n a t i o n  o f  no rm a l e r y t h r o c y t e  membranes i n t o  to p  and 

"button" ghosts  in d ica ted  t h a t  th e  h ig h es t  assayable  n e u t r a l  p r o te o ly t ic  

a c t i v i t y  was c o n ta in e d  in  th e  " b u t to n "  membrane f r a c t i o n  (T ab le  15). 

T h is  in c r e a s e d  a c t i v i t y  was a l s o  a p p a re n t  upon e x a m in a t io n  o f  t h e s e  

ghost p ro te in  f r a c t io n s  on SDS-polyacrylamide ge ls  (Figures 16 and 17). 

There was evidence to  suggest t h a t  the  "button" membranes had undergone 

degradation . The ankyrin p ro te in  bands 2.1 to  2.6 and some o f  band 3 was 

d eg rad ed .  Band 2.3, how ever had in c r e a s e d  in  s t a i n i n g  i n t e n s i t y .  T h is  

evidence seemed to  suggest t h a t  the  ghost membranes which p e l le te d  in to  

the  densely  packed ’̂ button" f r a c t io n  had more p ro teases  a sso c ia ted  with 

t h e i r  membranes. L e u co cy te s  may p a r t i a l l y  be r e s p o n s i b l e  f o r  t h i s  

o b s e r v a t io n ,  however th e  e v id e n c e  w hich r e l a t e s  t h e  o r i g i n  o f  th e  

" b u t t o n "  g h o s t s  t o  o l d  e r y t h r o c y t e s  h a s  n o t  b e e n  t h o r o u g h l y  

in v e s t ig a te d .

D e n s i ty  f r a c t i o n a t e d  red  c e l l s  w ere i s o l a t e d  by B a x te r  (1975) on 

d iscon tinuous d en s ity  g ra d ien ts  o f  iso -osm otic  bovine albumin. By t h i s  

method he o b ta in e d  s ix  f r a c t i o n s  o f  e r y t h r o c y t e s  o f  d i f f e r e n t  in  v ivo  

age and examined t h e i r  membrane p o ly p ep tid es  u s in g  S D S -p o ly a c ry lam id e
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gel e le c tro p h o re s is .  Two tra c k s  con ta in ing  the  membranes from the  o ld e s t  

e ry th ro cy tes  showed changes in  the  membrane p ro te in  banding p a t te rn  in 

two main a r e a s .  A nkyrin bands 2.1 to  2.6 and band 3 w ere reduced  in  

s ta in in g  in te n s i ty  and bands 2.3 and band 4.5 had an increased  s ta in in g  

i n t e n s i t y .  Band 8 (24,000) and g lo b in  were a l s o  v i s i b l e  on th e s e  g e l  

t ra c k s  conta in ing  th ese  samples. The a l t e r a t io n s  in the  membrane p ro te in  

band ing  p a t t e r n  were i d e n t i c a l  t o  th e  changes o b se rv ed  by King and 

M orr ison  (1977) and in  t h i s  t h e s i s  f o r  e r y t h r o c y t e  membranes ly s e d  in  

th e  p re se n c e  o f  c a lc iu m .  T h is  s u g g e s t s  t h a t  i n c r e a s e d  l e v e l s  o f  

p ro teases  may be asso c ia ted  with th e  membranes o f  old e ry th ro c y te s .

L a C e lle  e t  a l . ,  (1972) and Schatzm ann (1975) have b o th  r e p o r t e d  

t h a t  the ex trusion  o f  calcium by s e n e s c e n t  e r y t h r o c y t e s  p r o g r e s s i v e l y  

d e c l i n e s  as th e  i n t r a c e l l u l a r  ATP c o n c e n t r a t i o n  d e c r e a s e s .  T h e re fo re  

c a lc iu m  a c c u m u la t io n  d u r in g  re d  c e l l  s e n e sc e n c e  may in c r e a s e  th e  

a s so c ia t io n  of c y to so l ic  p ro teases  w ith  the  membrane causing p ro te o ly s is  

o f  the  membrane a sso c ia ted  po lypeptides. I f  a r e la t io n s h ip  does e x i s t  

between the  lev e l  o f  p ro teases  a sso c ia ted  with e ry th ro cy te  membranes and 

the  c e l l  age then i t  may give credence to  the  suggestion , made by S co tt

and Kee (1979), o f  t h e s e  p r o t e a s e s  b e in g  in v o lv e d  in  e r y t h r o c y t e

a u to ly s is .  However the  in form ation  which has shown th a t  a decrease in

th e  ATP c o n te n t  o f  e r y t h r o c y t e s  may be one o f  th e  c a u s a t i v e  f a c t o r s

c o n t ro l l in g  red c e l l  senescence (Lichtman, 1975) must be considered w ith  

some r e s e r v a t i o n  b ecau se  o f  a r e c e n t  r e p o r t  o f  K i r k p a t r i c k  ^  a l . ,

(1979) which showed no d e c r e a s e  in  th e  ATP c o n c e n t r a t i o n  f o r  o ld  

e ry th ro c y te s .

