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A b s tra c t

H igh ly  pu rified  hum an platelet surface and intracellular m em brane vesic les have  

b een  separated  by a w e ll ch a ra cter ised  m eth od  in v o lv in g  d en sity  grad ien t  

sed im entation  fo llow ed  by h ig h -v o lta g e  continuous f lo w  electrophoresis. M em brane 

vesic les have been reconstituted  into artific ia l planar phospholip id  bilayers by  

fu sio n , facilita tin g  electrop h ysio log ica l recordings o f  single channel activ ity  under  

voltage clam p cond itions.

T he basic properties o f  a predom inantly  an io n -se lec tiv e  channel derived  from  the 

surface m em brane fraction  have been  investigated . In sym m etrical 450m M  KC1, 

th is channel has a conductance o f  ~160pS  at -4 0 m V  and ~90pS at +40m V . R eversal 

p o ten tia l m easu rem en ts in terp reted  in  term s o f  the G o ld m a n -H o d g k in -K a tz  

equation indicate a CI:K perm eability  o f  —4:1 for  the channel. T he fo llo w in g  

sequence o f  relative an ion p erm eabilities (in  the presence o f  K +) is obtained: 

S O ^ -  = F" < acetate" < gluconate" < Cl" < Br" < I" < N O 3 " < SCN". C ations as 

large as T E A 4* are fou n d  to be perm eant im ply ing  that the channel has a large 

cross-section a l area, at least 37A  . C urrent through the channel is b locked  in  the 

presence o f  H EPES and Tris b u ffers , and by D ID S, SITS and A TP. T he channel 

show s characteristic bursting behaviour in  w h ich  com paratively long ’silen t’ periods  

alternate w ith  ’active’ periods. L ife tim e analysis o f  single channel a c tiv ity  ind icates  

that the channel exh ib its  at least one op en  state and at least three closed  states. 

T his channel appears to belong to an increasing class o f  ’an ion’ channels that also 

sh ow  a degree o f  cation  perm eability . A s w ith  other m em bers o f  th is class, the 

physio logica l role o f  the p latelet su rface m em brane channel rem ains to be 

established.
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A  subpopulation  o f  the intracellular m em brane fraction  has been isolated using an  

oxalate loading d ensity  gradient procedure. Fusion o f  vesicles from  this fraction  

w ith  planar b ilayers y ie ld s  a m o n o v a len t c a t io n -se le c t iv e  ch an n el w ith  a 

conductance o f  ~300pS in sym m etrical 450m M  KC1. T he open  state o f  the channel 

appears m ore noisy  at positive voltages than at negative voltages and the tim e the  

channel rem ains in  the open state is u n affected  by the surrounding ca lc iu m  

concentration . T his channel m ay provide a m echanism  for  charge com pensation  

during calcium  m ovem ents in to  and out o f  the p latelet intracellular m em brane, 

analogous to that fou n d  in  the sarcoplasm ic reticulum  o f  m uscle.
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Chapter 1



X.l G E N E R A L  IN T R O D U C T IO N

Platelets represent crucial elem ents in  haem ostasis and throm bosis, and are 

im portant in the m aintenance and in tegrity  o f  blood vessel walls. P latelets circu late  

in a resting state and are recruited  for functional perform ance by contact w ith  a 

’fo re ig n ’ surface, such as a dam aged vessel w all, or by the action  o f  sp e c if ic  

soluble agents fu n ction in g  as ’activators’ (eg. A D P , throm bin, collagen  and im m une  

com p lexes). T he activation  w h ich  fo llo w s is m ediated by sp ec ific  reactions at the 

m em brane level leading to the production  o f  intracellular second m essengers that 

transform  the in itia l contact in to  fu n ction a l p latelet responses. T he basic cellu lar  

responses are p latelet adhesion , shape change, secretion  o f  substances from  

intracellular granules, and platelet aggregation. It fo llow s from  this that the  

properties o f  the p latelet plasm a m em brane and o f  the intracellular organelle  

m em branes and their con stitu en t e lem ents are h igh ly  relevant to these fu n ction s.

T he fo cu s o f  the experim ental w ork presented in  this thesis has been  on the ion  

transporting integral m em brane proteins located  in  the p latelet surface m em brane  

and in  the intracellular m em brane netw ork  know n as the dense tubular system  

(D TS). D esp ite  the obvious im portance o f  ion  flu xes across p latelet m em branes, 

our present understanding o f  their location , se lectiv ity , rates and m agnitudes is 

som ew hat lim ited . A  m ajor reason for  this has been the techn ica l d iff icu lt ie s  

encountered  in  applying con ven tion a l e lectrophysio logica l techniques to such sm all 

cells (2-4/rni d iam eter). M icroelectrode im palem ent o f  platelets has not been  

reported , and on ly  tw o groups have described  the su ccessfu l patch clam ping o f  

platelets to date (M aruyam a, 1987; M ahaut-Sm ith  e t  a l ., 1989). In these, w h ole  cell 

cu rren ts w ere m easured  and som e s in g le  ch an n el data o b ta in ed  u sin g  the

17



ce ll-a ttach ed  variation (results from  these experim ents are discussed in section  

1.4.1).

The aim s o f  the research presented in  this thesis w ere as follow s:

(1) To u tilise  a w ell characterised m ethod for separating h igh ly  pu rified  

platelet surface and intracellular m em brane vesicles free from  cross contam ination  

u sin g  d e n s ity  g r a d ie n t  fr a c t io n a t io n  and h ig h -v o lta g e  c o n tin u o u s  f lo w  

electrophoresis.

(2) T o co n firm  that the tw o  m em brane p o p u la tion s o b ta in ed  fro m  the  

separation procedure w ere correctly  fractionated  and the intracellular m em brane 

vesic les rem ained fu n ction a lly  responsive.

(3) To reconstitute the p latelet surface and intracellular m em brane vesic les into  

artific ia l planar phospholip id  bilayers by fu sion  and record single ion  channel 

currents under voltage clam p cond itions.

(4) To characterise the ion  channels observed in  term s o f  their con duction  and  

gating characteristics.

The introductory chapter d iscusses various topics o f  relevance to the experim ental 

approach.

1 .2  G eneral u ltrastructural and m olecular features o f  th e p la te let

-  w ith  particular em phasis on the com position  o f  the surface and intracellular  

m em branes and the groups that contribute to the net surface charge o f  the p latelet.

18



1.3  Iso lation  o f  p la te le t m em branes

-  a b r ie f description  o f  the m em brane isolation  procedures em ployed  in this 

experim ental work is g iv en , fo llo w ed  by an explanation o f  the general princip les  

o f  continuous flo w  electrophoresis and the factors determ ining the electrophoretic  

m ob ility  o f  particles in an e lectric  fie ld .

1 .4  Ion flu xes across p la te le t m em branes

-  a b r ie f o verv iew  o f  previous relevant research id en tify in g  transport processes o f  

Ca^+ and other ions im portant in  p latelet hom eostasis and activation  is presented.

1.5 Ion ch an n els and th eir  recon stitu tion  in to  planar bilayers

-  the nature and fu n ction  o f  ion  channels in  b iological m em branes is ou tlined  w ith  

a d iscussion  o f  the advantages o ffered  by the planar bilayer technique in  sin g le  

channel recording. Since the success o f  this technique relies on the ab ility  to form  

a stable phospholip id  b ilayer and incorporate ion  channels by fu sion , the 

com position  and properties o f  the planar bilayer and the steps in vo lved  in  the 

fu sio n  process are d iscussed.
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1.2  G E N E R A L  U L T R A S T R U C T U R A L  AND M O L E C U L A R  F E A T U R E S

OF T H E  PLA TELET

T he various ultrastructural features o f the circulating platelet are illustrated in 

figu re 1. 1.

1 .2 .1  T h e p la te let surface m em brane

T he p latelet surface m em brane appears under the electron m icroscope as a 

trilam inar structure w ith  a th ickness o f  about 7 0 -9 0  A. T here are a num ber o f  

invaginations o f  the surface m em brane into the cytoplasm  w h ich  form  the open  

canalicular system  (OCS). T his system  sign ifican tly  increases the surface area o f  

the ce ll in  contact w ith  its aqueous environm ent and serves as a conduit for uptake  

o f  p lasm a-borne substances as w ell as a pathw ay for  extrusion o f  intracellular  

granule contents upon p latelet activation .

T he core o f  the m em brane is form ed  by a lip id  b ilayer to w hich  peripheral 

m em brane proteins (such as the cytoskeletal proteins) are attached v ia  polar 

in teractions, and w h ich  is interrupted to a llow  hydrophobic interactions w ith  

in tegra l m em brane p ro te in s. T h e lip id :p ro te in  ratio o f  the p la te le t su rfa ce  

m em brane is about 0.58 (w /w ) . A p proxim ately  70% o f  the total m em brane lip id  is 

phospholip id , w h ilst the rem ainder consists predom inantly o f  cholesterol plus 

sm aller am ounts o f  g lycolip id s. F iv e  m ajor phospholip id  classes have been  

id e n t if ie d  in  hum an p la te le ts  (M arcus e t  a l ., 1969; P erret e t  a l ., 1979):

phosphatidylcholine (38%), phosphatidylethanolam ine (27% ), sph ingom yelin  (19% ), 

p h o sp h a tid y lser in e  (10% ) and p h o sp h a tid y lin o sito l (5% ). G lu co se , m an n ose , 

fru ctose , galactose and hexosam ines have all been fou n d  in  the surface m em brane.
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Figure 1.1

D iagram m atic  rep resen ta tio n  o f  a  p la te le t  se c tio n e d  th rou gh  eq u ator ia l and  

transverse p lanes.

D G , dense granules; D T S, dense tubular system ; L ys, ly so so m e-lik e  organelles; M f, 

m icrofilam ents; M ito , M itochondria; M t, m icrotubules; O C S, open  canalicular  

system .
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The plasm a m em brane is associated  on the exterior face w ith an electron -d en se  

’g lycoca lyx’, representing carbohydrate-rich  dom ains o f  more than 30 d ifferen t  

m em brane glycoproteins w ith  the carbohydrate chains exposed  to the outside o f  

the cell. M uch attention  has been  paid to these m em brane g lycoproteins, largely  

because o f  their im portance in receptor events for a variety o f  ligands. The m ost 

abundant o f  the glycoproteins are lb , l ib ,  I lia  and IV and their fu nctional roles are 

just beginn ing  to be understood (for  rev iew  see C lem etson and M cG regor, 1987). 

Progress in  this f ie ld  has been  accelerated  by the id en tifica tion  o f  a num ber o f  

genetic  disorders a ffec tin g  these g lycoproteins (N urden, 1985).

A t the cytoplasm ic surface, the m em brane is linked to certain cytoskeletal proteins 

that undergo dynam ic changes during p latelet activation  (W hite, 1971). T hese  

in v o lv e  p o ly m e r ise d  a c t in  in  th e  n e tw o rk  o f  f i la m e n ts  th at fo rm  th e  

m em brane/cytoskeleta l axis. Interaction b etw een  cytoplasm ic f -a c t in  and m yosin  is 

regulated b y  the level o f  phosphorylation  o f  the m yosin  ligh t chains by a sp ec if ic  

m yosin  ligh t chain  kinase w h ich  is calm odulin  dependent (A d elste in  e t  a l ., 1975). 

A ctin  polym erisation  is regulated by a num ber o f  proteins, such as gelsolin  (L ind  

e t  al., 1982) and p rofilin  (M arkey e t  a l ., 1978), w h ilst a -a c tin in  has been

im plicated  in  the m em brane attachm ent o f  actin filam ents (Sixm a e t  a l ., 1982). 

M em brane dom ain heterogeneity  ex ists since d issociation  o f  the filam en t netw ork  

can occur in  som e regions at the sam e tim e as polym eric assem bly o f  actin  takes 

place in  other areas.

The p latelet surface m em brane is also the site o f  m ajor enzym e activ ity , su ch  as 

adenylate cyclase (M enashi e t  a l ., 1981), m agnesium  A T Pase (H ack e t  a l ., 1986) 

and phosphodiesterase (K in osh ita  e t  a l. , 1979).
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1 .2 .2  P la te le t  s u rfa c e  m em b ran e  c h a rg e d  g roups

A t p h ysio logica l pH in saline or plasm a, platelets exh ib it a net negative charge and  

m ove m ore rapidly in an electr ic  f ie ld  than other form ed elem ents o f  the b lood . 

The greatest contribution  to the p latelets’ net electronegativ ity  com es from  the 

a -ca rb o x y l groups (pK  2.8) o f  the sia lic  acid (N -a cety l neuram inic acid) residues  

on the surface m em brane. (Seam an and Vassar, 1966; M ehrish i, 1973; T anoue e t  

a l ., 1982). T reatm ent o f  platelets w ith  neuram inidase (w h ich  cleaves sia lic  acid  

residues) has been show n to reduce both  the electrophoretic m obility  and charge  

by about 50%, ind icating that these residues are responsib le fo r  at least h a lf  the  

surface charge (H olm sen , 1972; T anoue e t  a l ., 1982) [It should be noted that the 

platelet surface charge, as estim ated  electrophoretically , is a net charge and does 

not g ive  in form ation  on the d istrib u tion  o f  charges on the surface]. Other groups 

m aking m inor contributions to the p latelet negative charge are the carboxyl groups  

o f  am ino acids, phosphate and sulphate. H ow ever, it is uncertain w hich  o f  these  

groups belongs to the ’f lu f fy ’ layer surrounding the p latelet and w h ich  to the 

surface m em brane itse lf.

The treatm ent o f  platelets w ith  neuram inidase and consequent reduction  in  e lec tro ­

phoretic m ob ility  o f  the surface m em brane is the m eans by w hich  m em brane  

fractions have been separated in  the experim ents described  in this thesis. F o llow in g  

neuram inidase treatm ent, the less e lectronegative surface m em brane m igrates to  a 

position  closer to the cathode in  the electrophoresis cham ber than the m ore  

electronegative intracellular m em brane. Thus the tw o m em brane fractions can be 

resolved.
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1 .2 .3  T h e  p la te le t  in tr a c e l lu la r  m em b ran e

B elow  the platelet surface m em brane and o ften  closely  juxtaposed (but not d irectly  

in contact) w ith  the OCS, there is a com p lex  o f  vacuolated m em branes, term ed by 

electron m icroscopists the dense tubular system  (DTS). T his system  is probably  

derived  from  the sm ooth endoplasm ic reticulum  o f  the parent m egakaryocyte  

(W hite, 1972). Both the OCS and the D TS have been proposed to serve fu n ction s  

analogous to the transverse tubules and sarcotubules o f  the sarcoplasm ic reticulum  

(SR) o f  m uscle cells (W hite, 1972). Indeed , vesicles derived  from  the DTS have  

b een  sh o w n  to a c c u m u la te  C a2+  as e f f ic ie n t ly  as th e  SR  o f  m u sc le  

(K aser-G Ianzm ann e t  a l ., 1978; M enashi e t  a l ., 1984; A uthi and C raw ford, 1985).

The lip id  com position  o f  the D TS resem bles that o f  the surface m em brane  

although the cholesterol and sp h in gom yelin  content is m uch low er. P hosphatidyl­

choline and p hosphatid ylinosito l are m ore enriched in  the intracellular m em brane  

than in  the surface m em brane (Lagarde e t  a l . ,  1982).

T he dense tubular system  has been  sh ow n  to contain , am ongst others, the enzym e  

phospholipase A 2 and the sequence o f  enzym es required for  the form ation  o f  

throm boxane A 2 from  liberated  arachidonic acid (Gerrard e t  a l . ,  1976; Lagarde e t  

a l . ,  1981, 1982; Carey e t  a l . ,  1982). It m ay also be concerned w ith  som e d e  n o vo  

synthesis o f  fa tty  acids and ph osp h olip id s, since it appears to be derived  from  the 

m egak aryocyte  sm ooth  E R . A  h ig h  a c tiv ity  o f  the E R  m arker en zy m e  

a n tim ycin -in sen sitive  N A D H  cytochrom e c  reductase is also present in  the DTS  

(M enashi e t  a l . ,  1981) and th is en zym e has been used as a marker for  the 

p urification  o f  the intracellular m em brane in  this thesis (see section  2.3 .2  and 3.3). 

R ecen t studies have show n the presence o f  a calcium  and m agnesium  A T Pase in
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the D TS, w hich  is k inetica lly  lin k ed  to the uptake o f  calcium  (H ack e t  a l . t 1986) 

and a putative inosito l trisphosphate (In s ( l ,4 ,5 )P3 ) receptor associated w ith  release  

o f  Ca^+ into the cytoso lic  space w hen platelets are activated  (A u th i e t a l ., 1986).

1 .2 .4  O ther p la te let in tracellu lar structures

T he d isco id  form  o f  resting p latelets is m aintained by a circum ferentia l bundle o f  

m ic r o tu b u le s  lo c a te d  b e n e a th  th e  su r fa c e  m em b ra n e . T o g e th e r  w ith  the  

m icro-filam en ts o f  polym erised  actin , this m icrotubule ring contracts during  

platelet activation  (W hite and Sank, 1984), draw ing together the random ly  

dispersed storage granules to concentrate them  into  a tigh tly  packed mass. The  

storage granules contained  in  the p latelet cytoplasm  can be d iv id ed  in to  3 

sub-classes: a -gran u les, dense bod ies and lysosom al enzym e storage organelles.

T he a -gran u les are the m ost abundant in  hum an platelets and contain  a num ber  

o f  n on -en zym atic  proteins. T hese in clu d e fib rin ogen , 13-throm boglobulin, factors V  

an d  X III , v o n  W illeb ra n d  fa c to r , f ib r o n e c t in , th r o m b o sp o n d in  an d  th e  

h ep arin -b in d in g  protein factor 4. T he latter four are im portant in  p latelet ad h esive  

phenom ena. P la te let-d erived  grow th  factor has also been  located  in  a -g ra n u les . 

T his ca tion ic  protein is capable o f  e lic itin g  proliferation  o f  arterial sm ooth m uscle  

cells and fibroblasts in  tissue culture (R oss and V ogel, 1978). T he lysosom al 

en zy m e storage o rgan elles co n ta in  a  num ber o f  ac id  h y d ro lases, su c h  as 

hyaluronidase, a -N -a ce ty l-g lu co sa m in id a se  and 13-glucuronidase (Schm ukler and  

Z iev e , 1972). T he fu n ction  o f  these hydrolases is not certain. T he dense b od ies  

contain  calcium  and low  m olecular w eigh t com pounds such as serotonin , A T P , 

A D P  and pyrophosphate. T he A T P  and A D P  in these granules do not participate in  

ce ll m etabolism , and are d istin gu ish ed  from  the m etabolic pool o f  A T P and A D P
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(H olm sen , 1972). Energy requiring fu n ction s are regulated by the presence in  the 

cytoplasm  o f  a num ber o f  sm a ll-sized  m itochondria and by active g lyco lysis  in 

con ju n ction  w ith  g lycogen  granules w h ich  fu e l these A T P -p rod u cin g  pathw ays.

Platelets do not contain  a nucleus or any D N A . A  sm all am ount o f  R N A  m ay be 

present and som e ribosom al structures have occasionally  been observed. Protein  

synthesis is alm ost n eg lig ib le , and presum ably serves no fu n ction  in p latelet 

physio logy .
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1.3 IS O L A T IO N  O F  P L A T E L E T  M EM B R A N E S

Platelets are very labile cells that tend to react alm ost exp losively  to exogenous  

stim uli. D uring procedures for  separating platelets from  blood, care is required to 

prevent stim ulation  w hich  m ay in itia te  the shape change, aggregation and release  

responses (Sixm a and L ips, 1978). W hole platelets are generally isolated by low  

speed d ifferen tia l cen trifu gation  at room  tem perature (as described in section  

2.2 .1). A  hom ogenisation  procedure is then  required w h ich  ideally  should d isrupt 

all p latelets, keeping intracellular organelles intact and causing m inim al dam age to 

the surface m em brane. U ltrason ication  is the m ethod w hich  has been applied  in 

the preparations described in  this thesis. The cond itions o f  tim e and son ication  

in ten sity  as d evised  by M enashi e t  a l ., (1981) have been adhered to throughout (see  

section  2 .2 .2 ). M em branes are d isrupted n o n -se lec tiv e ly  at h igh  shear forces during  

son ication  and tend to form  sealed  vesicles, w ith  those from  the intracellular  

m em brane (D TS) being som ew hat sm aller than those from  the plasm a m em brane.

A  fraction  containing both surface and intracellular m em brane vesicles is first 

sep a ra ted  fro m  o th er  c e llu la r  e le m e n ts  b y  c o n v e n t io n a l d e n s ity  g r a d ie n t  

cen trifugation . A  m ixed  m em brane fraction  is harvested from  the low  d en sity  

region o f  a continuous sorbitol gradient and is clearly separated from  denser  

com ponents such as granules and m itochondria.

To separate pu rified  fractions o f  surface and intracellular m em brane vesicles from  

the m ixed  m em brane fraction , the procedure fo llow ed  in  this thesis requires prior 

treatm ent o f  the platelets at the w h o le  ce ll level w ith  neuram inidase. This reduces  

the e lectron egativ ity  o f  the surface m em brane (as described in section  1 .2 .2 ), 

allow ing good separation o f  surface and intracellular m em branes by h ig h -v o lta g e
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continuous flo w  electrophoresis. The technical procedures are descibed  in detail in 

section  2.2.3. H ow ever, an in troduction  to the general principles o f  continuous 

flo w  electrophoresis and the factors determ ining the electrophoretic m ob ility  o f  

particles is pertinent here, and fo llow s in  sections 1.3.1 and 1.3.2.

1 ,3 .1  Princip les o f  m em brane separation  bv continuous flow  electrophoresis

C ontinuous flo w  electrophoresis (CFE) enables preparative separation o f  particles 

on the basis o f  their electrophoretic m obility . It provides a com plem entary  

separation to rate sed im entation , w h ich  separates particles on the basis o f  size  

an d /o r  density . CFE is in  princip le applicable to all classes o f  substances that 

d iffe r  in  electrical charge and m igrate in  the electric fie ld  w ith  d ifferen t  

m obilities. CFE has fou n d  w idespread application  in  the separation o f  so lub le and  

in solub le m aterials such as proteins, n u cle ic  acids, bacteria, viruses, and w h ole  

cells , in  addition  to ce ll m em branes and other subcellular organelles (H annig , 

1969).

T he princip les o f  CFE are illustrated in  figure 1.2. T he separation cham ber  

consists o f  tw o parallel glass plates held  approxim ately 0 .8m m  apart w ith  a ffilia ted  

pum ps, cooling  system  and pow er su p p ly  (see section  2 .2 .3). A  lam inar flo w in g  

b u ffer  film  passes dow n the cham ber b etw een  the glass plates perpendicular to a 

horizontally  applied  voltage. T he sam ple to be separated is in fu sed  continuously  

in to  the flo w in g  b u ffer  film  v ia  a port close to the cathodal side o f  the separation  

cham ber, sin ce  m ost cells or subcellu lar particles have a net e lectron egativ ity . T he  

various com ponents o f  the sam ple m ixture m igrate towards the anode locating at 

d ifferen t positions in  the cham ber according to their electrophoretic m ob ility  .T hey
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FLOWING BUFFER

(90 tubes]
Figure 1.2

C ontinuous flo w  e lectrop h oresis cham ber

D iagram  o f  the separation cham ber u sed  in  continuous flo w  electrophoresis. The  

sam ple is in troduced into a lam inar f lo w in g  b u ffer  film  on the cathodal sid e . The  

com ponents o f  the sam ple m igrate in  the electric fie ld  according to their  

electrophoretic m ob ility  and are co llec ted  in  fraction  tubes at the base o f  the 

cham ber, (a  denotes the angle o f  d e flec tio n  -  see equation 1).
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are co llected  at the base o f  the separation cham ber w here the flo w in g  b u ffer  exits  

into a fraction  collector.

T he general laws o f  e lectrophoretic  m igration g ive  the expression for the angle o f  

d eflec tio n , a  :

where:

tan a  = e .i

q .k .w

(equation 1)

e is the electrophoretic m ob ility  o f  the particle  

i is the electric  current

q is the cross section  o f  the electrophoresis cham ber  

k is the sp ec ific  con d u ctiv ity  o f  the b u ffer  

w  is the stream ing v e lo c ity  o f  the b u ffer  solution

It is clear from  this expression  that precautions m ust be taken to ensure lam inar 

and u n iform  b u ffer  f lo w , and that a u n iform  electric fie ld  m ust be m aintained  in  

order to ensure constant running con d ition s over long periods o f  tim e.

For optim um  electrophoretic separation  o f  ce ll organelles a lo w  ion ic  strength  

cham ber b u ffer  is preferred , but the io n ic  strength m ust be greater than that o f  

the particles to be separated (Z eiller  e t  a l ., 1975). In addition , the b u ffer  should  be 

iso -o sm o tic  w ith  respect to the particles. T he cham ber b u ffer  ch osen  b y  M enashi 

e t  a l ., (1984) has been used in  the preparations described in  this thesis and  

consisted  o f  lOmM  triethanolam ine, lOmM acetic  acid , pH  7.2 adjusted  to  

300m osM  by the addition  o f  sorbitol.
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T he sp e c if ic  CFE running con d ition s used for the separation o f  platelet m em brane  

fractions are detailed  in section  2 .2 .3b .

1 .3 .2  E lectrophoretic  m obility  o f  particles

If a particle w ith in  an electric  f ie ld  is considered in iso lation , its electrophoretic  

m ob ility  (d efin ed  as the v e lo c ity  o f  the particle d iv ided  by the applied electric  

fie ld ) is proportional to the net surface charge as follow s:

e = C .D  (equation 2)

K .T

where:

e is the electrophoretic m ob ility  o f  the particle  

C is the total net charge o f  the particle  

D  is the d iffu s io n  constant 

K  is B oltzm ann’s constant 

T  is the absolute tem perature

H ow ever, since the particle is suspended  in  an ion ic  environm ent, the charged  

groups on the particle surface attract op p ositely  charged ions from  the surrounding  

m edium . T his cloud  o f  ions c lo se ly  associated  w ith  the particle is term ed the Stern  

layer. For a negatively  charged p article , this layer consists largely o f  p o sitiv e ly  

charged ions. T hough still e lectron egative , these ions alter the true surface charge  

on the particle through electrostatic in teractions. A  m ore d iffu se  and loosely  bound  

layer o f  ions lies peripheral to the Stern layer and com prises the G ou y-C h ap m an  

(or d iffu se  electrical double) layer. For a n egatively  charged particle, ions form in g  

part o f  the G ouy-C hapm an layer c lo sest to the Stern layer w ould  be predom inantly
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n egatively  charged, and these decrease in num ber w ith  increasing d istance from  

the particle surface. C om plete neutralisation o f  charge does not occur due to 

therm al fluctuations. F igure 1.3 sum m arises the charge characteristics surrounding  

a n egatively  charged particle.

In the presence o f  an e lectric  f ie ld , a particle m oves in conjunction  w ith  its 

associated ’ion  c lou d ’ (the Stern layer and som e o f  the m ore c losely  attached ions 

from  the d iffu se  G ou y-C h ap m an  layer). A s a result o f  this relative m ovem ent, a 

plane o f  shear develops b etw een  the m oving  particle w ith  its ’ion  cloud’ and the 

surrounding bulk solution . T he electrostatic potential betw een  a point in  the p lane  

o f  shear and a poin t in the surrounding m edium  is referred to as the ’zeta  

potentia l’. Since it occurs at the shearing plane, w h ich  occurs som e distance from  

the particle surface, the m agnitude o f  the zeta potential m ay not be as large as the 

m agnitude o f  the surface potentia l. T h e concept o f  the zeta potential is o f  

fu n d a m e n ta l im p o r ta n c e  in  e le c tr o p h o r e tic  se p a r a tio n s  an d  is  r e la te d  to  

electrophoretic m ob ility  by the H elm h oltz -S m olu ch ow sk i equation:

z = 4 tt77 . e (equation 3)

cD o

where:

z is the zeta potential

rj is the co e ffic en t o f  v iscosity  (4 nr] is the v iscosity  o f  the m edium ) 

e is the electrophoretic m ob ility  o f  the particle  

e is the d ielectric  constant o f  w ater  

D q is the perm ittiv ity  o f  free  space
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Figure 1.3

C harge ch aracteristics surrounding a n egatively  charged particle
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T hese theoretical concepts are, h ow ever, more appropriate to large and u n iform ly  

spherical particles and their ap p lication  to sm all, irregularly shaped cells w ith  

ru ffled  or invaginated m em brane dom ains, or m em brane vesicles, is at best an 

approxim ation. H ow ever, the concepts have som e m erit in  discussions o f  the  

electrophoretic behaviour o f  particles in  b uffers o f  d iffer in g  ion ic  strengths. A t 

physio logica l or higher ion ic  strengths, the plane o f  shear lies close to the particle  

surface and the ’ion  cloud’ (or electrok in etic  zone) extends for approxim ately 8 A. 

H ow ever, at low er ion ic  strengths, the electrok inetic  zone m ay extend  to as m uch  

as 15 A beyond the ce ll m em brane. In the latter case, charged groups ly ing deeper  

w ith in  the particle (or in surface invaginations, in  the case o f  an irregularly shaped  

particle) w ou ld  contribute electr ica lly  to  the zeta potential. Thus a cell w ith  a 

ru ffled  m em brane w ill, at low  ion ic  strengths, behave electrok inetica lly  as though  

it had a sm ooth surface.

T he concepts sum m arised by the H elm h oltz-S m olu ch ow sk i equation are also o f  

assistance in  optim ising separations b y  continuous flo w  electrophoresis. It is know n  

that the separation b u ffer  f ilm  has a slow er velocity  at the edges o f  the cham ber  

due to the P oisseu ille  e ffe c t . This causes particles nearer to the cham ber w all to 

rem ain in  the cham ber for  longer and be d eflected  further than the m ain stream  

(H an n ig , 1969), lead in g  to a ’b a n d -b ro a d en in g ’ e f fe c t .  T here is a lso  an 

electro -osm otic  flo w  in  the opposite d irection  to the particle m ovem ent, due to the 

d ifferen ce  b etw een  the zeta p otentia l o f  the glass cham ber w alls and the particles  

(Strickler and Sacks, 1973). O ptim um  resolution  is ach ieved  i f  the zeta p otentia l o f  

the separation cham ber walls is approxim ately equal to that o f  the sam ple to be 

separated (H annig e t  a l . , 1975). T o facilita te  this, the cham ber walls can be 

routinely  coated  w ith  3% b ovin e serum  album in prior to use, to reduce the zeta  

potentia l (see section  2.2.3a). U n d er these conditions, the e lectro -osm otic  e ffe c ts
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and Poisseuille velocity profile effects tend to cancel each other and do not 

severely affect particle resolution.
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1.4 IO N  F L U X E S  A C R O S S  P L A T E L E T  M EM B R A N E S

Transmembrane movement of ions across the various platelet membranes has been 

studied extensively for Ca^+ and much less in the case of Na+, K+ or H+. A 

comprehensive discussion of the role of Ca^+ in platelet responses is beyond the 

scope of this thesis. Therefore only a brief overview of transport processes of Ca^+ 

and some other ions important in platelet homeostasis and activation will be 

presented here.

1.4.1 Calcium flux across platelet membranes

2+ 2+The cytosolic free Ca concentration ([Ca y  in resting platelets does not exceed 

lOOnM (Rink e t a l ., 1982), whereas the Ca^+ concentration in the plasma is 10,000 

fold greater (l-2mM). Calcium homeostasis is maintained in unstimulated platelets 

by limiting the Ca^+ influx from the extracellular space, by actively promoting 

Ca efflux, and by sequestering Ca within internal storage sites.

2 4 -Several storage sites for Ca exist within the platelet, including the dense tubular 

system, the amine storage granules and the mitochondria as well as a putative 

surface membrane-bound calcium pool (Gerrard e t a l ., 1981). A summary of the 

Ca^+ pools and Ca^+ transport systems in platelets is shown in figure 1.4.

Various methods exist to measure fluxes, pools and concentrations of Ca^+ in 

stimulated and unstimulated platelets. They include the use of chlortetracycline, 

quin2, fura-2, indo-1, aequorin or ^ C a ^ +.
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2+

2+

Figure 1.4
2+ 2+Ca pools and Ca transport systems in the platelet

DTS, dense tubular system; IP^, inositol 1,4,5-trisphosphate; Mito, mitochondria; 

SM, surface membrane.
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The most popular method currently used for measuring [Ca^+]j in mammalian cells 

is the use of the fluorescent probes quin2, fura-2 and indo-1 (Tsien, 1980; Rink et 

al., 1982; Tsien e t al., 1984; Grynkiewicz e t al., 1985; Rao e t al., 1985; Pollock 

and Rink, 1986). The ester derivatives of quin2 or fura-2 are membrane permeable 

and enter intact cells. Cytosolic esterases split off the ester groups and leave the 

now membrane-impermeable quin2 or fura-2 tetra anion trapped in the cytosol. 

Increases of [Ca^+]j are recognised by the chelating dye and indicated by a change 

in fluorimetric intensity. Quin2 has several limitations (Tsien e t al., 1984), one 

being that, at the concentration required, it may itself act as a Ca^+ sink. The 

limitations are partly overcome by the newer indicators fura-2 and indo-1 

(Grynkiewicz e t al., 1985).

Another method for assessing [Ca^+]| is the measurement of the luminescence of 

the photoprotein aequorin (Johnson e t al., 1985; Yamaguchi e t al., 1986). Aequorin 

can be introduced into human platelets, although only a small percentage (<0.05%) 

of the photoprotein added becomes incorporated and its exact location within 

platelets is not known. The aequorin signal is assumed to help identify 

inhomogeneous cytosolic Ca^+ pools and local Ca^+ fluxes beneath the surface 

membrane. Estimates of exchangeable Ca^+ pools in whole platelets or platelet 

microsomes are carried out by measuring the distribution of ^ C a ^ +. Sizes of 

surface-bound Ca^+ pools and intracellular Ca^+ pools and rates of Ca^+ exchange 

into these pools can be measured by this method (Brass and Shattil, 1982; Menashi 

e t al., 1984).

Ca^+ efflux  from  the cytoplasm  is m ediated in other tissues by a 

Ca^+-Mg^+ATPase or by a NaVCa^4* counter ion exchanger localised in the 

surface membrane. To date a Ca^+ extrusion pump similar to that in the red cell
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membrane has not been identified in platelet surface membranes (Steiner and 

Luscher, 1985; Hack e t a l . t 1986), although a Na+/Ca^+ exchanger has recently 

been described. Plasma membrane vesicles have been shown to exhibit ^ C a ^ + 

uptake in exchange for intravesicular Na+ and Ca^+ efflux into an external 

medium containing NaCl (Rengasamy e t a l ., 1987).

Studies using highly purified intracellular membrane vesicles have confirmed that 

ATP dependent Ca uptake is almost exclusively localised m platelet intracellular 

membranes (Menashi e t a l ., 1982, 1984; Hack e t a l ., 1986) and appears not to be 

present in the surface membrane. This Ca -sequestering system in the DTS has 

been well characterised. It is stimulated by Ca^+ and ATP and requires the 

presence of Mg^+ (Dean and Sullivan, 1982; Javors e t a l ., 1982; Dean, 1984, 1989; 

Adunyah and Dean, 1986a,b). The ATPase from human platelets has been purified 

(Dean, 1984,1988) and is similar in structure and function to the sarcoplasmic 

reticulum Ca ATPase of cardiac and skeletal muscle, transporting two molecules 

of Ca^+ for each molecule of ATP hydrolysed (Dean, 1984,1989).

7 4 -Platelet intracellular membrane vesicles can also liberate the accumulated Ca . 

The Ca^+-liberation system is different to the Ca^+-uptake system (Enouf e t  a l ., 

1984; Adunyah and Dean, 1986a) and is regulated by micromolar extravesicular 

Ca^+ concentrations. The second messenger inositol 1,4,5-trisphosphate 

(Ins(l,4,5)P^) has been shown to mobilise Ca^+ from the DTS of saponised 

platelets and from intracellular membrane vesicles (Adunyah and Dean, 1985; 

Authi and Crawford, 1985; Brass and Joseph, 1985; O’Rourke e t a l ., 1985, Authi et 

a l ., 1986). The exact mechanism of the Ca^+-mobilising effect of Ins(l,4,5)P3 has 

not been clarified. Since Ca^+ release by Ins (1,4,5)P3 does not require ATP 

(Adunyah and Dean, 1986b; Meyer e t a l ., 1988) and does not display the
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temperature-sensitivity expected of an enzymic process (Adunyah and Dean, 

1986b), it is thought that Ins(l,4,5)P-j may activate a Ca^+ channel in the DTS 

through a specific ligand-binding reaction. Extensive efforts have been made in 

the work carried out for this thesis, to identify this putative Ins( 1 ,4 ,5 ^  activated 

Ca^+ channel in highly purified intracellular membrane vesicles (see chapter 5).

There is substantial evidence that [Ca^+]j rises very rapidly after platelet 

stimulation by a number of different agents (e.g. Massini and Luscher, 1976; 

Robblee and Shepro, 1976; Gerrard e t a l ., 1981; Rink e t a l ., 1982; Hallam e t  a l,  

1984a,b; Hallam and Rink, 1985a; Sage e t a l ., 1989). This Ca^+ increase may 

originate either from the extracellular fluid via surface membrane Ca^+ channels, 

or by release from internal stores (see figure 1.4). The Ca^+ sequestered in the 

amine storage granules does not appear to contribute to this rise in [Ca^+]j, but is 

released to the extracellular fluid by exocytosis following platelet activation (Murer 

and Holme, 1970; Steiner and Tateishi, 1974). Furthermore, the decrease in 

chlortetracycline fluorescence induced by thrombin occurs more rapidly than the 

secretory response monitored by release of Ca^+ (Feinstein, 1980). Although Ca^+ 

release can occur from mitochondria in  v itr o , the conditions required to achieve 

such release do not appear compatible with participation in events at the cation 

concentration or time scale involved in platelet activation. Such considerations do 

not exclude the DTS or the putative plasma membrane Ca^+ pool as possible sites 

from which Ca^+ may be mobilised.

2+1.4.1a Ca mobilisation from intracellular stores on platelet activation

In the absence of extracellular Ca^+, the increase of quin2 or fura-2 fluorescence 

in stimulated platelets reflects a rise in [Ca^+]- released from the intracellular
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stores. Such rises in [Ca^+]j have been observed on platelet stimulation with a 

number of agents including thrombin (Rink et al., 1982; Thompson and Scrutton, 

1985; Pollock and Rink, 1986), ADP (Fisher e t a l., 1985; Hallam and Rink, 1985a; 

Thompson and Scrutton, 1985), PAF (Hallam e t a l., 1984a), arachidonic acid 

(Thompson and Scrutton, 1985), vasopressin (Hallam e t a l., 1984b), ionomycin 

(Rink e t a l., 1982) and A23187 (Thompson and Scrutton, 1985). The increase in 

[Ca^+]j is rapid and, in most cases, transient. Measuring subsecond time courses of 

[Ca^+]j rises by stopped-flow fluorimetry in fura-2 loaded platelets, it was found 

that thrombin and ADP mobilise intracellular Ca with a mean delay time of 

0.2-0.3 sec (Sage and Rink, 1986a).

The sites from which Ca^+ is released are the DTS and probably the plasma 

membrane. In many non-excitable cells it now seems that Ins(l,4,5)P3 is a major 

trigger for mobilisation of Ca^+ sequestered in the endoplasmic reticulum 

(Berridge and Irvine, 1984). Evidence that Ins(l,4,5)P^ can release accumulated 

Ca^+ from vesicles prepared from the DTS, as mentioned earlier, suggests that this 

is one important mechanism in platelets. The cytosolic concentration of 

Ins(l,4,5)P3 found in stimulated platelets is between 2 and 10/xM (Rittenhouse and 

Sasson, 1985; Siess, 1985; Dangelmaier e t  a l., 1986). Both the concentration and the 

rapidity of formation and action support a second messenger role for Ins(l,4,5)P3 

in the release of Ca^+ in stimulated platelets. It should be noted, however, that 

inositol lipid hydrolysis may not be a pre-requisite for elevation of [Ca^+]j, as 

ADP is an ineffective stimulant to inositol lipid hydrolysis in human platelets, yet 

evokes an increase in [Ca^+]j (Fisher e t a l ., 1985).