The problem  o f  com paring  th e  ATP c o n c e n t r a t i o n  in  red  c e l l s  o f  

d i f f e r e n t  age seems to  be in  the  expression o f  the  r e s u l t s .  K irkpa trick  

e t  a l . ,  (1979), u s in g  d e n s i t y  f r a c t i o n a t e d  human e r y t h r o c y t e s ,  showed
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t h a t  th e  ATP c o n te n t  ( m o l e / c e l l  x lO^?) o f  dense  (o ld )  c e l l s  i s  l e s s  

th a n  t h a t  o f  l i g h t  (young) c e l l s .  A lso th e  mmole o f  ATP/gram o f  

haemoglobin values in d ica ted  t h a t  old  c e l l s  contained le s s  ATP. However 

theycorrec ted  the  ATP values  by tak in g  in to  account the  decreased volume 

and increased  haemoglobin co n cen tra tio n  o f  the  dense c e l l s  and obta ined  

a v a lu e  f o r  i n t r a c e l l u l a r  ATP w hich  does n o t  d i f f e r  from young o r  

c o n t r o l  (u n frac t io n a ted )  c e l l s .

I n  c o n c l u s i o n ,  n o r m a l  human e r y t h r o c y t e s  p o s s e s s  membrane 

a s s o c i a t e d  p r o te a s e s  and p h o s p h a ta s e s  which a r e  a c t i v e  a t  n e u t r a l  pH. 

H ypoton ic  l y s i s  o f  e r y t h r o c y t e s  in  th e  p re se n c e  o f  ImM c a lc iu m  io n s  

r e su l te d  in  th e  adsorp tion  o f  c y to s o l ic  p ro te in s  onto th e  membranes as 

in d ica ted  by the  increased  le v e ls  o f  assayable  p -n itro p h en y l phosphatase 

and [^ ^ % ]-case in  p ro tease  a c t i v i t i e s  on t h e s e  membranes compared to  

c o n t r o l s .  The S D S -p o ly a c ry lam id e  g e l  p r o t e i n  p a t t e r n s  o f  e r y t h r o c y t e  

g h o s t s ,  i s o l a t e d  in  th e  p r e s e n c e  o f  c a lc iu m ,  p ro v id e d  e v id e n c e  w hich 

c o n f irm e d  th e  c a lc iu m  a d s o r p t io n  e f f e c t  d u r in g  re d  c e l l  l y s i s .  The 

degradation  o f  membrane p ro te in s  was observed to  be a c c e le ra ted  and two 

new p ro te in  bands (globin and band 8) o f  c y to so l ic  o r ig in  were p resen t 

in  th ese  ge l t ra c k s  compared to  the  c o n tro ls .  These calcium e f f e c t s  o f  

normal e ry th ro cy te  membranes were found to  p a r a l l e l  the  changes observed 

fo r  spur c e l l  membrane phosphatase a c t i v i t i e s ,  p ro tease  a c t i v i t i e s  and 

g e l  p a t t e r n s  o f  th e  g h o s t  p r o t e i n s  o b ta in e d  from th e  re d  c e l l s  o f  one 

in d iv id u a l  w ith  t h i s  anaemia. This prompted the  suggestion t h a t  these  

changes in  sp u r  c e l l s  cou ld  have been produced th ro u g h  an i n c r e a s e  in  

the  i n t r a c e l lu l a r  calcium ion co n cen tra t io n .

The calcium ion accumulation by senescent e ry th ro cy te s  aged in  vivo 

may a l s o  be r e s p o n s i b l e  f o r  th e  changes  o b se rv ed  in  t h e s e  c e l l s .  The 

p ro te in  degradation o f  ghosts i s o la te d  from old e ry th ro cy te s  seemed to
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i n d i c a t e  an in c r e a s e d  a s s o c i a t i o n  o f  p r o te a s e s  w i th  t h e  membranes. 

Moreover the  general e f f e c t  o f  both th e  membrane asso c ia ted  and calcium 

adsorbed p ro teases  was in  the  degradation  o f  the  c y to sk e le ta l  p ro te in s  

which a re  in  c lo s e s t  p roxim ity  to  th e  membrane b i la y e r .  These p ro te in s  

which function to  anchor the  cy toske le ton  to  the  membrane are  p oss ib ly  

t h e  m o s t  c r u c i a l  o f  t h e  r e d  c e l l  c y t o s k e l e t a l  a r c h i t e c t u r e .  A 

r e l a t i o n s h i p  may e x i s t  b e tw e e n  t h e  i n t e g r i t y  o f  th e  membrane- 

c y to sk e le ta l  a s so c ia t io n  and the  shape and d e fo rm ab il i ty  p ro p e r t ie s  o f  

th e  e ry th ro cy te .
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