The increase in [Ca^+]j upon receptor-activating platelet stimuli is inhibited by 

substances that increase cAMP production either through receptor-coupled
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stim ulation  o f  adenylate cyclase (e g .P G E j, P G D 2 ), or by d irect stim ulation  o f  the 

enzym e (eg. forskolin ) (F ein stein  e t  a l ., 1983; Y am anishi e t  a l ., 1983; Sage and 

R ink , 1985; T hom pson and Scrutton, 1985). This is apparently due to in terferen ce  

w ith  the release o f  internal Ca stores and the surface m em brane perm eability  to 

Ca^+. T he in h ib ition  o f  intracellular Ca^+ release can largely be exp la ined  by 

suppression o f  phosphatid ylinosito l 4 ,5 -b isp h osp h ate  hydrolysis (F einstein  e t  a l ., 

1983; Im ai e t  a l ., 1983; B u sh field  e t  a l . ,  1985) and In s(l,4 ,5 )P 3  production  (W atson  

e t a l ., 1984) by cy c lic  A M P. In the case o f  th rom b in -in d u ced  responses, cy c lic  

A M P m ay a ffe c t  G  p rote in /recep tor  in teractions (K night and Scrutton, 1984), and 

there is ev id en ce  that it prevents recep tor-in d u ced  d issociation  o f  G -p ro te in  

subunits (H alenda e t  a l . y 1986) a n d /or  b in d in g  o f  throm bin to its receptors (L erea  

e t  a l ., 1987), thereby preventing activation  o f  phospholipase C and subsequent 

Ca^+ m obilisation . It is possib le that cA M P  affects [Ca^+]j by other actions, but 

these rem ain unproven.

1.4.1b Ca^+ Influx on platelet activation

T he contribution  o f  Ca^+ in flu x  to the rise o f  [Ca^+]j can be determ ined  by

7 1
com paring the increase in  [Ca ]| in  th e presence and absence o f  extracellu lar  

Ca . T he size o f  the m axim al transient rise in  [Ca on stim ulation  w ith  

throm bin, co llagen , A D P , P A F  or vasopressin  is m arkedly higher in  the presence  

o f  external Ca^+ than in its absence (R in k  e t  a l ., 1982; H allam  e t  a l ., 1984a,b; 

H allam  and R in k , 1985a; Rao e t  a l ., 1985; Pollock and R in k , 1986; Sage and R in k , 

1986a; Jy and H aynes, 1987). In the presence o f  Im M  Ca in  the external

m edium , optim al agonist concentrations raise the [Ca^+]j from  a resting lev e l o f  

lOOnM to approxim ately 1 -1 .5 juM . I f  the external m edium  contains <100nM  Ca^+, 

the agon ist-stim u lated  increase in [Ca^+]- is only 200-300n M  as m easured w ith
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quin2 (R ink  et al., 1982) or 1 /xM as m easured w ith  fu ra -2  (Pollock and R ink , 

1986). It has been calcu lated  that in platelets stim ulated  by throm bin, Ca^+ in flu x  

accounts for >80% o f  the increase in [Ca^+]j (Jy and H aynes, 1987). In add ition , 

the e levation  o f  [Ca ]| is prolonged in the presence o f  extracellular Ca (P ollock  

and R in k , 1986). Thus Ca in flu x  appears to enhance and prolong the [Ca ]j 

rise. M axim al stim ulation  o f  this in flu x  usually occurs w ith in  the first 5 secs and 

then generally  decreases rapid ly , in d icating  the presence o f  m echanism s fo r  the

74 -rapid closure o f  Ca channels.

L ittle  is know n about the regulation o f  Ca^+ channels in the p latelet plasm a  

m em brane. Inositol 1 ,3 ,4 ,5 -tetrak isp h osp h ate  (In s(l,3 ,4 ,5 )P 4 ) rapidly produced  in  

stim ulated  platelets by the action  o f  a sp e c if ic  3 -k in ase  on In s(l,4 ,5 )P ^  (C onnolly  

et a l ., 1987) m ight in flu en ce  Ca^+ in flu x . In s(l,3 ,4 ,5 )P 4  has been im plicated  as a 

secon d  m essenger for  the open ing  o f  Ca^+ channels in sea urchin eggs (Irvine and 

M oor, 1986). R ecen tly  In s(l,4 ,5 )P 3  has been show n to m odulate the a c tiv ity  o f  

Ca channels from  the plasm a m em brane T -tu b u les  o f  skeletal m uscle (Y ilv en  

and C oronado, 1988). In s(l,4 ,5 )P 3  has also been  linked to the open ing  o f  Ca^+ 

channels in a p latelet plasm a m em brane vesic le  fraction  (R engasam y and F einberg , 

1988). Phorbol esters and d iacy lg lycero l evok e a larger aequorin signal in  the 

presence o f  Ca than in its absence (Ware et a l ., 1985). Protein k inase C 

activation  cou ld  thus stim ulate plasm a m em brane Ca^+ channels.

T he Ca^+ in flu x  induced  by p h ysio logica l stim uli is inh ib ited  by e leva tion  o f  

cA M P  levels in  platelets (F ein stein  et a l ., 1983; Y am anishi et a l., 1983) and by  

prior exposure o f  p latelets to phorbol ester (M acIntyre et a l ., 1985; Poll and  

W estw ick, 1986). W hereas cA M P  inh ib its P A F -in d u ced  Ca^+ release and Ca^+ 

in flu x  in parallel, phorbol esters are fou n d  to in h ib it the Ca^+ in flu x  less than the
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Ca^+ release (V alone and Johnson, 1987). T herefore protein kinases A  and C m ay  

control p latelet Ca^+ channels, either d irectly  or ind irectly .

L ittle  is know n o f  the exact m echanism  o f  stim ulated Ca^+ in flu x  into p latelets  

during activation . E vidence from  q u in 2-load ed  cells argues against a role for  

vo ltage-ga ted  C a ? +  channels (D oy le  and R uegg, 1985). D epolarisation by exposure  

to K +-r ich  solutions does n ot increase [Ca^+]- w h ich  w ould  be exp ected  i f  

m em brane potentia l alone controlled  ca lcium  entry (H allam  and R in k , 1985a). 

R eplacing  N a+ w ith  im perm eable cations such as choline does not a ffe c t  resting  

[Ca^+]j, nor d oes it  p rev en t a g o n is t-e v o k e d  [Ca^+]j r ises, argu ing  a g a in st  

N a+-d ep en d en t depolarisation as an im portant link (Sage and R ink , 1986b). S im ilar  

n eg a tiv e  resu lts have b een  o b ta in ed  w ith  the ion op h ores v a lin o m y c in  and  

gram icid in  w h ich  respectively  hyperpolarise and depolarise the m em brane (H allam  

and R in k , 1985a).

M easurem ents o f  p latelet m em brane potentia l w ith  dicarbocyanine flu orescen t  

probes ind icate a transm em brane resting potential o f  5 2 -6 0 m V , inside negative  

(M acIntyre and R in k , 1982; F r ied h o ff and Sonenberg, 1983; G reenberg-Sepersky  

and Sim ons, 1984). O nly a m odest depolarisation (<10m V ) is m easured on add ition  

o f  throm bin, P A F  or A D P  at concentrations that produce substantial [Ca^+]j 

transients in  standard p h ysio logica l sa line (M acIntyre and R ink , 1982). In N a+ 

substituted  m edium  there is a sm all hyperpolarisation desp ite w h ich , as m en tion ed  

above, [Ca^+]j transients still occur (P ip ili, 1985). M any studies have been m ade o f  

the e ffe c ts  in  p latelets o f  Ca channel antagonists that seem  to bind to d ifferen t  

sites or subgroups o f  Ca^+ channels (eg . d iltiazem , verapam il, d ihydropyrid ines). 

A lthough  h igh  concentrations can  in h ib it p latelet responses, it has been  fo u n d  for  

throm bin and A D P  that the [Ca2+]j transients are rem arkably resistant to these

44



agents (D oyle  and R u egg , 1985; H allam  and R ink , 1985a). M oreover, w here  

blockade o f  agon ist-in d u ced  e levation  o f  [Ca^+]| by such agents has been observed , 

the e ffe c ts  can usually  be attributed to receptor antagonism  (M acIntyre e t  a /., 

1985). H ow ever, fa ilure to dem onstrate that these blockers suppress the increase in  

[Ca^+]j is not, by itse lf , strong ev id en ce  against vo ltage-gated  channels, as som e  

types o f  channel are resistant to these agents.

There is, how ever, increasing ev id en ce  that the p latelet surface m em brane m ay  

possess receptor-op erated  Ca channels. Since the gradient across the m em brane  

in  v ivo  is steep , the open ing o f  on ly  a  few  Ca^+ channels m ay be su ff ic ie n t  to 

increase the [Ca ] | to 1 -2 /jM . Indirect ev id en ce  for the ex isten ce  o f  such channels  

has com e from  sto p p ed -flo w  flu orim etry  studies o f  quin2 and fu ra -2  loaded  

platelets (R in k  and H allam , 1984; H allam  and R ink , 1985b; Sage e t  a l ., 1989). T he  

delay in rise o f  [Ca^+]j fo llo w in g  p la te let stim ulation  w ith  throm bin, vasopressin  or 

P A F , has been fou n d  to increase b y  5 0 -100m s w hen Ca^+ in flu x  is prevented  by 

chelation  o f  external Ca w ith  E G T A  or by b lockade w ith  extracellular N i  

(Sage and R in k , 1987), suggesting that an in flu x  o f  Ca^+ precedes the d ischarge o f  

intracellular Ca^+ stores. With A D P  acting as the agonist, the d ifferen ce  in  tim e  

course o f  [Ca^+]j rises in  the presence and absence o f  external Ca^+ is m uch m ore  

m arked than w ith  other agonists. Further experim ents using M n^+ as an indicator  

o f  b iv a len t-ca tion  in flu x  in  fu r a -2  loaded  platelets have provided additional 

ev id en ce for recep tor-m ed iated  Ca^+ entry. M onitoring the fluorescen ce at dual 

w avelengths allow s the se lective  study o f  Mn^+ entry w ithout in terferen ce to the 

signal caused by changes in  [Ca^+]j. In such stud ies, A D P  has been fo u n d  to 

stim ulate a rapid (<20m s delay) transient M n^+ in flu x  that clearly precedes internal 

Ca^+ discharge (Sage e t  a l ., 1989). T he rapid ity  o f  this A D P -ev o k ed  M n^+ en try  is 

consistent w ith  the suggestion  that A D P  receptor occupancy is c lose ly  cou p led  to
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the open ing  o f  plasma m em brane Ca^+ channels. Throm bin stim ulation  has been  

found  to evoke a sustained M n^+ entry com m encing  after the discharge o f  internal 

Ca^+, and lasting for m any m inutes. T hus throm bin and A D P may stim ulate Ca^+ 

in flu x  in d ifferen t w ays.

A s described above, experim ents using fluorescent probes can only  provide  

ind irect ev id en ce for the presence o f  receptor-operated  Ca^+ channels in the 

platelet surface m em brane. D irect ev id en ce  for such channels w ould  be the 

dem onstration o f  Ca^+ currents through single ion channels, in the presence o f  

agonist (R ink , 1988). Such ev id en ce  has been d iff icu lt  to obtain (R ink , 1988), 

m ainly due to the technical d iff icu lt ie s  encountered in m easuring single channel 

activ ity  in platelets.

2+ 2+A  recent report has id en tified  sin gle  channels 3 0 -fo ld  se lective  for Ba (a Ca  

substitute in these experim ents) over N a + in a vesicle  fraction prepared from  

throm bin stim ulated platelets and reconstituted  into planar phospholip id  bilayers  

(Z schauer e t  a /., 1988). T he conductance o f  the channels in sym m etrical 150m M  

Ba^+ solutions was ~10pS in the concentration  range reported for v o ltage-ga ted  

Ca^+ channels studied  under sim ilar cond itions. T he channel open and closin g  

kinetics w ere not in flu en ced  by voltage or by application o f  10/uM n iso lid ip in e, 

w hich  is a potent d ihydropyrid ine antagonist o f  ’L -ty p e ’ vo ltage-gated  channels. 

H ow ever, the m em brane fraction  used in these experim ents, although certa in ly  

contain ing surface m em brane elem ents, was not h igh ly  p u rified , and it cannot be  

excluded  that the channel activ ity  m ay have originated from  contam inating  

intracellular m em branes. Further com m ents on this experim ental work are m ade in 

ch ap ter  4 , w h ere  a ttem p ts to prepare a m em brane v e s ic le  fra c tio n  fro m  

throm bin-stim ulated  platelets and repeat the experim ents are reported.
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The first con v in cin g  report o f  a g o n ist-ev o k ed  single channel activ ity  in the platelet 

surface m em brane has com e from  experim ents in w hich  platelets have been  

su ccessfu lly  p atch -c lam p ed  (M ahaut-Sm ith  e t a l ., 1989). With Ca^+-con ta in in g  

solutions in the patch p ipette , and in  the absence o f  A D P , fe w  channel openings  

(less than 5 per m inute) w ere d etected  in  the platelet m em brane patches. A fter  

addition  o f  A D P  (40/xM) to the p ip ette  solution , inward currents o f  up to 10 

channel openings per second w ere ob served  at applied voltages (V p ) o f  -2 0 m V  or 

m ore positive . S lope conductance at V p +80m V  was approxim ately 20pS, and  

channel open  probability  d isp layed  on ly  w eak voltage dependence. C hannel a c tiv ity  

decayed  to control levels w ith in  30 s e c -2  m in from  seal form ation , w h ich  is 

consisten t w ith  the phasic nature o f  A D P -d ep en d en t [Ca ]j e levation . In both  

con tro l and A D P -stim u la te d  c o n d it io n s , the current record ed  during  m an y  

in d iv id u al channel openings o ften  slop ed  towards the baseline, suggesting that the  

channel openings in  the m em brane p atch  w ere a ffectin g  the potentia l across the 

rest o f  the p latelet (M ahaut-Sm ith , 1989 -  personal com m unication). This im plies  

that platelets norm ally have a low  m em brane conductance and that channels w ere  

activated  on ly  in  the m em brane patch. T hese channels m ay be the pathw ay by  

w h ich  Ca^+ enters the cytoso l from  the extracellular flu id  fo llo w in g  stim ulation  by  

A D P.

1 .4 .2  N a+ and K+flu x  across p la te le t m em branes

U nstim ulated  platelets m aintain a large transm em brane gradient o f  N a+ and K + 

(M oake e t  a l . , 1970), have a negative  m em brane potential and a K +-se le c tiv e  

m em brane perm eability  (M acIntyre and R in k , 1982; P ip ili, 1985) sim ilar to those  

in m ost other cells.
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D uring the course o f  p latelet activation , altered flu xes o f  N a+ (Feinberg e t  a l ., 

1977) and K + (B uckingham  and M aynert, 1964; Z iev e  e t  a l ., 1964) have been  

reported. F einberg e t  a l .  (1977) observed  a rapid in flu x  o f  external N a+(m easured

on .
by the use o f  N a ) a fter A D P  aggregation w hich  reached a peak at 60 sec  and 

dim in ished  towards control levels at 360 sec. U nder the sam e experim ental 

cond itions no change in the lev e l o f  JOCl" was observed. Sim ilar observations were  

m ade earlier by Born (1970) and b y  F ein b erg  e t  a l .  (1974) w ho also reported that 

A D P  activation  was not accom panied  b y  an increase in p latelet volum e. O uabain, 

w h ich  inhib its in flu x  o f  K + into  p latelets (G orstein  e t  a l ., 1967; C ooley  and 

C ohen, 1967), caused a rapid increase in [N a+]j, probably at the expense o f  the 

decrease in  [K +]j. A  sim ilar e f fe c t  was seen w ith  ADP; ie. an increase in  [N a+]j 

and a decrease in [K +]j. Sandler e t  a l .  (1980) also reported a rise in [Na+]- on A D P  

application  and suggested  that the n u cleotid e  increases the perm eability  to N a+. 

T h ey  extended  these studies using other agonists and by b locking the aggregation  

during A D P  stim ulation . When platelets w ere activated  by A D P under cond itions  

w here the aggregation w as in h ib ited  (eg. lack o f  Ca^+ in  the external m ed iu m ), the 

in duction  o f  shape change was fo llo w ed  by a m ovem ent o f  N a+ into the cell. W hen 

the shape change was in h ib ited  (eg. by pretreatm ent o f  platelets w ith  P G E j) , the 

N a+ uptake was also b locked . A s stated previously , A D P  also induces an in flu x  o f  

Ca^+ (H allam  and R in k , 1985b). Both o f  these types o f  in flu x  could  depolarise the 

m em brane, but this e f fe c t  m ay be partially counterbalanced by an e f f lu x  o f  K + 

via  a vo ltage-ga ted  channel w h ich  has b een  id en tified  in  patch -clam p ed  p latelets  

(M aruyam a, 1987).

M aruyam a (1987) applied  w h ole  cell and ce ll-a ttach ed  patch clam p variations to 

unstim ulated  platelets and id en tified  a voltage and tim e-d ep en d en t K + current. On 

depolarisation  the K + current w as activated  w ith  a sigm oid  tim e course, reaching a
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peak, fo llo w ed  by inactivation . N o inw ard currents w ere found w hen m ost o f  the 

K + current was b locked w ith  qu in ine. A t the p latelet resting m em brane potentia l, 

inactivation  o f  the K + current was in com p lete  (approxim ately 50%) ind icating that 

this current is capable o f  operating in  response to any even t w hich  m ay depolarise  

the m em brane, tending to stab ilise  the m em brane potential. It has been reported  

that throm bin causes d ose -d ep en d en t m em brane depolarisation (H orne e t a l . ,  1981) 

and a m arked net loss o f  K + from  platelets (Z ieve e t a l ., 1964). T his m ay be 

exp la ined  by cation ic  in flu x  evok in g  K +  e ff lu x , leading to loss o f  cellu lar K + due  

to the operation  o f  v o ltage-ga ted  K + current.

T he sin gle  channel recordings o f  M aruyam a (1987) revealed  a voltage gated  K + 

channel resem bling the delayed  rec tifier  K + channel o f  nerve, m uscle and 

T -ly m p h o cy te  (C onti e t  a /., 1975; C onti and N eher, 1980; Fukushim a e t a l . , 1984; 

Cahalan e t  a l ., 1985). A  conductance o f  9pS was m easured for  the channel w ith  

145m M  KC1 in  the p ipette so lu tion , w ith  an estim ated 325 channels present per 

platelet. N o referen ce is m ade in  these experim ental fin d in gs to the ex isten ce o f  a 

Cl" channel in  platelets and further referen ce is m ade to this in  the d iscussion  o f  

single  channel experim ents carried out on the surface m em brane in  this thesis  

(section  4 .13).
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1.5 IO N  C H A N N E L S  AND T H E IR  R E C O N S T IT U T IO N  IN T O  P L A N A R

BILAYERS

1.5.1 What are ion channels?

T he ion  perm eability  o f  b io logica l m em branes is not a d iffu se  property o f  the 

w hole m em brane, but is loca lised  in  specialised  m em brane-spanning aqueous 

’pores’ know n as ion  channels. T his is  consisten t w ith  the Singer and N ico lson  

(1972) v iew  that the ce ll m em brane is a m osaic o f  relatively im perm eable lip id  

bilayer regions in to  w h ich  proteins are inserted. T hese am phipathic, integral 

m em brane channel proteins form  d istorted  cylinders w ith  a hydrophobic surface  

facin g  the lip id  and hyd rop h ilic  surfaces lin ing  the pore and facin g  the solutions  

on the tw o sides o f  the m em brane.

The prim ary fu n ction  o f  ion  channels is to provide a low  energy pathw ay for  ions 

to cross the cell m em brane. T he channel proteins screen charged perm eants from  

the low  d ielectric  o f  the m em brane lip id , and their pores provide aqueous (or 

partially hydrated) environm ents lined  w ith  polar residues that can favourably  

interact w ith  ions to catalyse their transport. A  diagram m atic representation  o f  a 

w orking hypothesis for  a channel is sh ow n  in  figu re  1.5.

Channels m ay be regarded as m em brane enzym es that both catalyse and regulate  

ion  perm eation. T h ey  are capable o f  perm itting ion  transport at very  h igh  flu x  

rates across the m em brane; in  the order o f  10 ions per secon d  (Latorre and 

M iller, 1983). T he regulatory activ ity  depends upon conform ational changes o f  the 

protein  associated w ith  channel opening and closing (gating properties) and in 

m odulatory e ffec ts  on the gating and perm eation exerted  by the environm ent. A s
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selectivity
filter

Figure 1.5

D iagram m atic representation o f  a  w orking hyp oth esis for  a channel

T he channel is drawn as a transm em brane m acrom olecule w ith  a hole through the  

centre. T he external surface o f  the m olecu le is g lycosylated . When open , the  

channel form s a w a ter -filled  pore exten d in g  fu lly  across the m em brane. T he pore  

is m uch w ider than an ion over m ost o f  its length and m ay narrow to atom ic  

dim ensions on ly  in a short stretch , the se lectiv ity  filter . G ating requires a 

conform ational change o f  the pore that m oves a gate into and out o f  an occlu d in g  

position . T he probability o f  open ing  and closing are controlled  by a sensor. T he  

fu n c tio n a l reg io n s, s e le c t iv ity  f i lte r , gate and sen sor are d ed u ced  fro m  

vo ltage-c lam p  experim ents but have not yet been charted by structural studies. We 

have yet to learn how  they actually  look.

51



for other b iological catalysts, channels are o ften  h igh ly  selective  for a particular 

ion species; their catalytic a c tiv ity  saturates at high substrate concentrations (i.e . a 

m axim um  transport rate is reached), and they can be com p etitively  in h ib ited  by 

substrate analogues (ion ic  blockers o f  the pore).

Ion channels are found  in the m em branes o f  all cell types. T heir know n  

physio logica l fu n ction s include estab lish ing and m aintaining a resting m em brane  

potentia l, shaping electrical signals, gating the flo w  o f  m essenger Ca^+ ions, 

controlling ce ll vo lu m e, and regulating the net flo w  o f  ions across ep ithelia l cells  

o f  secretory and resorptive tissues.

From  the in troduction  o f  the h ig h -tim e-reso lu tio n  electrical m ethods o f  voltage  

c la m p in g  (H o d g k in  and  H u x le y , 19 5 2 ) to  th e  m o d ern  a p p lic a t io n  o f  

patch -record in g  techniques (H am ill e t  a l ., 1981), by w hich  single channel

m olecules can be observed d irectly , electrophysiologists have been  addressing  

questions concerning the catalytic m echanism s o f  these channel proteins, the 

conform ational changes that occur during channel opening and c losin g , and the 

gross structures o f  the protein  com p lexes.

1 .5 .2  Ion ch an n el reconstitu tion  in to  p lanar b ilavers

T he m ethod o f  ion  channel reconstitu tion , introduced by M iller and R acker (1976), 

provides a m eans by w h ich  native m em brane channel proteins can be incorporated  

into a planar b ilayer m em brane, a llow ing the m easurem ent o f  single  channel 

fluctuations. T w o m ethods have b een  d eveloped  to facilitate  this transfer o f  

m em brane proteins into a planar b ilayer. F irstly , they m ay be fu sed  into  the 

b ila y er  (M iller , 1978), m ade e ith er  b y  p a in tin g  an a lk an e d isp ersio n  o f
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phospholip id  on a hole in a partition  (the m ethod em ployed in experim ents  

described  in this thesis), or b y  fo ld in g  two air-w ater in terface lip id  m onolayers  

over the hole. A ltern atively , crude m em brane vesicles m ay be transferred to an 

a ir-w ater in terface d irectly  and from  there to the end o f  a patch p ipette (C oronado  

and Latorre, 1983). It is th eoretica lly  possible to reconstitute ion  channels into  

planar b ilayers from  any m em brane fraction  consisting o f  ion ch an n el-con ta in in g  

vesicles.

1.5.3 Advantages of the planar bilaver technique in single channel recording

One advantage o f  reconstitution  experim ents is the insertion  into planar b ilayers o f  

vesic les derived  from  m em branes not readily accessib le to e lectrophysio logica l 

probes. T hus, for  exam ple, channels from  the sarcoplasm ic reticulum , T -tu b u le  

and m itochondrial outer m em brane are made accessib le to the experim enter (e.g . 

M iller, 1978; Latorre e t  a l ., 1982; Schein  e t  a l ., 1976). S im ilarly, as describ ed  in  

th is th es is , a ch an n el fro m  th e o th erw ise  in a ccess ib le  p la te le t in tra ce llu la r  

m em brane system , has been m ade available for in vestigation  by the app lication  o f  

reconstitution  techniques.

A  second advantage to the reconstitu tion  approach is that it is possib le to both  

sim p lify  and vary the p h ysico -ch em ica l environm ent o f  the single channel protein . 

For exam ple, the planar b ilayer techn ique allow s the experim enter to:

(i) control and vary the conducting  ions and osm otic conditions o f  the bath ing  

solutions surrounding the channel protein

(ii) m ake additions and p erfusions on both sides o f  the m em brane during the  

course o f  an experim ent
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( iii)  change the lip id  com p osition  o f  the bilayer allow ing, for exam ple,

exam ination  o f  the e ffe c ts  o f  m em brane surface charge on the channel 

behaviour

F inally , reconstitution  experim ents can also provide an assay system  for  ch eck in g  

the fu n ction a l activ ity  o f  p u rified  channel proteins. For exam ple, the n icotin ic  

a ce ty lc h o lin e  recep to r  has b een  p u r if ie d  and then  reco n stitu ted  a llo w in g  

determ ination  o f  the m inim al fu n ctio n a l unit and a detailed  characterisation o f  the 

behaviour o f  the p u rified  A C h R  protein  (Tank e t  a l . ,  1983; M ontal e t  a /., 1983).

P rob ing  io n  ch a n n el b eh a v io u r  in  ’m o d e l’ b ilayer  m em branes o ffe r s  the  

o p p o rtu n ity  to in v e stig a te  q u estio n s con cern in g  m olecu lar  m ech an ism s and  

m olecular structure w h ich  cannot be answ ered by studying the channel protein  in 

its com p lex  cellu lar environm ent.

A  lim itation  o f  th is m odel system , h ow ever, is that u n q ualified  conclusions about 

the exact fu n ction in g  o f  the protein  in  v iv o  cannot be m ade. T he behaviour o f  the 

channel fo llo w in g  reconstitu tion  and its  behaviour w ith in  its native m em brane  

environm ent m ay not be d irectly  com parable. A d d itionally , the m em brane vesic le  

iso la tio n  p roced u re and the fu s io n  process m ay p rese lec t fo r  a p articu lar  

subpopulation  o f  channel proteins. The experim enter m ust therefore accept that a 

particular ion  channel protein  o f  in terest m ay not necessarily  y ie ld  itse lf  read ily  to 

reconstitution  into planar bilayers.
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1 .5 .4  T h e  n n in ted  n ln n n r b ila v e r  m em b ran e

T he success o f  the ion  channel reconstitution  studies described in  this thesis has 

depended upon the form ation and m aintenance o f  a stable planar phospholip id  

bilayer. The practical details o f  b ilayer form ation and the apparatus required are 

described  in section  2.4. H ere an introduction  to the com position  and properties o f  

the lip id  b ilayer itse lf  is presented.

In the painted  planar b ilayer system , a bilayer is form ed by spreading a ’form ing  

so lu tion ’ across a sm all hole in  a hydrophobic partition separating tw o aqueous 

phases (M ueller e t  a l ., 1962a). T he form ing solution  consists o f  surface active  

lip ids dispersed in a non -p o lar  solvent such as n -d ecan e. The lipid in the so lven t  

tends to form  large m icelles orientated  so as to sh ield  the polar regions o f  the 

lip ids from  the non -p o lar  so lvent. Planar bilayers cannot be form ed unless these  

m icellar aggregates are present; thus the lip id  concentrations used m ust ex ceed  the 

critical m icelle  concentration .

T he film  created in  this w ay is in itia lly  several m icrom eters th ick , but it thins 

spontaneously to the planar b ilayer state (see figure 1.6). T he resultant o cclu sion  o f  

the hole is com posed o f  the lip id  film  surrounded by an annulus, or torus, o f  the 

bulk form ing solution . T hese tw o phases o f  the system  tend towards chem ical 

equilibrium  w ith  one another. T he lip id  film  and annulus are, o f  course, in  an 

aqueous environm ent, so that the phase behaviour o f  the lip id -w ater-h yd rocarb on  

bulk phase determ ines the state o f  the bilayer.

T he lip id  b ilayer thins under the in flu en ce  o f  various driving forces. T he m ajor  

force in itia lly  is the P lateau -G ib b s border suction , w h ich  arises from  the curvature
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A B
F ig u r e  1 .6

Form ation o f a p lanar lip id  b ilaver

T he form ation  o f  a planar lip id  b ilayer from  lip ids dispersed in  alkane so lven t by  

the painting m ethod o f  M ueller e t  a l ., (1962a). The lip id  d ispersion is ap p lied  

beneath  aqueous solu tion  across a h ole  in  a hydrophobic partition (A ). O nce  

painted , the bulk  solution  tends to f lo w  from  the th ick  f ilm  into the border  

causing the f ilm  to th in  (see  arrow s, B ). The b ilayer usually  form s at the low er  

m argin o f  the film  (B ) and spreads rapidly over the surface. T he resultant 

structure com prises a lip id  b ilayer surrounded by an annulus o f  the bulk form in g  

solution  [from  W hite e t  a l . ,  1976].
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o f  the annulus (note in figu re  1.6 and 2 .3 , the position  o f  the aperture at the 

centre o f  a concave section  in the cup w all). The bulk solution  tends to flo w  from  

the fla t film  into the border, causing the film  to thin. A s the film  approaches a 

th ickness o f  a few  angstrom s, a  secon d  driving force arises; the L o n d on -van  der 

Waals attraction b etw een  the aqueous phases separated by the thin film . T his is the 

m ajor force  tending to th in  the m em brane at the equilibrium  bilayer th ickness. 

T he bilayer usually appears first at the low er m argin o f  the film  and spreads 

rapidly over the surface (W hite, 1986).

For stab ility , the L o n d on -van  der Waals forces m ust be opposed by another se t  o f  

forces. W hen the apposing surfaces o f  th e  th icker film  m eet during th in n in g , the 

acyl chains on the lip id  tend to in terd ig itate  and exclude any so lvent m olecu les  

trapped in  the film . H ow ever, this lip id /so lv e n t ’separation’ tends to reduce the 

entropy o f  the b ilayer and con seq u en tly  raise the free energy o f  the system . T his  

gives rise to an opposing force  term ed the ’steric repu lsive’ force  (W hite, 1986). 

T he b ilayer therefore rests in  a local free  energy w ell and stabilises.

T he chem ical potentials o f  the lip id  and so lvent in  the b ilayer m ust be equal to  the 

annular bulk phase w hen the f ilm  reaches its local equilibrium . Since the annulus  

has a mass at least a m illion  tim es that o f  the b ilayer, the so lvent in  the b ilayer  

tends to reach equilibrium  w ith  the annulus. T herefore there ex ists an osm otic  

pressure on the so lven t in  the annulus tending to drive so lvent into the b ilayer  

opposed  by the van der Waals force  w h ich  tends to com press the b ilayer (W hite, 

1980). T hus the bilayers’ ’equilibrium ’ is m ost properly described  as an osm otic  

equilibrium .
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Bilayers form ed by the painting tech n iq u e m ay rem ain stable for several hours and 

can w ithstand perturbation o f  the surrounding aqueous phases caused either by 

stirring or by p erfusion  exchange o f  the solutions.

1.5.5 Ion channel reconstitution by fusion

Since the first descriptions o f  the fu s io n  o f  ion  chan n el-con ta in in g  vesicles w ith  

preform ed planar phospholip id  b ilayers (M iller and R acker, 1976; M iller e t  a l ., 

1976) m any ion  channels have b een  reconstituted  using this m ethod (see H anke, 

1986); m ost usually  in to  d eca n e-co n ta in in g  painted bilayers. A lthough  little  is 

know n about the m olecular m echanism  or physical basis for  fu sio n , a num ber o f  

cond itions have been reported w h ich  are an absolute requirem ent fo r  fu sion , or at 

least increase the probability  that fu sio n  occurs.

T w o steps have been  proposed in  the fu s io n  process:

(i) vesic le -p lan ar  m em brane attachm ent (the ’p re -fu sio n ’ state)

(ii) osm otica lly  driven  sw ellin g  o f  the attached vesicles, w ith  subsequent 

rupture o f  vesicu lar and planar m em branes in the region o f  contact lead ing  

to fu sion .

A  diagram  dep ictin g  the steps in  the fu s io n  process is show n in  figu re  1.7.

1.5.5a Formation of the pre-fusion state

The p re-fu sio n  state consists o f  a tigh t adsorption o f  vesic les to the planar b ilayer. 

T his state has been  d irectly  observed  using fluorescent d y e -f ille d  vesic les in a
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Figure 1.7

Diagrammatic representation of the steps in the fusion process

A: F irst the vesic le  and planar b ilayer c o -e x is t  w ell separated.

B: In the p re -fu sio n  state, tight adsorption o f  the vesic le  and b ilayer occurs.

C: F usion  occurs and the entire contents o f  the vesicle  m em brane, in clu d in g

any channel proteins, are incorporated into the planar b ilayer.
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v id eo  f lu o r im eter  (N ile s  and C o h en , 1987; Perin  and M acD on a ld , 1989). 

C alcein -load ed  vesicles w ere a llow ed  to settle on a preform ed bilayer and appeared  

as bright circular profiles on the planar m em brane. V esicles w ere seen to adsorb 

d irectly  to the b ilayer rather than first attaching to an auxiliary structure, such as 

the annulus, and then d iffu s in g  into the m em brane. In bilayers contain ing anionic  

phospholip ids, the num ber o f  vesic les bound in the prefusion  state depended  on 

the calcium  concentration  in the c is  com partm ent (the side contain ing the vesicles).

This observation  is sim ilar to the fin d in g s in previous studies using n egatively  

charged bilayers w here the presence o f  m illim olar am ounts o f  calcium  in  the 

aqueous solu tion  on the c is  sid e  w as fo u n d  to increase the probability  o f  fu sion  

(M iller and R acker, 1976; M iller e t  a l .9 1976; M iller, 1978; Latorre e t  a l . t 1982;

Akabas e t  a l ., 1984; C ohen e t  a l ., 1984).

A ccord ing  to standard m odels o f  d iva len t ca tion -m ed iated  interactions b etw een  

p h o sp h o lip id  b ila y e r s  (H a u ser  e t  a l ., 1975; B r e isb la tt  an d  O h k i, 1976;

Papahadjopoulos e t  a l . ,  1977; Portis e t  a l ., 1979), each d ivalent cation  bridges two  

m onovalent an ionic m oieties on the phospholip id  head groups o f  the tw o opposing  

m onolayers. T his d ivalent cation  b in d in g  dehydrates the headgroups and leads to a 

phase separation. T he phase boundaries created m ay be im portant in form ing  

fu sogen ic  spots w hen the w ater b etw een  vesicle  and bilayer m em brane has been  V 
rem oved.

Form ation o f  the p re -fu sio n  state is also assisted by stirring the solution  in  the 

v esic le -co n ta in in g  com partm ent (usually  the c is  cham ber). Stirring e f fe c t iv e ly  

increases the probability  that ion  ch an n el contain ing vesic les are d elivered  to the  

planar b ilayer  and that v e s ic le -p la n a r  m em brane co n ta ct occu rs lea d in g  to 

p re -fu sio n  adhesion.
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1 .5 .5 b  O sm o tic a llv -d r iv e n  fu s io n

A s described  earlier, the addition  o f  ca lciu m  to anionic planar b ilayers prom otes 

adhesion , but not fu sion . T he m ain requirem ent for fusion  (w hether bilayers are 

charged or not) is the estab lishm ent o f  osm otic conditions leading to the sw ellin g  

o f  the m em brane vesicles (M iller and R acker, 1976; M iller e t  a l ., 1976; C ohen e t 

a l . , 1980; Z im m erberg e t  a l . y 1980; C ohen  e t  a l ., 1982; Akabas e t  a l ., 1984; N iles  

and C ohen, 1987; C ohen e t  a l ., 1989; P erin  and M acD onald, 1989). Thus the c is  

side (the side conta in ing  the vesic les) m ust be hyperosm otic w ith  respect to  the 

op p osite , t r a n s ,  sid e . It is not the w ater flo w  across the planar b ilayer m em brane  

p e r  s e , but rather the net m ovem ent o f  w ater into the vesicle  that is required for  

fu sion . This has been  d irectly  dem onstrated  by C ohen e t  a l ., (1982); Akabas e t  a l . ,  

(1984) and N iles and C ohen, (1987). In the absence o f  an osm otic gradient across 

the planar m em brane, fu sion  could  be induced  by osm otic sw elling  o f  the 

p re-fu sio n  attached vesicles.

T he presence o f  channels in  the v esic le  m em branes is necessary to a llow  net 

sw ellin g  o f  the vesicles. N iles and C ohen (1987) reported that in  the absence o f  the  

ch an n el-form in g  an tib io tic , nystatin , in  their experim ents, vesic les did  not 

osm otically  rupture either w ith  an osm otic  gradient across the b ilayer, or w ith  a 

gradient across the vesic le  m em brane. When nystatin  was added to the c is  

com partm ent, channels form ed in  the vesicu lar m em brane, and sw ellin g  and fu sio n  

w ere observed.

The ab ility  o f  the osm oticant (the solute used to establish the osm otic gradient) to 

prom ote fu sion  depends on both its perm eability  through the bare lip id  b ilayer as 

w ell as its perm eability  through the channel by w hich  it enters the vesic le  in terior
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(C ohen e t  a l . ,  1989). In the exp erim en ts reported in this thesis, the solution  in  the 

c is  com partm ent was generally  m ade hyperosm otic by adding KC1. A fter  an in itia l 

shrinkage, the ensu ing flo w  o f  w ater from  the t r a n s  to c is  com partm ents and into 

the vesic les adhering to the planar m em brane causes sw ellin g  and the generation  o f  

an intravesicular pressure w h ich  drives fu sio n  (N iles e t  a l ., 1989).

T he details o f  the fin a l step in the fu sion  process rem ain to be elucidated . 

H ow ever, it has been suggested  that the osm otic entry o f  w ater in to  the vesicles  

causes som e stretch ing o f  the vesicu lar and planar m em branes in  their reg ion  o f  

tight adhesion. On account o f  the sharp curvature and possib le dehydrated state in 

the area o f  contact, it  seem s lik e ly  that vesic le  rupture m ay preferentia lly  occu r at 

this poin t (A kabas e t  a l ., 1984).
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Chapter 2
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2.1  IN T R O D U C T IO N

T he experim ental m ethods used are described in this chapter under the fo llo w in g  

headings:

2.2 Preparation of highly purified platelet surface and intracellular 

membranes.

2.3 Biochemical characterisation of platelet surface and intracellular 

membrane fractions.

2.4 Planar bilayer methods.

2.5 Analysis of single channel data.

T he sources o f  chem icals used in  the experim ental procedures, unless sp e c if ie d  in  

the tex t, are listed  in  A p p en d ix  A .

2.2 P R E P A R A T I O N  O F  H I G H L Y  PURIFIED P L A T E L E T  S U R F A C E  A N D  

I N T R A C E L L U L A R  M E M B R A N E S

T he m ethod for  preparing h igh ly  p u rified  hum an platelet m em brane fractions was 

essen tia lly  as orig inally  reported by M enashi e t  a l .  (1981) and subsequently  

m o d ified  by A uth i and C raw ford  (1985).

2.2.1 Platelet isolation and neuraminidase treatment.

H um an platelets w ere iso lated  by a d ifferen tia l-cen tr ifu g a tio n  procedure from  

fresh  b u ffy -c o a t  residue packs su p p lied  by the N ational Blood T ransfusion  Service  

L aboratories, T ootin g , L on d on  SW17 and B rentw ood, E ssex, U K . T yp ica lly  5 -8
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packs w ere used in each preparation and laboratory processing com m enced  w ith in

3 -4  hours o f  blood donation . Polycarbonate tubes, beakers and p ipettes w ere used  

throughout to prevent p latelet contact activation .

T he b u ffy  coats w ere separated into 100m l tubes according to blood group and 

cen trifu ged  at 200 x g for  20 m ins at 2 5 °C  and the p latelet rich plasm a (PR P) 

retained. The rem aining red b lood cells w ere d ilu ted  in to  a large volum e o f  

industrial sod ium  hypochlorite ( ’chloros’, H ays C hem icals L td , L eeds) before safe  

disposal. T he PR P was pH  adjusted  to 6 .4  w ith  0.3M  citric acid. T he platelets w ere  

then sed im ented  at 1 ,200 x g for  20 m ins at 25°C . T he resultant p ellet was 

resuspended in  20m ls o f  lOmM H EPES b u ffer , pH  6 .2 , contain ing 152m M  N aC l, 

4.17m M  KC1, 3m M  E D T A . T he p latelet suspension was equilibrated  in  a w ater  

bath at 37°C  for  10 m ins b efore treatm ent w ith  neuram inidase (C lo s t r id iu m  

p e r f r in g e n s , S igm a, G rade X , a ff in ity  p u rified ). O ne unit o f  neuram inidase (i.e. 

0.05 u n it/m l p latelet suspension) was added  dropw ise w hilst m ix ing  and incubation  

con tin u ed  at 37°C  for a further 20 m in s, sw irling the suspension occasionally .

Treatm ent w ith  neuram inidase at the w h o le  ce ll level low ers the e lectron egativ ity  

o f  the surface m em brane b y  rem oval o f  sia lic  acid groups. T his reduces its 

electrophoretic m ob ility  and im proves th e resolution  o f  the tw o m em brane sp ecies  

in  the electrophoresis cham ber (see section  1.2.2). In preparations w here a m ixed  

m em brane fraction  from  cells not treated  w ith  neuram inidase was required, the 

incubation  step was om itted  and p latelets w ere washed tw ice  as described b elow  

prior to son ication .

A t the end  o f  the neuram inidase in cu b ation  period the suspension  was rapidly  

dilu ted  1:4 w ith  lOmM HEPES b u ffe r  (w ashing b u ffer ), pH  7 .2 , conta in ing
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152m M  N aC l, 4 .17m M  KG1, 3m M  E D T A  and cen trifu ged  at 1,200 x g for 1 m in  

at 25°C  to rem ove any rem ain ing red blood cells. The platelets w ere then w ashed  

tw ice  by resuspension in w ash ing  b u ffer  fo llow ed  by centrifugation  for  20 m ins at 

1,200 x g , 2 5°C , each tim e.

2 .2 .2  P la te le t son ication  and separation  o f  m ixed m em brane fraction .

From  this stage onw ards in  the preparation, all sam ples w ere kept on ice . T he final 

p ellet o f  w ashed p latelets w as resuspended in  ic e -c o ld  lOmM H EPES b u ffer  

(son ication  b u ffer ), pH  7 .2 , conta in ing  0 .3M  sorbitol at a ratio o f  4m l b u ffe r /g  

w et w eigh t o f  cells (usually  20m l). A  protease inh ib itor cocktail conta in ing  10/zg 

pepstatin  A /m l, 0 .2  U n its  ap roton in /m l and 400/iM  p h en ylm eth an e-su lp h on yl 

flu orid e  was added to the ce ll suspension . T he sam ple was then sonicated  in  10ml 

aliquots at setting 6 (at m axim um  tun ing) for  10 secs at 4°C  using a D aw es  

sonicator w ith  a 4m m  d iam eter probe (in  a cold  room ). The sonicates w ere  

com bined  and cen trifu ged  at 2 ,0 0 0  x g for  15 m ins at 4°C . T he supernatant was 

rem oved  and kept in a separate tube on  ice  and the pellet o f  unbroken cells and 

large ce ll fragm ents w as resuspended in  20m l sonication  b u ffer  (w ith  protease  

inh ib itors). T he son ication  and cen trifu gation  steps w ere carried out three tim es in  

all. T he resultant supernatants w ere pooled  and layered onto three 40m l linear  

sorbitol gradients prepared from  1.0 and 3 .5M  sorbitol so lu tions, pH  7.2, 

conta in ing  lOmM HEPES and cen tr ifu ged  at 42 ,000  x g in a sw ing out rotor fo r  90 

m ins at 4°C .

A  m ixed  m em brane (M M ) fraction , contain ing vesic les o f  both  surface and 

intracellu lar m em brane orig in , was located  in  the low  density  region  o f  the 

gradient as show n in  figu re  2 .1 . The upper cytoso l fraction  was carefu lly  rem oved
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F ig u r e  2 .1

D en sity  gradient sed im entation  o f  p la te le t m ixed m em brane fraction

T he hom ogenates from  the son ica tion  steps are loaded onto a linear sorb ito l 

gradient as show n in A (1 -3 .5 M ). F o llow in g  centrifugation  in a sw in g -o u t rotor at

42 ,0 0 0  x g for 90 m ins at 4 °C , a m ixed  m em brane fraction  is located in  the upper  

o f  tw o d iscrete particulate zones as sh ow n  in B.
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and d iscard ed . T h e M M  fra c tio n  w as th en  co lle c te d  and con cen tra ted  by 

cen trifugation  at 90 ,000  x g for  80 m in  at 4 °C . M em branes w ere e ith er (i) 

resuspended in 0 .4M  sucrose, 5m M  H E P E S/T ris, pH  7.2, at a concentration  o f  

approxim ately 1 -2  m g p ro te in /m l for subsequent use in reconstitution  experim ents, 

or (ii)  resuspended in  electrophoresis cham ber b u ffer  (lO m M  triethanolam ine, 

0.4M  sorbitol, adjusted  first to pH  6.8 w ith  acetic acid and then to pH  7.2 w ith  

N aO H ) to a concentration  o f  approxim ately 3 -4  m g p rote in /m l. The latter M M  

fraction  was applied  to the continuous f lo w  electrophoresis cham ber.

2.2.3 Membrane separation bv continuous f low  electrophoresis

M em brane separation was carried ou t using a Bender H obein  E lphor V A P  

electrophoresis un it (B ender and H ob ein , M unich , G erm any). M odel no.5 was used  

in  the in itia l m em brane preparations fo llo w ed  by the im proved m odel n o .22  in 

later experim ents. T he latter unit o ffered  superior tem perature and electrica l 

stab ility  su itable for  the lengthy operating tim es necessary for im proved m em brane  

separation and y ield . The general p rincip les o f  h igh -v o lta g e  continuous flo w  

electrophoresis and a diagram  o f  the apparatus have been  presented in  section

1.3.1.

T he electrophoresis un it consisted  o f  a vertical glass cham ber, approxim ately 60cm  

h igh , 10cm  w id e and 0.8m m  deep . T he rear plate was silvered  and in  contact w ith  

a coo lin g  system . A t the top o f  the cham ber, an in let port was connected  to a 

reservoir o f  b u ffer  v ia  a bubble trap. A t the base o f  the unit the b u ffer /sa m p le  

stream s em erged to g ive  90 separate fractions. The rate o f  b u ffer  f lo w  was 

controlled  by a peristaltic pum p through w hich  the 90 outlet tubes passed.
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On either sid e o f  the cham ber w ere tw o ion -exch an ge  strips (a ca tion - and 

an ion -exch an ge  resin on the p ositive  and negative sides respectively). Behind these  

strips w ere tw o platinum  electrodes. E lectrical con tin u ity  b etw een  the strips and 

the electrodes was m aintained b y  an electrode b u ffer  (lOOmM triethanolam ine, pH  

7.2) w h ich  was circulated  over and betw een  each electrode from  a reservoir v ia  a 

pum p.

T he M M  sam ple was transferred to an oscilla ting  syringe at the top o f  the un it. A  

second syrin ge, w hose p iston cou ld  be advanced by a f in e -p itc h e d  worm  gear, was 

connected  to the sam ple syringe v ia  a colum n o f  w ater and served to in jec t the 

sam ple at a controlled  rate into the vertica lly  flow in g  cham ber b u ffer  film  through  

an in let port on the cathodal sid e  o f  the cham ber.

2.2.3a Priming of the electrophoresis unit before use

T he electrophoresis cham ber u n it w as prepared on the day prior to use as fo llo w s. 

A  m ild detergent solution  was in fu sed  in to  the cham ber from  the base, taking care 

to exclu d e any air bubbles. A  reservoir o f  detergent was allow ed to run d ow n  the 

cham ber under gravity for approxim ately  15 m ins, fo llo w ed  by double d istilled  

water for  a further 15 m ins. 50m ls o f  3% (w /v )  b ov in e  serum  album in w ere then  

in fu sed  and the cham ber ports clam ped shut and le ft  overnight. T w o hours prior to 

use on  th e fo llo w in g  d ay , th e ch am b er w as rin sed  b y  flu sh in g  th rou gh  

approxim ately  5 litres o f  doub le d istilled  water. This was then replaced w ith  

electrophoresis cham ber b u ffer  (o f  com position  described  in  section  2 .2 .2 ) and  

fresh  electrode b u ffer  in troduced into the electrode reservoirs.
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2 .2 .3 b  C o n tin u o u s  f lo w  e le c tro p h o re s is  ru n n in g  co n d itio n s

O nce the electrophoresis cham ber w as prim ed, the unit was sw itched  on allow ing  

the coo lin g  circu its to stab ilise  at 6 °C . H igh voltage cond itions w ere then  

established by slow ly  increasing the current until 80m A  was reached. T he in itia l 

voltage reading at this current was noted  and further readings taken at 10 m in  

intervals until the voltage stab ilised . T he m ixed  m em brane sam ple was then  

in troduced into the cham ber at a controlled  in jection  rate v ia  the in let port and  

the run com m enced . T he perista ltic  pum p controlling the cham ber b u ffer  f lo w  rate 

was adjusted  to a value sligh tly  faster than the sam ple in jection  rate. The  

fo llo w in g  operating cond itions w ere fo u n d  to be the m ost appropriate fo r  p latelet 

m em brane separation.

1,500 -  1,600V  

80m A  

6°C

2 m l/h ou r

2.5 m l/h o u r /fra ctio n

Fractions w ere co llected  at the base o f  the unit in  cooled  glass tubes. In the V A P  

22 electrophoresis un it, the anode w as on the right hand side o f  the cham ber. 

A ccord in g ly , the h igher the fraction  num ber (1 -9 0 ) in w hich  a particular fraction  

elu ted , the closer its position  to the an od e, hence the greater its zeta potential.

T yp ica lly  a run lasted for  6 -1 0  hours depending on the in itia l volum e o f  M M  

sam ple and the m aintenance o f  stable current and tem perature cond itions during  

the procedure. A  drop in  voltage o f  up to 300V  was com m only exp erien ced  during

Voltage:

Current:

Tem perature:

M M  sam ple in jection  rate: 

C ham ber b u ffer  f lo w  rate:
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the course o f  a long electrophoresis run. This introduced no alteration in relative  

d eflec tio n  o f  the m em brane sam ple peaks.

2 .2 .3 c  C ollection  o f  purified  p la te le t m em brane fractions

T he absorbance at 280nm  o f  each  fraction  co llected  was m easured using a sp ectro­

photom eter. A  typ ical electrophoresis separation p rofile  is show n in figu re 2 .2 . The 

m ore e lectronegative peak (adjacent to the anode) represents the intracellular  

m em branes (IM ) and the less e lectronegative peak (adjacent to the cathode) 

rep resen ts su rfa ce  m em brane (SM ) v e s ic le s  (m o d if ie d  b y  the n eu ram in id ase  

treatm ent). T he IM  and SM  fractions w ere separately pooled  and cen tr ifu ged  at

90 ,000  x  g for  60 m ins at 4 °C  onto a cush ion  o f  3.5M  sorbitol. T he tw o vesic le  

fractions w ere co llected  and suspended  in  0.4M  sucrose, 5m M  H E P E S/T ris, pH

7.2 , to a protein concentration  o f  1 -4  m g /m l. A liquots w ere either used  

im m ediately , in  the case o f  b ioch em ica l assays, or ’snap’ frozen  in  liqu id  n itrogen  

and stored at -8 0 °C  fo r  use in  reconstitu tion  experim ents.

2 .2 .4  I so la tio n  o f  a su b p om ila tion  o f  th e  in tra ce llu la r  m em brane bv o x a la te  

load ing

A p p ly in g  the analogy o f  the p latelet IM  to the sarcoplasm ic reticu lum  (SR ) o f  

m uscle , a m ethod to oxalate load and separate a subpopulation  o f  the IM  fraction  

was applied . This was m od ified  from  the procedure used by Jones and Cala (1981)  

and T om lins e t  a l .  (1984) to harvest the ryanodine in sen sitive fraction  o f  cardiac  

m uscle SR.
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Typical continuous flow electrophoresis profile

T he absorbance o f  each fraction  at 280n m  gives a bim odal d istribution . T he m ore  

electronegative peak represents the intracellular m em brane (IM ), and the less  

e le c tro n eg a tiv e  peak  rep resen ts th e su rface  m em brane (S M ), m o d if ie d  b y  

neuram inidase treatm ent. For this p ro file , sam ple tubes 4 7 -5 2  (SM ) and 5 8 -6 4  (IM ) 

w ere separately pooled .
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For oxalate loading, the IM  vesic les w ere id en tified  in the continuous flo w  

electrophoresis p ro file  and pooled  as described in section  2 .2 .3 . T hey w ere then  

suspended  in 30m l o f  a ’ca lc iu m ’-oxa la te  loading m edium  contain ing 50m M  

h istid in e , lOOmM KC1, 65m M  M g C ^ , 60m M  N aA T P , 25m M  T ris/E G T A , 20m M  

C aC ^ , 5m M  T ris/oxa la te , pH  7.1. A fter  5 m ins incubation at 37°C , a further  

5m M  T ris/oxa la te  was added. T he reaction  was term inated after a total o f  20 m ins 

by p lacing the m ixture on ice . V esic les w ere then co llected  by sed im entation  at

105,000 x g for 30 m ins. The vesic le  p ellet was resuspended in  8m ls o f  0 .25M  

sucrose, 300m M  KC1, 50m M  N aP P i, lOOmM Tris, pH  7.2. T he suspension  was 

layered onto 8m ls o f  1.5M  sucrose, 300m M  KC1, 50m M  N aPPi, lOOmM T ris, pH

7.2 and cen tr ifu ged  in  a sw in g -o u t rotor at 100,000 x g for  2 hours at 4°C . 

U n load ed  IM  located  at the 0.25M :1.5M  sucrose in terface w hilst oxalate loaded IM  

vesic les form ed  a p ellet at the base o f  the tube. The tw o fractions w ere co llected  

and suspended in  0 .4M  sucrose, 5m M  H E P E S/T ris, pH 7.2; each to a concentration  

o f  approxim ately 0 .5 -1 .0  m g p ro te in /m l. A liquots w ere ’snap* frozen  in  liqu id  

nitrogen and stored at -8 0 °C  fo r  use in reconstitution  experim ents.

The sam e oxalate loading m ethod w as applied to m ixed  m em brane fractions  

(untreated w ith  neuram inidase) in  an attem pt to isolate the sam e IM  subpopulation  

w ith ou t use o f  continuous f lo w  electrophoresis.

2.2.5 Protein estimation of membrane fractions

Protein estim ations w ere carried out using a m od ification  o f  the m ethod d ev ised  

by L ow ry e t  a l ., (1951) as described  by M arkw ell e t  a l .  (1979).
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500/il sam ples o f  the m em brane fractions w ere so lub ilised  with 50/d o f  1% (w /v )  

d eoxych o lic  acid and then p recip itated  w ith  1ml o f  10% (w /v )  trichloroacetic acid. 

Sam ples w ere cen tr ifu ged  at 13 ,000  rpm for 5 m ins in  a benchtop E ppendorf  

cen trifu ge and the supernatant d iscarded. Pellets w ere redissolved in 1ml o f  a 

solution  o f  the fo llo w in g  com position: 200m M  N a2 CC>3 , lOOmM N aO H , 7m M  

NaTartrate and 1% (w /v )  SDS, to w h ich  1% (v /v )  o f  an aqueous solution  o f  4% 

(w /v )  CUSO4 .5H 2O had been added  im m ediately  prior to use. 100/d o f  stock  F olin  

and C iocalteu’s phenol reagent was then  added and the m ixture im m ediately  

vo rtex -m ix ed . T he optical d en sity  at 750nm  was m easured after 30 m ins using  a 

spectrophotom eter.

For calibration  curves, sam ples o f  b ov in e serum  album in w ere sim ultaneously  

assayed as described above (BSA  sam ples o f  5, 10, 20 , 40 and 50 /zg/m l w ere  

generally  used  fo r  calibration purposes). A  linear relationship betw een  op tica l 

d ensity  and protein  concentration  was found  over the range 5-50/xg p ro te in /m l. 

The protein  concentration  o f  each  p latelet m em brane sam ple was estim ated from  

the averge o f  three d ilu tions w ith in  the lim its o f  the standard curve. A ssays w ere  

carried out in  trip licate at room  tem perature.
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2 .3  B IO C H E M IC A L  C H A R A C T E R IS A T IO N  O F  P L A T E L E T  S U R F A C E  AND

IN T R A C ELLU LA R  M EM BRANE FR A C TIO N S

T he p u rified  surface and intracellular m em brane fractions prepared by the 

m ethods described  in  section  2 .2  have been  ex ten sively  characterised by M enashi e t  

a l .  (1981), Lagarde e t  a l .  (1981; 1982) and H ack e t  a l .  (1986) in  term s o f  

p olyp ep tid e , lip id , phospholip id  and enzym e com position .

The purity and fu n ction a l in tegrity  o f  m em brane vesicles prepared for this 

experim ental w ork w ere m onitored  by the fo llow in g  methods:

1. SDS polyacrylam ide gel electrophoresis

2. A n tim y c in -in sen sitiv e  N A D H  cytochrom e c  reductase enzym e assay

2+3. A ssay for  Ca uptake by IM vesicles

2+4. I n s ( l ,4 ,5 )P3 -in d u ced  release o f  sequestered Ca from  IM  vesicles

2 .3 .1  S D S -p o lyacry lam id e e e l e lectrophoresis

T he m ethod used was that described  b y  L aem m li (1970). M em brane sam ples w ere  

so lu b ilised  in  0 .125M  T ris/H C l b u ffer , pH  6 .8 , 10% (v /v )  13-m ercaptoethanol, 4% 

(w /v )  SDS, 20% (v /v )  g lycero l, 0.0025%  (w /v )  brom ophenol b lue. D enaturing o f  

the sam ple proteins was ach ieved  by b o ilin g  at 100°C  for  7 m ins.

G els w ere prepared using a B io -R a d  M in i P R O T E A N  II dual slab ce ll (B io -R a d , 

R ich m on d , C A , U S A ). R eso lv in g  gels o f  9% (w /v )  and stacking gels o f  4.5% (w /v )  

acrylam ide w ere prepared from  a stock  solution  o f  30% (w /v )  acrylam ide and 0.8%  

(w /v )  o f  N ,N ’-^ /5-m eth y len e  acrylam ide. T he stacking gel contained  0 .1 25M
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T ris/H C l, pH  6.8  and 0.1% (w /v )  SDS, w hilst the resolving gel contained 0 .38M  

T ris/H C l, pH  8.8  and 0.1% (w /v )  SDS. The gels w ere polym erised  chem ically  by  

the addition  o f  0.001%  (v /v )  tetram ethylethylened iam ine (T E M E D ) and 0.05%  

(w /v )  am m onium  persulphate.

The electrode b u ffer  consisted  o f  0 .025M  T ris, 0 .192M  g lycin e and 0.1% (w /v )  

SDS, pH  8.3. 7 -1 2 /d  o f  the m em brane sam ples and m olecular w eight standards 

w ere transferred into  w ells prepared in the gels. The fo llow in g  m olecular w e ig h t  

markers w ere used: 94K: phosphorylase b; 67K: bovine serum  album in; 43K : 

ovalbum in; 30K: carbonic anhydrase. E lectrophoresis was carried out w ith  a 

current o f  30m A  per gel until the brom ophenol blue m arker reached the base o f  

the gel (about 40 m ins).

The separated proteins w ere stained and fix ed  in  the gel using a solution  o f  0.2%  

(w /v )  C oom assie brilliant b lue, 45% (v /v )  m ethanol and 15% (v /v )  acetic acid  [in  

d istilled  w ater] for  30 m ins. D esta in in g  was carried out in  10% (v /v )  acetic acid  

and 10% (v /v )  m ethanol [in d istilled  w ater] until the gel backgrounds w ere clear. 

G els w ere generally  dried  onto filter  paper using a com m ercial gel drier (M odel 

583, B io -R a d , R ichm ond , C A , U S A ).

2 .3 .2  N A D H -cytoch rom e c  reductase enzym e assay

A n tim y c in -in sen sitiv e  N A D H -cy to ch ro m e c  reductase (EC 1.6.99.3) enzym e activ ity  

was m easured essentia lly  as described  by T olbert (1974). T he fo llo w in g  reaction  

m ixture was prepared in  a spectrophotom eter cu vette  (fin a l volum e 1ml): 0 .2M  

K H 2PO4  b u ffer , pH  7.0 , 0 .08M  ox id ised  cytochrom e c, 2m M  K C N  (to in h ib it any  

cytochrom e c  ox id ase), 10/d  o f  an tim ycin  A  (2m g /m l in ethanol) and the
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m em brane sam p le  o f  k n ow n  p rote in  con cen tra tio n . A fte r  esta b lish in g  the  

N A D H -in d ep en d en t rate, the reaction w as in itiated  w ith  0.85m M  N A D H . T he rate 

o f  change in optical d en sity  o f  the reaction  m ixture was fo llow ed  for 10-15  m ins 

using a U V /V IS  S P 8-400  spectrophotom eter (Pye U nicam  L td., C am bridge, U K )  

set at 550nm .

A ccord ing  to the B eer L am bert Law describ in g  the absorbance (or optical d en sity ), 

A , o f  a com pound:

A  = e .c . l  (equation 4)

where:

e  is the ex tin ction  c o e ff ic ie n t  o f  the com pound at the particular w avelength  

o f  the in cid en t radiation  

c is the concentration  o f  the com pound  

1 is the path length  the in cid en t radiation  travels

Based on an ex tin ctio n  c o e ff ic ie n t  o f  21.1 m M ~*cm “ * for cytochrom e c  at 550nm  

(V an G elder and Slater, 1962) and a path  length  o f  1cm , a change in  O D  o f  1.0 

w as equivalent to 47 .4  nm oles.

Sam ples o f  M M , SM  and IM  o f  various protein concentrations w ere assayed.

2 .3 .3  A ssay fo r  calcium  uptake bv in tracellu lar  m em brane vesicles

A T P -d ep en d en t ca lcium  uptake b y  IM  vesicles was assayed by the m ethod  

described  by M enashi e t  a l .  (1984). T h e  incubation m ixture consisted  of: 120m M  

KC1, 5m M  M g C ^ , 2m M  A T P , 20m M  T ris/H C l, pH 7.2 and approxim ately 1/iCi o f
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^ C d ? +  (sp ec ific  activity: 1 0 -4 0 m C i/m g  o f  Ca^+). Ca^+ concentrations w ere  

controlled  by Ca^+-E G T A  b u ffers  made up as described by Portzehl e t  a l ., (1964) 

and D urham  (1983). A t 50/jM  E G T A , the calculated free Ca^+ was 3/iM . A n  

aliquot o f  intracellular m em brane vesic le  suspension (betw een  30-50/ug m em brane  

protein ), was added to the assay m ixture (fin a l volum e 0 .5m l) to start the reaction  

and incubation  com m enced  at room  tem perature (2 1 -2 2 °C ). Separate control assays 

w ere also carried out in the absence o f  A T P  and w ith  surface m em brane vesicles. 

A t 3 -5  m in intervals over 25 m ins, 0 .45m l o f  the m ixture was rem oved and rapidly  

filtered  through a M illipore m em brane filter , type G S, 0 .45//m  pore size  (presoaked  

in  w ashing b u ffer). T hree 10m l aliquots o f  ic e -c o ld  w ashing b u ffer  w ere then  

flu sh ed  through the f ilter  m em brane to  wash the vesicles. T he w ashing b u ffe r  

contained: 120m M  KC1, 5m M  M gC l2 , 20m M  T ris/H C l, pH  7.2 and 50/iM  

unlabelled  CaCl2 . T he filters w ere then air dried , transferred to sc in tilla tion  via ls  

and lOmls o f  Scintran C ocktail T  scin tillan t (B D H  C hem icals, U .K .)  added. 

R ad ioactiv ity  was determ ined  in  a liq u id  scin tillation  counter (Beckm an LS 5801; 

B eckm an Instrum ents, C A , U .S .A ) equ ipped  w ith  autom atic quench correction .

2 .3 .4  In s(1 .4 .5 1 P 2 -in d u ced  release o f  sequestered calcium  from  in tracellu lar  

m em brane vesicles

The e f fe c t  o f  I n s ( l ,4 ,5 )p 3 on IM  vesic les  preloaded w ith  calcium  was in vestiga ted  

fo llo w in g  the m ethods o f  A u th i and C raw ford (1985).

A T P -d ep en d en t ^ C a ^ + loading o f  IM  vesicles was carried out as described ab ove  

in  section  2 .3 .3 . A fter  20  m ins in cu b ation  tim e (i.e . once steady state w as 

estab lished), 10/xM In s(l,4 ,5 )P ^  (A m ersham  Int. U K .)  was added and the reactions  

stopped  at 15 sec , 30 sec , 60  sec an d  150 sec intervals by rapid filtra tion  and
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w ashing as described in section  2 .3 .3 . Separate assays w ere carried out adding the 

ionophore A 23187 (2m M ).
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2 .4 PL A N A R  B IL A Y E R  M E T H O D S

Planar bilayers w ere form ed  b y  the ’pain ting’ technique originally  d eveloped  by 

M ueller e t a l .  (1962a & b) and described in  detail by other workers in the fie ld  

(M ueller and R u d in , 1969; M iller , 1978 ,1982a,b; A lvarez, 1986). T he advantages o f  

this m ethod for sin g le  channel recording, and a theoretical in troduction  to the 

form ation  o f  planar bilayers and the m echanism  o f  fu sion  have been described  in 

section s 1.5.3, 1.5.4 and 1.5.5.

2 .4 .1  M em brane cham ber and e lectr ica l equipm ent

A  diagram m atic representation  o f  the m em brane cham ber used for  painting  

bilayers is show n in  fig u re  2 .3 . It con sisted  o f  an acrylic b lock into  w hich  two  

large in tersecting cav ities w ere m achined . T he diam eter o f  one o f  the cavities was 

the exterior diam eter o f  a cup (styrene copolym er or acrylic). A  sector o f  the side  

w all o f  the cup was th inned  and p erforated  to g ive  a hole o f  d iam eter 0.3 or 

0.5m m . T his hole was the on ly  con n ection  b etw een  the tw o com partm ents created  

w h en  the cup w as inserted  in to  the b lock . T he internal volum es o f  the cup and  

apposing w ell show n w ere 4m ls and 5m ls respectively . Cups and blocks w ith  

reduced internal vo lu m es, as sm all as 0 .5 m l, w ere also available for  experim ents in  

w h ich  preservation o f  p latelet m em brane vesicles and increased probability  o f  

fu sion  w ere required. T he tw o sm aller w ells in  the b lock  accom m odated the 

electrodes.

E lectrical con n ection  o f  the m em brane cham ber to the m easuring equipm ent was 

m ade using reversib le electrodes. Salt bridges connected  the solutions in  the 

m em brane cham bers to the electrode w ells  and silver ch lor id e-coa ted  silver w ire
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electrodes connected  the w ells to the m easuring equipm ent. The salt bridges w ere  

prepared by bending glass capillary tubes, o f  external d iam eter 1 or 2m m , (Clark  

E lectrom edical Instrum ents, R ead in g , U K ) to an inverted  ’U ’ shape in a Bunsen  

flam e and filled , by su ction , w ith  2% (w /v )  agar in 3M  KC1. T he bridges w ere  

trim m ed to f it  b etw een  the electrode w ell (filled  w ith  3M  KC1) and the adjacent  

m em brane cham ber. H igh  ion ic  strength salt bridges w ere used to m in im ize liq u id -  

ju n ction  potentials in  m easurem ents under m ixed  ion  cond itions (C ukierm an e t  a l .,

1985). The silver w ire electrodes w ere coated  w ith  A gC l by im m ersion in 

household  bleach.

T he m em brane cham ber w as seated  on a lead block to reduce vibration , w ith  a 

sm all m agnet m ounted  on a d .c. m otor positioned  beneath the cup to facilitate  

stirring o f  the solution . To e lim inate any electrical in terferen ce due to a.c. p ickup , 

the m em brane cham b er/lead  b lock  and current m easuring c ircu it w ere m ounted  

in side an insulating m etal box . T he box was then placed on an a ir-cu sh ion ed  table 

to prevent floor  vibrations in terfering  w ith  the lo w -le v e l current m easurem ents.

A  schem atic diagram  o f  the electron ics system  is show n in figu re  2.4 . External 

voltage com m ands (V c ) provided  by an A m strad m icrocom puter (M odel CPC 6128) 

lin k ed  to a d ig ita l-to -a n a lo g u e  converter, w ere applied to the cup cham ber  

(designated  c i s ) t w h ilst the other cham ber (designated t r a n s )  was held  at ground  

potentia l. Current through the bilayer was transduced into an analogue voltage  

signal v ia  an operational am p lifier  ( A l )  acting as a cu rren t-to -v o lta g e  converter. 

T he operational am p lifier  contained  a h ig h  precision  lOGfl resistor (R f)  (K  & M  

E lectron ics, W. S p rin gfield , M A , U S A ) (M iller, 1982) a llow ing resolution  o f  

current flo w  in the pA  range. T he sen sitiv ity  o f  the cu rren t-to -v o lta g e  converter  

was lO m V /p A . B asically  the negative feed b ack  configuration  used routes all the
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incom ing current through the feed b ack  resistor, leaving the potential at the input 

at ground level. T he voltage at the output o f  the operational am plifier  (V 0) is then  

the current (Ijn) tim es the voltage o f  the feedback  resistor (R f) , i.e . Ijn = V 0 /R f .  

Since the voltage at the input is zero, the voltage across the b ilayer m em brane is 

p recisely  that set up by the m icrocom puter voltage generator.

T he output o f  the operational am p lifier  was passed through a second stage 

d ifferen tia l am p lifier  (A 2) o f  unitary gain  and the clam p voltage subtracted. The 

signal was filtered  as desired  using a K roh n -H ite  4 pole Butterw orth low  pass 

filter  (K ro h n -H ite  C orp., A v o n , M A , U S A ) before d isp lay on an oscilloscope  

screen (M odel 1425, G ould E lectron ics, H ainault, U K ). U n filtered  data w ere  

stored on FM  tape, using a R acal 4 channel tape recorder (R acal R ecorders, 

Southam pton, U K ), for  subsequent analysis. The tim e response o f  the tape  

recorder was quoted as 2 .5  kH z at the recording speed o f  3 .75 in ch es /sec  routinely  

used.

T he circu it diagram  for  the second stage am plifier  is reproduced in  A p p en d ix  B 

w ith  the perm ission  o f  the designer, R .A .P . M ontgom ery (N ational Heart and Lung  

Institu te), w ho m easured the rise tim e o f  the head am plifier as ~200/*sec.

2.4.2 Procedure for membrane formation

T he m em brane cham ber and cup w ere soaked, w hen not in  use, in  a strong  

detergent solution . T hey w ere rinsed in  running water fo r  at least an hour and 

then dried thoroughly  prior to use. M eticu lous cleaning o f  the apparatus was 

necessary to ensure the form ation  o f  stable and durable b ilayer m em branes. A ll
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aqueous solutions used in b ilayer experim ents w ere filtered  through M illipore  

m em branes (0 .45pm  pore size) prior to use.

T h e  m em b ra n e  ’fo r m in g  s o lu t io n ’ c o n s is te d  o f  a d isp e r s io n  o f  p u r if ie d  

p h o sp h o lip id s in  w -d eca n e . T h e  p h o sp h o lip id s p h o sp h a tid y leth a n o la m in e , PE 

(p u rified  from  b ov in e m uscle), and phosphatidylserine, PS (from  bovine brain), 

w ere supp lied  by A vanti Polar L ip ids, A labam a, U S A , and stored at -8 0 ° C  in  

chloroform . B ilayers w ere form ed  from  PE alone or from  a 70%/30% or 50% /50%  

ratio o f  P E /P S. Stock phospholip ids w ere m ixed  as required, the ch loroform  

evaporated o f f  under a stream  o f  n itrogen , and then n -d ecan e added to g iv e  a 

fin a l phospholip id  concentration  o f  30m M . PS is a negatively  charged phospholip id  

w h ilst PE is a zw itterion  and bilayers consisting  o f  PE alone have no net charge.

A t the outset o f  the experim ental protocol a droplet o f  the ’form ing so lu tion ’ was 

spread over the aperture in the cup  and allow ed to dry, thus ’prim ing’ the h o le . A  

painting ’stick ’ com prising a p lastic p ip ette  tip fash ion ed  into a pen nib shape was 

used fo r  the transfer o f  phospholip ids to  the cup. The c is  and tr a n s  cham bers w ere  

then f ille d  w ith  solution; m ost usually  150m M  KC1, 5m M  H E P E S/T ris, pH  7 .2 . A  

further droplet o f  form ing so lu tion  w as then cast over the hole resulting in  a lip id  

f ilm , probably several m icrom eters th ick , w h ich  spontaneously th inned to form  a  

bilayer.

A  square w ave pulse o f  ±4m V  am plitude was applied  to the c i s  cham ber during  

bilayer painting and the signal m onitored  on the oscilloscope. O cclusion o f  the hole  

was detected  by the disappearance o f  the square w ave and the appearance o f  a 

capacitance sp ike as the lip id  film  p lu gged  the hole. A ssessm ent o f  the th inness o f  

the lip id  film  was carried out on the basis o f  the size o f  the capacitance sp ik e. A s
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the lip id  film  th inned , the h eigh t o f  the sp ike increased to a m axim im , 

characteristic o f  the size  o f  the hole.

L ip id  film s w h ich  did not appear to th in  spontaneously cou ld  be induced to do so 

by applying a large am plitude, h igh  freq u en cy  square w ave pulse (± 120m V  at 

1kH z) for a few  seconds. I f  th is m ethod fa iled  to induce th inning after several 

repetitions or ’leak y’ film s w ere observed , the cup was usually  w ashed and rinsed, 

reprim ed, and the painting process repeated. T ypical w aveform s observed during  

bilayer form ation  are show n in  fig u re  2.5.

2.4.3 Incorporation of ion channels bv fusion

T he cond itions used  to incorporate p latelet m em brane vesic les w ith  the preform ed  

bilayer w ere based on those reported by others to prom ote fu sion  (M iller and  

R acker, 1976; H anke, 1986).

F usion  is generally  favoured  b y  the presence o f  negatively  charged phospholip ids  

in  the b ilayer, d ivalen t cations on th e side o f  the b ilayer to w h ich  m em brane  

vesic les are added (c i s ) and an osm otic gradient across the b ilayer w ith  the c i s  side  

h yperosm otic to  the tr a n s  s id e . T he sp e c if ic  conditions routinely  used w ere as 

fo llow s: for  a negatively  charged b ilayer (70% /30%  or 50% /50% , P E /P S) c i s : 

450m M  KC1, l.Om M  CaCl2 , 5m M  H E P E S/T ris, pH  7.2; tra n s:  150m M  KC1, 5m M  

H E P E S/T ris, pH  7.2. T he osm otic gradient and presence o f  Ca^+ on the c i s  side  

w ere established by addition  o f  appropriate volum es o f  concentrated  stock  

solutions to the cham ber once a b ilayer was form ed. In experim ents w here neutral 

bilayers w ere used, CaCl2  was om itted  from  the c is  cham ber solution .
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T ypical w aveform s observed during b ilaver  form ation  

A: Clam p square w ave pulse (±4m V )

B: C apacitance sp ike due to th ick  lip id  film  p lugging the hole

C: Bilayer: m axim um  h eigh t o f  capacitance spike ach ieved  -  characteristic o f

the size  o f  the hole.

D: L eaky film  form ed
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Platelet m em brane vesic les w ere added to the c is  cham ber (usually 5-10/xg protein) 

and m ech a n ica lly  a g ita ted  u sin g  a sm all m agn etic  stirrer. To m onitor the  

occurrence o f  fu sion  events a constant potential was applied across the bilayer and  

the current flo w  observed . W hen a v es ic le /v e s ic le s  contain ing a ch an n el/ch an n els  

fu sed  w ith  the b ilayer, the current increased in d iscrete steps. A fter fu sion  had  

occurred, the c i s  cham ber w as p erfu sed  out w ith  the desired solution  for  the 

experim ent, suppressing further fu sion  b y  rem oving u nfused  m em brane vesic les. 

P erfusion  o f  the cham bers was ach ieved  using a sm all peristaltic pum p set at a 

flo w  rate o f  25 m l/m in , w ith  at least 10 cup volum es exchanged. F lex ib le  p lastic  

tubing attached to the peristaltic pum p provided in flo w  and outlet lines w h ich  

sim ultaneously  fed  the exchange so lu tion  into the cham ber, and rem oved flu id  out 

o f  the cham ber so that the vo lum e rem ained constant. A  reed sw itch  located  

b etw een  the input sockets con n ectin g  th e silver w ire electrodes to the a m p lifier  

was activated  w ith  a m agnet during perfusion . T his e ffe c t iv e ly  shorted ou t the 

cham bers preventing any large vo ltages develop ing across the b ilayer. B ilayers 

usually w ithstood  cham ber p erfu sion , although breakage at this stage w as not 

uncom m on.

In experim ents using oxalate loaded intracellular m em brane, the perfusate from  the 

c is  cham ber w as co llected  in  a cen tr ifu g e  tube on ice  and ’recycled* by p elletin g  

the vesic les and resuspending in  0 .4M  sucrose, 5m M  H E P E S/T ris, pH  7.2 in  order  

to conserve m em brane (see section  5.4).

2.4.4 Single channel experimental protocol

A fter  p latelet m em brane fu sio n , con d ition s surrounding the reconstituted channel 

protein w ere m anipulated as required, either by cham ber perfusion  w ith  a fresh
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so lu tion , or by addition  o f  com pounds to either the c is  or the tr a n s  face. I f  

additions w ere to be m ade (a fter  activation  o f  the reed sw itch) a volum e o f  

cham ber solution  equal to the volum e to be added was first rem oved from  the 

cham ber in order to m aintain constant so lu tion  volum e throughout the experim ent. 

When additions w ere m ade to the t r a m  cham ber, the solution  was m ixed  by  

draw ing 200^1 into a p ipette and then e jectin g  it back into the cham ber. T his was 

repeated several tim es until adequate m ix in g  was achieved .

In order to ch aracter ise  the co n d u ctio n  p rop erties o f  the ch an n els u n d er  

in vestigation , single channel currents w ere recorded at lOmV intervals from  -7 0  to 

+70m V  in a range o f  sym m etrical and asym m etric ion ic  conditions. In experim ents  

carried out in asym m etric solutions the electrode o ffse t  potential was m easured in  

each case once the protocol w as com p leted , in  order to correct the m easurem ents 

(range l-3 m V ). T hese experim ents w ere carried out w ith  either a sin gle  channel or 

m ultip le channels (2 -5 )  active in  the b ilayer, though m ultip le channel fusions w ere  

far less frequent.

In experim ents designed  to in vestigate  the k in etic  behaviour o f  the channels, 

recordings w ith  on ly  a single channel in  the bilayer w ere required. A  sin gle  a ctive  

channel was considered  to be present i f  on ly  one open level was observed:

(i) under cond itions w here the probab ility  o f  channel opening was m axim ised  

(e.g . for  the SM  channel, sw itch in g  from  high  n egative voltage to a h igh  

p ositive voltage [-7 0  to +60m V ]), and

(ii)  fo r  the duration o f  the recording tim e (> 20  m ins).
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Steady state recordings at a range o f  holding potentials w ere carried out using the 

fo llo w in g  voltage sw itch in g  protocol. T he m em brane was held at OmV for  10 sec  

and then sw itched  to a g iven  voltage for 5 m ins. T he voltage was then restored to 

OmV for  10 sec prior to each steady state recording at a particular hold ing  

potential.

D ata w ere stored on F M  tape fo r  subsequent hand or com puter-a ided  analysis. 

Traces w ere replayed onto  a h o t-p en  recorder (Orm ed M X 216) fo r  v isual 

in sp ection  and illustrations.
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2 .5  A N A L Y SIS  O F  S IN G L E  C H A N N E L  DATA

Ion channels act as variab le-con d u ctan ce elem ents that fluctuate in  a stochastic  

fash ion  from  n o n -co n d u ctin g , or c losed , conform ational states, to con d u ctin g , or 

open , conform ational states. S ingle  channel records such as those show n in chapters 

4 and 5 are essentia lly  the recorded history o f  these conform ational changes fo r  a 

single m acrom olecu le (or fu n ction a l com plex). It is possib le to d istinguish  tw o  

clearly d e fin ed  levels o f  current representing the closed  state and the open  state, 

w hich  d efin es the unit conductance o f  the channel.

To be precise , the single channel record on ly  reveals the rate lim itin g  transitions 

b etw een  open  and closed conform ations o f  the channel that occur at the tim e scale  

o f  the recording, i.e . in  the range o f  10“^-10"^ seconds. C onform ational even ts not 

detected  are those w h ich  are electr ica lly  silen t (i.e . in volve no change in 

conductance), or those occurring ou tsid e the lim itin g  tim e response o f  the 

recording.

T ransitions b etw een  open and closed  states appear as square w ave pulses o f  current 

since the actual current relaxation  b etw een  virtually  0  ion s/seco n d  (channel c losed) 

to > 10^ io n s/seco n d  (channel open) is too fast to m easure. A n  ideal single channel 

record should  consist o f  a sequence o f  rectangular pulses o f  constant am plitude and 

random  duration. In actual exp erim en ts, this ideal signal is corrupted by a variety  

o f  noise sources and distorted b y  filter in g .

Single channel records provide tw o typ es o f  in form ation  used to characterise the 

channel:
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( 1) a d irect m easurem ent o f  the conductance value o f  the open state w hich  

relates to the conduction  process b y  w hich  ions interact w ith  and perm eate  

the open channel.

(2 ) a sam pling o f  resolvable d w ell tim es in the open and closed  states w hich  

can be related to the gating o f  the channel.

A n  exam ination  o f  conduction  and gating properties has been carried out in  detail 

fo r  the channel fou n d  in  the p latelet SM . A  less detailed  analysis o f  single  channel 

experim ents recorded from  a channel fou n d  in  the p latelet IM has also been  m ade.

E x p er im en ts  in  w h ich  the c o n d u c tio n  p rop erties o f  th ese ch an n els w ere  

investigated  have been  analysed b y  hand from  replayed traces. Traces w ere  

calibrated  by replaying pre-record ed  square w ave signals o f  know n voltage and  

fre q u e n c y  fo r  com p arison . C h an n el gatin g  p rop erties w ere in v e stig a te d  by  

d ig itisin g  the data for  com p u ter-a id ed  m easurem ents.

2 .5 .1  C onduction  properties o f  ch a n n els

C urrent-voltage relationships w ere p lo tted  for channels under a variety  o f  ion ic  

con d ition s. Where the relationships w ere  ohm ic (i.e . linear), regression lines w ere  

fitted  through the data points. For n o n -o h m ic  relationships, curves w ere ’b est’ 

f itted  to the data by eye . R eversal potentia ls w ere m easured to the nearest m V  

correcting for  the electrode o ffse t  poten tia l (range l-3 m V ) in  each case.

T he N ern st eq u ilib riu m  eq u a tio n  a llow s the theoretical prediction  o f  the reversal 

potentia l (E ) fo r  a sin gle  channel id ea lly  se lective  for  a g iven  ion species.
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(equation 5)E =  R .T  . in [C]c ,-S 

Z - F  Mirons

w here R is the gas constant

T  is the absolute tem perature  

z is the va lency  o f  the perm eant ion  

F  is the Faraday constant 

[C]Cj-s and lC ] [ r a m  are the bulk concentrations o f  perm eant ion  in the c i s  

and t r a n s  solutions  

R T /F  is 25 .2  at 20°C

T hus, in  the presence o f  a 3:1 (c is '.tra n s ) Cl" concentration  gradient, E = +28m V  

fo r  an id eally  se lective  C l“ channel. For an ideally  se lective  K + channel the sign  is 

reversed , and E = -2 8 m V .

T he N ernst equation was n ot app licab le for analysis o f  the conduction  properties 

o f  the SM  channel w here a re la tively  com plex  m ixture o f  perm eant ions was 

present. R elative m onovalent an ion  v s  m onovalent cation  perm eabilities ( P d /P j r )  

w e r e  th e r e fo r e  c a lc u la te d  to  s a t i s f y  th e  f o l lo w in g  d e r iv a t io n  o f  th e  

G o ld m a n -H o d g k in -K a tz  (G H K ) v o lta g e  eq u a tio n  (G oldm an, 1943; H od gk in  and  

K atz, 1949).

Pq  = {(n.eE / k ) - l )  (equation 6)

PK  {n -  e £ / k)

w here k is R T /F  as p rev iou sly  d e fin ed

n is the c is '.tra n s  concentration  gradient o f  perm eant ions
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In experiments comparing the relative permeabilities of various monovalent anions, 

the anion vs anion permeability ratios (Pa /P q ) were calculated from the 

following version of the GHK equation which takes into account contributions 

from K+, Cl" and the test monovalent anion, A (from Franciolini and Nonner,

1987).

E = R.T . In ( P ^ k  + P ^aA) (equation 7)

F (pKaK + PClaCl)

where a jr , aA and a^j are the activities of K+, A” and Cl“ respectively (activities 

taken from Robinson and Stokes, 1959).

Divalent vs monovalent anion permeability ratios (Pso4/pCl) were ca*culated 

following the same principles, so that

PS04 = [Cl] '  + eF.E/R.T_ (equation 8)

PC1 4[S04] -F.E/R.T
V

where [ ] denotes the concentration of the specified anion

2.5.2 Gating properties of channels

Analysis of gating properties has been carried out for the channel identified in the 

platelet SM which is seen to exhibit only one conductance level. All experiments 

were carried out with only a single active channel in the bilayer (assessed as 

described in section 2.4.4).
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2 .5 .2 a  A im s o f  an a ly s is

The immediate object of the analysis was to extract the underlying signal from the 

recorded data, i.e. to obtain an idealised version of the experimental record which 

resembled, as closely as possible, what would have been seen if the experiment had 

been free of noise and artefacts. The result takes the form of a series of time 

intervals, each associated with the amplitude of the current during that interval, in 

the order in which the events actually occurred. Such results will not, of course, be 

entirely accurate. For example, if a closing event of the channel is too short to 

measure, not only will its omission from the analysis distort the distribution of 

closed times, but the open durations on either side of it will be detected as one 

long open period, so the open time will also be distorted (and v ice  v e rsa  for 

undetected open times).

For detailed studies of channel behaviour, the channel data record should be 

sufficiently long to register a statistically significant number of events and the 

sampling rate used in the analysis should be kept high to limit distortions of the 

fast phases of the signal and minimise the number of events ’missed’ during 

sampling. The following experimental and analytical criteria were applied:

(i) Data collection

Single channel records were collected for a minimum of 10 minutes and up to 30 

minutes duration for a particular channel under a given set of experimental 

conditions.

(ii) Digitisation rate

A sampling rate of 2.0 kHz was applied in the lifetime analysis (i.e. 2,000 samples 

taken every second, with an inter-sample period of 500/isec). The criterion for the
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choice of sampling rate, as stated, is such that the digitised record, when 

interpolated, is as close as possible to the original recording (Colquhoun and 

Sigworth, 1983). For lifetime analysis, digitisation was carried out using an AT 

based computer system (IntraCel, Cambridge, U.K.).

(iii) Filtering

Filtering of the data was required to remove high-frequency noise prior to 

analysis. Since the events of interest are rectangular, it is undesirable to use a filter 

with a very sharp roll off, such as a Chebyshev filter, since this type distorts a 

step input to produce an overshoot and ’ringing’ appearance in the band of 

interest. Thus a 4-pole low pass Butterworth filter was used in RC mode, which 

gives a comparable response to a Bessel filter. The filter setting was selected at a 

value high enough to avoid counting an excessive number of noise peaks as 

channel events, but low enough to catch as many true events as possible.

In practice the filter setting was originally selected by examining a ’noisy’ data 

record to be analysed (subjectively assessed by examining original (unfiltered) 

data). Knowing the channel size, a value midway between the open and closed 

state was located. When the channel entered the (long) closed state, the filter 

setting was adjusted so that the noise was reduced to such a level that no ’false’ 

opening events were detected. A value of 1.0kHz (front panel setting) was found 

to be appropriate and this was applied to all channel records so that data remained 

comparable.
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2 .5 .2 b  E ven t d e te c tio n  bv h a lf - a m p li tu d e  th re s h o ld  a n a ly s is

The most common procedure for detecting transitions in channel data is the 

amplitude threshold technique. With this method transitions are assumed to have 

occurred each time the signal crosses a fixed threshold. (Sachs e t a l ., 1982; 

Colquhoun and Sigworth, 1983; Cottrell et a l .y 1983; Sigworth, 1983; Vivaudou et 

a/., 1986). An event detection analysis package, ’Satori’ (IntraCel, Cambridge, 

U.K.) was used to analyse recordings made from the platelet SM channel. Channel 

records were sampled at the selected digitisation rate and filter frequency, and the 

original recording viewed on the computer screen (see figure 2.6). The level of the 

baseline (closed level) and of the open channel level were located by manually 

adjusting cursors to pass through the midline of the noise at each level. A 

transition between the open and closed levels was considered to have taken place 

when the data signal crossed the 50% threshold (expressed as a percentage between 

the baseline, 0%, and the channel open position, 100%). Thus in figure 2.6, event x 

is assessed to represent a closing event, since the 50% threshold is reached, whereas 

event y is not, since the signal does not reach the threshold. As pointed out by 

Sachs e t a l . (1982), choosing the threshold at 50% of the channel amplitude is 

convenient because the time spent above the threshold is then an unbiased estimate 

of the true duration for long events of either polarity, and can therefore be used 

to estimate both open and closed times.

However, events such as y in figure 2.6 (which may well represent a channel 

closing event) never reach the threshold and are ’missed’ from the analysis. Thus a 

’dead time’ (tm]n) is introduced by this technique, and events shorter than tmjn 

are undetected. The exact value of tm:n for the analytical system used for the SM
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ORIGINAL TRACE

C
50% th re s h o ld  I

RECONSTRUCTED TRACE

Figure 2.6

Half-amplitude threshold analysis

Original data and reconstructed single channel record assessed using half-amplitude 

threshold analysis. Data were filtered at 1kHz and digitised at 2kHz using the 

’Satori’ package (IntraCel, Cambridge, U.K.). Event x represents a channel closing 

event since the 50% threshold is reached, whereas event y does not reach the 

threshold and so does not appear as a closing event on the reconstructed trace.
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channel was measured experimentally by the following method (cf. Colquhoun and 

Sigworth, 1983).

With the filter at 1kHz (front panel setting), a square wave pulse from a signal 

generator was relayed through the filter onto an oscilloscope screen. Starting at a 

low signal frequency, f, (e.g. 100Hz) the square wave was observed and the 

amplitude, AQ, measured. The signal frequency was then increased until a value, 

fm, was reached where the amplitude was exactly AQ/2. l / f m then gave the tmjn 

for the filter at 1kHz. Using this method a tmjn value of 1.6msec was measured 

for the filter used in the analysis. Thus using the half-amplitude threshold analysis 

only events > 1.6msec were resolved.

A tmax was introduced into the analysis by the limiting memory size of the 

’Satori’ computer programme. Sampling at a digitisation rate of 2kHz, a tape read 

of 64 seconds was possible. For the platelet SM channel, closed events lasting >64 

secs were observed in most recordings. These events were therefore necessarily 

excluded from the analysis.

2.5.2c Open and closed lifetime distributions

A typical ’Satori* session measuring open and closed lifetimes involved the 

following steps:

(1) Data were acquired at 2kHz digitisation rate, filtering at 1kHz (front panel 

setting) in 64 second ’chunks’.
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(2) A typical, clearly resolved opening event was located in the raw data 

record and cursors used to manually locate the open and closed levels. The 

programme then ’learnt’ these levels and set a threshold at 50% of the amplitude.

(3) Each event in the single channel record was then assessed for half­

amplitude threshold crossing. The programme then reconstructed the channel 

recording producing an idealised representation of the channel current signal (see 

figure 2.6). The computer operator was then requested to decide whether the 

reconstructed fit was adequate or not. If acceptable, the duration of open and 

closed events in the reconstructed trace were measured and stored in separate open 

and closed lifetime files. Any drift in the baseline was corrected by adjusting the 

cursor positions, relocating the open and closed levels and ’relearning’ the revised 

positions. Close inspection of all the events included in the analysis was necessary 

to detect both baseline drift and possible artefacts (Colquhoun, 1988).

(4) Sequential 64sec ’chunks’ of data were analysed from the channel record 

until at least 10 minutes of recorded data, or > 4,000 events (up to 8,000, which 

was the limiting number of events which could be accommodated by the fitting 

programme).

(5) Channel open and closed lifetimes were then grouped into (non-cumulative) 

histograms for display on linear scales [frequency per bin vs measured duration].

2.5.2d Fitting of exponentials to distributions

Data collected as described above consisted of sets of open and closed lifetimes. 

Since lifetimes are random variables, their behaviour must be described by
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probability distributions. The term ’random’ used in this context means that the 

probability that an open channel will close is constant, regardless of what has gone 

before (i.e. regardless of how long the channel has already been open). Thus the 

system is ’memoryless’ (Markovian), and the future events depend on the present 

state of the system, and not on its past history. A detailed discussion of the 

characteristics of random lifetimes is presented by Colquhoun and Hawkes (1983).

Individual lifetimes (either open or closed times) may be fitted to an exponential 

probability density function (p.d.f). For a simple exponential distribution for an 

interval of duration t, the p.d.f is given by:

f(t) « r “ *. exp(-t/r) (for t>0) (equation 9)

where: r  is the mean of the distribution (or the time constant of the curve)

(the initial constant in the equation, r ~ \  ensures that the p.d.f has unit area)

The p.d.f is clearly not itself a probability; it is a function such that the area 

under the curve between any specified time values is the probability of observing 

a lifetime between those values.

The p.d.f for a distribution that has the form of the sum of (for example) k 

exponentials is given by:

k
f(t) « £  aj.Tj"1.exp(-t/rj) (equation 10)

)»l

where: r j  are the time constants (1 /rj being the corresponding apparent closing or 

opening rates)
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aj to are the relative areas under each of the components

The sum of the areas adds up to unity, and they are roughly proportional to the 

number of events in each component.

As stated in section 2.5.2c, lifetimes lasting <1.6msec and >64,000msec were to be 

excluded from the analysis. A correction for these 'missed events’ was therefore 

necessary (Colquhoun and Sigworth, 1983; Milne et a/., 1989). Thus: 

k

f( t)«  a j.rj-^expC -t/rj) (equation 11)

p^min < t < tmax)

where the denominator is simply the probability that an observation with the 

distribution of the numerator lies between tmjn (the minimum resolvable lifetime) 

and tmax (the maximum period of observation), i.e.

k
^ m in  < x < lmax) = £  aj[exp(-t/rj) - exp(-tmax/rj)]  (equation 12)

An estimate of the true number of events (N), including those shorter than tmjn or 

longer than tmax, can be obtained from the observed number,n, such that:

N = n

P^min K * < tmax) (equation 13)

The problem in fitting probability density functions is how to find the values for 

the parameters (i.e. the time constants, r j ,  and the relative areas a j, a2 »..)

which ’best fit’ the experimental data. The method of maximum likelihood is
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considered preferable to other criteria for ’best fit’ (Colquhoun and Sigworth, 

1983; Horn and Lange, 1983). This method optimises the values for areas and time 

constants such that the probability (likelihood) of obtaining the observed set of 

data is maximised.

For example, for a given set of measurements (e.g. closed times), t j ,  12 *.., tn. If 

these observations are independent of one another, then the probability (density) 

of making all n observations is proportional to the product of the separate 

probability densities for each observation. This gives the likelihood of a particular 

set of parameters. So:

Lik -  f(tj). f(t2).... f(tn) (equation 14)

where f is the conditional p.d.f defined in equation 11.

In practice, the optimisation programme used (the ’E f it ’ companion programme to 

’Satori’) worked with the log-likelihood, L, which, from equation 14, is given by:

n
L * log(Lik) = £  log f(tj) (equation 15)

i»l

A typical ’Efit’ session proceeded as follows:

(1) Open and closed lifetime files collected as described in section 2.5.2c were 

’stripped’ of events shorter than tmjn (1.6msec).

(2) For a trial set of values of the parameters (areas and time constants) 

supplied by the computer operator, the programme calculated the probability that
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each observed interval duration  was drawn from  the d istribution  described  by  

equation 11. T he logarithm s o f  the probabilities for each interval w ere then added  

to obtain  the log(L ik ) estim ate fo r  the trial param eters.

(3) T his entire process was repeated until parameters (r  and a) w h ich  m ade the 

value for  L (equation 15) as large as possib le w ere found.

(4) T he fo llo w in g  param eters w ere d isp layed , e .g . for a double exp on en tia l fit: 

r l ’ r 2» a i» a2 (see eQu ati ° n 11), N  (see equation 13) and -L  (see equation 15). 

P .d .fs w ere then fitted  to the life tim e  histogram s using the calculated  param eters.

2 .5 .2e D eterm ining th e  num ber o f  exp on en tia l com ponents

A  lik elih ood  ratio test (H orn and L ange, 1983; Labarca e t  a l ., 1985; Blatz and

M agleby, 1986) was used  to determ ine the num ber o f  sign ifican t exp on en tia l/
co m p o n en ts  req u ired  to f i t  the d istr ib u tio n  o f  op en  and c lo sed  l ife t im e s .  

C om parisons o f  fits  w ith  d ifferen t num bers o f  exponentia ls w ere m ade from  the  

ratio o f  the m axim um  lik elih ood s. T w ice  the natural logarithm  o f  the ratio o f  the 

likelihoods is d istributed  as x » w ith  d egrees o f  freedom  equal to the d ifferen ce  in  

the num ber o f  in d ep en d en t param eters in  the tw o com pared d istributions. For  

exam ple, to determ ine w hether 3 exponentia ls fitted  the closed  tim e data fo r  the 

SM channel sig n ifica n tly  better than 2 , the d ifferen ce  b etw een  the natural log  o f  

the m axim um  lik elih ood  estim ates fo r  fits  w ith  2 and 3 exponentia ls was 

m ultip lied  by 2 , g iv in g  the x  value. T h is value was then used w ith  a x  table to 

determ ine the value o f  P using 2 degrees o f  freedom . O nly w h en  the lik e lih ood  

ratio test gave a probability  o f  <0.05 (5% sign ifican ce  leve l) for  the f it  w ith  one
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few er  exponentia ls w ere the param eters obtained from  a curve f it  taken as 

sign ifican t.

T he num ber o f  s ign ifican t exponentia ls determ ined by the likelihood  ratio test 

agreed w ith  the num ber that was obtained by visual inspection  o f  fits  w ith  

d ifferen t num bers o f  exponentia ls to the data (see exam ple in section  4.11b).

2.5.2f Correlation between successive closed events

Correlation fu n ction s provide in form ation  on the m inim um  num ber o f  w ays in  

w hich  open and closed  states com m unicate (Labarca e t a l . y 1985; K erry e t  a /., 

1987) and are im portant in d e fin in g  the gating k inetics o f  m ultistate channels.

T he autocorrelation c o e ffic ien t for the k’th closing along, r^, was estim ated from  

the orig inal observations, yj (i = 1 ,2 ,3 ..... N; mean y’), as:

T he co n fid en ce  lim its for r^, ou tside w h ich  correlation was considered  s ig n ifica n t, 

w ere set at ± 0.05 (± tw ice the approxim ate standard error o f  the estim ate in  the 

case o f  w hite noise) as described by Labarca e t  a l .  (1985).

T he m easurem ent o f  sig n ifica n t correlation betw een su ccessive dw ell tim es (open  

or closed) in single channel recordings suggests more than one isom erisation  

pathw ay link ing the states.

n -k

(equation 16)
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2 .5 .2g M easu rem en t o f  P q va lues

T he probability  o f  channels being  in the open, conducting , state (Pq) was 

estim ated from  the IP O C H  (V ivau d ou  e t  a l ., 1986) sam pling program m e run on  a 

P D P -11 /73  m icrocom puter (Indec, Sunnyvale, C A , U .S .A .). C ontinuous channel 

recordings contain ing a s in g le  ion  channel w ere sam pled at either 500H z (SM  

channel) or 1kHz (IM  channel) [low  pass filter  frequencies w ere set at 250H z or 

500H z accordingly]. T he d ig itisa tion  rate was lim ited  by the m em ory size o f  the 

program m e. For exam p le, for  m easurem ents on the SM channel the rate was se t to 

500H z in  order to accom m odate analysis o f  four m inutes recording tim e. Thus 

som e o f  the short c losin g  events w ere m issed  in  the sam pling. H ow ever, this w as a 

necessary ’t r a d e -o f f  in  order to m easure a large num ber o f  openings.

A p p ly in g  the 50% am plitude threshold criterion  (see section  2 .5 .2b ), steady state  

am plitude histogram s w ere constructed . Integration o f  am plitude histogram s gave  

an estim ation  o f  Pq values.
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Chapter 3

BIO C H EM IC A L C H A R A C T E R ISA T IO N  O F PLA TELET SU R FA C E A N D  

IN T R A C E L L U L A R  M EM BRANE FR A C TIO N S
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3.1  In tro d u c tio n

A  prerequisite for  the single  channel experim ents described in this thesis was the 

preparation o f  native p latelet m em brane vesicles o f  w ell d efin ed  origin. The 

protocol fo llo w ed  for the preparation o f  the surface and intracellular m em branes 

(see section  2 .2 ) was exp ected  to y ie ld  h igh ly  purified  m em brane fractions free  

from  cross-con tam in ation  as described  by M enashi e t  a l .  (1981) and A u th i and 

C raw ford (1985). It was considered  prudent to ensure that the m em brane vesicles  

prepared for  the experim ents presented  in  this thesis w ere o f  com parable purity  

and fu n ction a l in tegrity  to those described  by the original w orkers characterising  

the preparation.

T his chapter contains the results obta ined  using m em brane fractions from  several 

d ifferen t hum an p latelet preparations su b jected  to the b iochem ical assays described  

in  section  2.3.

3.2 SDS-Polvacrvlamide gel electrophoresis

T he protein p rofiles obtained w ith  m ixed  m em branes and the surface and  

intracellular m em brane fractions from  a typ ical continuous f lo w  electrophoresis  

separation are show n in  figu re 3.1.

T he m ixed  m em brane fraction  is sh ow n  to contain  at least 30 d iscrete po lyp ep tid e  

bands under the experim ental con d ition s applied. The protein  band co -m igra tin g  

w ith  the 43 ,000  m olecular w eigh t standard is id en tified  as actin . A nother  

prom inent band has m ob ility  characteristics corresponding to the h eavy ch ain  o f  

m yosin  (M r= 200 ,000). A lthough  a 200 ,000  m olecular w eigh t m arker was not
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Figure 3.1

SDS-Polvacrvlamide gel of membrane fractions

SDS polyacrylamide gel (9%) separation of platelet membrane fractions from a 

human platelet preparation. M, mixed membrane; S, surface membrane; I, 

intracellular membrane. The gel was prepared as described in section 2.3.1.
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applied  to the gels, the position  o f  th is band is d istinctive on com parison w ith  

sim ilar gels carried out fo llo w in g  m em brane preparation by the sam e m ethods (see  

M enashi e t  a l ., 1981) and is m arked in the figure. Both o f  these proteins are also  

found  in the surface m em brane fraction .

The m ost sig n ifica n t d ifferen ce  b etw een  the m em brane fractions is the com plete  

absence o f  the tw o contractile proteins in  the intracellualar m em brane fraction .

3 .3  N A D H -cvtoch rom e c  reductase enzym e assay

Figure 3.2 sum m arises the results o f  a n tim ycin -in sen sitive  N A D H -cy to ch ro m e c  

reductase enzym e activ ity  in m em brane fractions from  four separate preparations. 

A n alm ost exc lu sive  enrichm ent o f  th is enzym e is found  in  the intracellular  

m em brane fraction  w ith  little  or no activ ity  detected  in  the surface m em brane 

fraction . E nrichm ent ratios from  3.2  to 9.2 are calculated  for intracellular  

m em branes w ith  respect to the m ixed  m em brane fraction  from  the sam e p latelet 

preparation.

3 .4  A ssay for  calcium  uptake bv in tracellu lar m em brane vesicles

Both the surface and intracellular m em brane fractions w ere investigated  for their  

capacity  to sequester Ca^+ by an A T P -d ep en d en t m echanism . F igure 3.3 show s the 

results o f  ^ C a ^ + accum ulation  by vesic les from  the IM  in  the presence and  

absence o f  A T P, and by SM vesic les in the presence o f  A T P (all in  the presence o f  

3/zM external free  Ca^+). C alcium  uptake is found  to be ex c lu sive ly  co n fin ed  to 

the intracellular m em brane. T he process is clearly A T P dependent, since in  the 

absence o f  A T P from  the incubation  m edium , values for IM Ca^+ uptake
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F ig u r e  3 .2

N A D H  cytochrom e c  reductase assay

A n tim y c in -in sen sitiv e  N A D H  cytochrom e c  reductase enzym e a ctiv ity  in  the 

m ixed , surface and intracellular m em brane fractions isolated from  fou r d ifferen t  

hum an p latelet preparations (represented by the d ifferen t shading o f  the colum ns). 

A ssays w ere carried out as described  in section  2 .3 .2 .
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F ig u r e  3 .3

T im e course o f  calcium  uptake bv in tracellu lar m em branes

^ C a ^ + accum ulation  by vesic les from  the intracellular m em brane in the presence  

(♦) and absence (O) o f  A TP (2m M ); and by SM vesicles (□) in the presence o f  

ATP. U ptake proceeded at room tem perature in the presence o f  3/iM  external free  

Ca^+ and was stopped at the tim es show n by rapid filtration  and w ashing as 

described in section  2 .3 .3 . V ertical bars represent S.D. (n=3).
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co in cid ed  w ith  those for the SM  vesicles. U ptake by SM vesic les represents 

approxim ately 20% o f  the rates recorded for intracellular m em branes from  the 

sam e platelet population . U ptake o f  Ca^+ into intracellular m em brane vesic les is 

fa ir ly  rapid w ith  a steady state concentration  reached w ith in  the vesicles at 10-15  

m ins.

When the calcium  ionophore A 23187 (2m M ) is added to the incubation  m ixture  

after a steady state leve l has been  reached (i.e . after 20  m ins), the sequestered  

Ca^+ is rapidly and alm ost totally  released from  the vesicles (see figu re 3.4). Over 

50% o f  the stored Ca^+ is liberated  w ith in  the first 30 sec and m ore than 90% 

w ith in  4 m ins. The presence o f  A 23187  destroys the vectoral properties o f  the 

Ca pum p in  the IM  v esic les, and the fin d in g  that m ost o f  the accum ulated Ca  

is liberated indicates that b ind ing  o f  Ca^+ to the vesic le  m em branes accounts for  

on ly  a very  sm all proportion o f  the stored Ca^+.

3.5 Ins (T.4.5)P3-induced release of sequestered calcium from I M  vesicles

E vents fo llo w in g  the addition  o f  10/iM  I n s ( l ,4 ,5 )P3 to the intracellular m em brane  

vesic les (tim e t= l in  figu re) preloaded for  20  m ins w ith  ^ C a ^ + are show n in  

figu re  3.4. 30% o f  the sequestered Ca2+ is released during the first 15 sec after  

I n s ( l ,4 ,5 )P3 addition  to the incubation  m edium . This is fo llo w ed  by a rapid  

reuptake o f  the Ca^+, w ith  fu ll restoration to the form er steady state values 60  sec  

after the release even t. T his reaccum ulation  phenom enon was observed  by A u th i 

and C raw ford (1985) and has also b een  reported by other w orkers (Streb e t  a l ., 

1983; D aw son and Irvine, 1984; O’R ourke e t  a /., 1985). A uth i and C raw ford (1985) 

observed that a second  application  o f  I n s ( l ,4 ,5 )P3 to the IM  after the vesic les had  

returned to steady state cond itions produced  a release alm ost identica l w ith  that
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F ig u r e  3 .4

T im e cou rse  o f  th e  re lea se  o f  seq u estered  in tr a c e llu la r  m em brane ca lc iu m  by  

In s f l.4 .5 ^  P 3

^ C a ^ + uptake in  the presence o f  3^M  Ca^+ was a llow ed to proceed until steady  

state was reached after 20  m ins, at w hich  tim e (tim e t= l on graph) lO/^M 

I n s ( l ,4 ,5 )P3 ( ♦ )  or 2m M  A 23187  (O) was added [indicated  by arrow]. R eaction s  

w ere stopped  at the tim es ind icated  b y  rapid filtration  through a 0.45/m i f ilte r  as 

described  in section  2 .3 .4 . V ertical bars represent S.D . (n=3). ’100% Ca^+’ in  the 

m em branes represented 14.2 ± 0.32 n m ol/m g  o f  protein , the steady state values  

reached in  the presence o f  3//M  external C a ? +  (see figu re 3.3).
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e lic ited  by the first application  o f  In s(l,4 ,5 )P -j. T he m em branes are therefore not 

desensitised  by I n s ( l ,4 ,5 )P3 ad d ition , and the refillin g  o f  the vesicles w ith  Ca^+ 

during the reuptake phase is probably related to I n s ( l ,4 ,5 )P3 degradation.

3.6 Summary

T he results presented in  this chapter clearly  ind icate that h igh ly  p u rified  p latelet 

surface and intracellular m em brane vesic le  fractions w ere su ccessfu lly  isolated  

using the protocol descibed  in section  2 .2 . T he fo llo w in g  observations agree w ith  

those o f  the original w orkers characterising the m em brane fractions prepared using  

this protocol (see M enashi e t  a l ., 1981; 1982; 1984; A uth i and C raw ford, 1985).

(1) T he presence o f  the contractile  proteins actin  and m yosin  in  the SM  

fraction  and their absence from  the IM  fraction .

(2) T he enrichm ent o f  the endoplasm ic reticulum  marker N A D H  cytochrom e c  

reductase in  the IM  fraction .

(3) T he dem onstration that IM  vesic les sequester Ca^+ in  the presence o f  

M gA T P w hilst SM  vesic les do not.

(4) T he dem onstration that I n s ( l ,4 ,5 )P 3 , w hen  added to ca lc iu m -load ed  IM  

vesic les, causes a rapid release o f  Ca^+ fo llo w ed  by reuptake w ith in  1 m in , 

w hilst the ionophore A 23187 liberates Ca^+ irreversibly.

T he observations in  (3) and (4) ind icate that m ost o f  the vesic les in  the IM  

fraction  are lik ely  to be orientated  su ch  that the inside o f  the vesic le  corresponds  

to the inside o f  the D TS. N o in form ation  is available concerning the orien tation  o f  

the SM  vesicles.
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4 .1  In tro d u c tio n

T his chapter details the results o f  single  channel experim ents carried out on the 

high ly  p u rified  p latelet surface m em brane fraction . Fusion o f  vesic les from  this 

fraction  w ith  a planar p hospholip id  b ilayer in the presence o f  KC1 solutions y ie ld s  

a predom inantly a n io n -se lec tiv e  channel w ith  characteristic bursting behaviour. 

T he in itia l id en tifica tion  o f  th is channel was com m unicated  to the P hysio logica l 

S ociety  (Sem ba and W illiam s, 1986).

A  detailed  characterisation o f  the conduction  properties o f  this channel has been  

carried out. Som e o f  the results presented in  this section  have been  published  

(M anning and W illiam s, 1989a,b). R eprints o f  these publications are attached at the 

back  o f  this volum e. C om p u ter-a id ed  analysis o f  the gating characteristics o f  this 

channel has also been  carried out.

T he results o f  experim ents d esign ed  to id en tify  possib le agon ist-activated  Ca^+ 

channels in  the surface m em brane vesic le  fraction  are presented in  section  4 .12 .

4.2 Reconstitution of surface and mixed membrane vesicles into planar bilavers

Planar phospholip id  bilayers com prising  70% PE/30%  PS w ere form ed  in  150m M  

KC1, 5m M  H E P E S/T ris, pH  7.2 and p latelet m em brane vesicles from  the surface  

m em brane (SM ) w ere added to the c is  cham ber to a fin a l protein concentration  o f  

approxim ately lOjug per m l. C reation o f  an osm otic gradient (3:1, c i s ’. tr a n s ) and  

addition  o f  Im M  C aC ^  ( c i s ) ,  as described  in  section  2 .4 .3 , resulted in  fu sio n  o f  

ch an n el-con ta in in g  v esic les, usually  w ith in  20 m ins. T he solutions in  the c i s  and
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t r a n s  cham bers w ere then e ither exchanged  (by perfusion) w ith  the desired  

experim ental so lu tions, or an appropriate volum e o f  stock 3M  KC1 solution  added  

to ach ieve the required KC1 concentration . Fusion w ith  neutral bilayers (100% PE) 

was m ore d iff ic u lt  to achieve; channels w ere o ften  not incorporated after lh ou r  

fo llo w in g  addition  o f  vesicles to the c i s  cham ber, despite increasing the osm otic  

gradient to 9:1 (c i s ’. t r a n s ). A ll data presented concerning the SM channel was 

therefore recorded from  channels reconstituted  into charged bilayers (70% PE/30%  

PS).

F usion  o f  vesic les from  the SM  fraction  under the conditions described y ie ld s a 

ch a n n el w ith  d is t in c t iv e  ’b u rstin g ’ b eh a v io u r . F u sion  o f  v e s ic le s  fro m  the  

intracellular m em brane fraction  does n ot y ield  this channel (see section  5.4). F igure

4.1 show s a representative recording fo llo w in g  reconstitution  o f  a channel from  the 

SM. T he channel is bathed in sym m etrical 450m M  KC1, 5m M  H E P E S/T ris, pH

7.2 , and held  at -4 0 m V . T he low er trace in  the figure show s single  channel 

fluctuations in m ore detail at a h igher tim e resolution. T he channel exh ib its  

characteristic bursting behaviour in  w h ich  com paratively long ’s ilen t’ periods  

alternate w ith  ’active’ periods.

A  possib le critic ism  levelled  at experim ents studying  the b iophysica l characteristics  

o f  this channel (id en tified  from  a m em brane vesic le  fraction  obtained fo llo w in g  a 

lengthy preparative procedure) w ould  be the potential detrim ental e f fe c t  o f  the 

preparation on the single  channel protein . It was considered possib le that exposure  

o f  the surface m em brane to neuram inidase treatm ent and h ig h -v o lta g e  continuous  

f lo w  electrophoresis m ight have altered the channel protein leading to alterations 

in  its con duction  properties. T his problem  was addressed by m easuring the
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conductance characteristics o f  channels fused  from  the fo llow in g  m em brane 

fractions:

A: m ixed m em brane treated w ith  neuram inidase

B: m ixed m em brane, untreated w ith  neuram inidase

C: surface m em brane, treated w ith  neuram inidase and subjected  to CFE

Channels appear qualitatively  sim ilar in behaviour w hether vesicles from  fractions  

A , B or C are used. F igure 4.2 show s a recording o f  (at least) 5 channels observed  

fo llo w in g  fu sion  o f  M M  vesic les untreated  w ith  neuram inidase. T he ion ic  and 

voltage conditions are the sam e as those in  figu re 4.1. M ultiple channel fu sion s o f  

this type w ere fa ir ly  rare occurrences (< 10% o f  all fu sion  events under the 

cond itions described y ield ed  > 2  channels) regardless o f  the m em brane fraction  and  

w ere n o t a particular characteristic o f  fu sion s o f  non-neuram inidase treated M M  

vesicles. Com paring figures 4.1 and 4 .2  illustrates that there are no obvious  

d ifferen ces in channel activ ity  (e.g . no appearance o f  substates or obvious changes 

in  gating) fo llow in g  neuram inidase treatm ent and exposure o f  the vesic les to h ig h -  

voltage CFE.

C urrent-voltage relationships in  sym m etrical 450m M  KC1, 5m M  H E P E S/T ris, pH

7.2 w ere m easured for  channels from  the 3 m em brane vesic le  sources, A , B or C. 

G raphs o f  these relationships are illustrated  in  figure 4.3. A n  exam ple o f  single  

channel recordings from  one such exp erim en t (m em brane source C) at a range o f  

hold ing potentials is show n in  figu re 4 .4 . For A , B and C the cu rren t-voltage  

relationships (figu re  4 .3) are n on -lin ear and channel current is said to rec tify , w ith  

less current flo w in g  at positive  than at negative holding potentials. V isual 

exam ination  o f  the data indicates no ob v iou s d ifferen ces in the three curves.
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I (pA)

F ig u r e  4 .3

Current-voltage relationships in symmetrical 4 5 0 m M  KC1

Single channel cu rren t-vo ltage relationships in  sym m etrical 450m M  KC1, 5m M  

H E P E S/T ris, pH  7.2 for channels fu sed  from  the fo llo w in g  m em brane vesic le  

populations. A: m ixed  m em brane treated w ith  neuram inidase; B: m ixed  m em brane, 

untreated; C: surface m em brane. E ach poin t represents the m ean ± S.D . o f  

m easurem ents from  12 (A and C ) or 6 (B ) separate channel recordings. C urves 

fitted  to the data points have no theoretical sign ifican ce.
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Single channel activity at a range of holding potentials

C hannel fluctuations from  the SM  channel at the hold ing potentials in d icated  on  

the le f t , in  sym m etrical 450m M  KC1, 5m M  H E P E S/T ris, pH  7.2. T he recordings  

are show n low  pass filtered  at 250H z. Traces at negative holding potentials have  

been  inverted  so that all channel open ings are show n as upwards d eflection s.
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M em brane fraction G at -4 0 m V  

(PS)

G at +40m V  

(PS)

n

M M  (A) 160.1 ± 11 91.4 ± 14 12

M M  (B) 158.3 ± 17 88.5 ± 15 6

SM (C) 161.0 ± 16 92.5 ± 16 12

T a b le  1

C om parison o f  conductance values at -4 0 m V  and +40m V

M ean conductance values, G , (± standard deviation) at -4 0 m V  and +40m V  in 

sym m etrical 450m M  KC1 m easured from  the experim ents illustrated in  figu re  4.3 

for channels from  the fo llo w in g  m em brane sources:

A: M ixed  m em brane treated w ith  neuram inidase

B: M ixed  m em brane untreated w ith  neuram inidase

C: Surface m em brane treated w ith  neuram inidase and subjected  to CFE
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C onductance values at -4 0 m V  and +40m V  from  these experim ents are sum m arised  

in table 1. It is ob v iou s from  the data that there is no sign ifican t d ifferen ce  in 

conductance values from  channels o f  orig in  A , B or C, as previously d efin ed .

In sym m etrical 450m M  KC1, a single channel conductance for the channel o f  

~160pS is obtained at -4 0 m V  and a conductance o f  ~90pS at +40m V .

From  these results it is surm ised that:

(i) the channel protein  exh ib itin g  the single  channel activ ity  observed  in  these  

experim ents orig inates from  the p latelet surface m em brane.

(ii)  its conduction  properties are preserved fo llow in g  neuram inidase treatm ent 

and m em brane p u rifica tion  by h igh  voltage continuous flo w  electrophoresis.

Further support for these statem ents w as obtained from  experim ents carried ou t on 

a fraction  o f  hum an p latelet plasm a m em branes prepared by separation on alkaline  

Percoll gradients by D r. K . Syha according to the m ethod described  b y  F au vel e t  

a l .  (1986) (and k in d ly  donated for these experim ents). This m em brane separation  

procedure relies on the e f fe c t  o f  pH  on the apparent density  o f  intracellular  

m em branes. A  channel id en tified  fo llo w in g  fu sion  o f  plasm a m em brane vesicles  

prepared by this m ethod had a single channel conductance o f  160.8 ± 19pS at 

-4 0 m V  and 89.6  ± 8pS at +40m V  (m ean ± S .D ., n=3 channels) in  sym m etrical 

450m M  KC1, 5m M  H E P E S /T ris, pH  7.2 (d a ta  n o t s h o w n ). T hese values are sim ilar  

to those obtained in  the experim ents sum m arised in  table 1. T he channel from  the 

Percoll preparation also d isp layed  qualitatively  sim ilar gating behaviour to the 

channels illustrated in  figu res 4.1 and 4 .2 . H ow ever, various other sm all channels
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w ere also incorporated into the b ilayer from  this m em brane fraction and bilayers  

o ften  broke im m ediately  fo llo w in g  addition  o f  vesic les to the c is  cham ber. B ilayer  

breakage m ay have been due to the presence o f  Percoll silica  particles rem ain ing in 

the vesic le  fraction . The or ig in  o f  the small channels (not observed fo llo w in g  

fu sion  o f  SM vesicles prepared by C FE) is uncertain, although they m ay arise 

from  contam inating m em brane o f  in tra-p latelet orig in  (e.g . m itochondria, dense  

granules etc).

N everth eless, id en tifica tion  o f  a sim ilar channel to the one described in this 

section  from  an alternative m em brane preparation is further corroboration that the 

neuram inidase treatm ent and h ig h -v o lta g e  CFE m ethod applied has not altered the 

channel protein; at least as far as can be ascertained from  the con d u ction  

m easurem ents described.

In su b se q u e n t e x p e r im e n ts  c h a n n e ls  w ere  fu s e d  e ith e r  fr o m  th e  M M  

(neuram inidase treated) or SM  v esic le  fraction  (prepared by C FE). N o d istin ction  

is m ade betw een  the tw o v esic le  sources and the term  SM channel is used  

throughout.

C O N D U C TIO N  PR O PE R T IE S OF T H E  SM  C H A N N EL

4 .3  D ependence o f  s in g le  ch an n el conductance on th e KC1 concentration

The dependence o f  the single channel conductance on the surrounding bulk KC1 

concentration  was investigated . C urrent-voltage relationships w ere m easured for  

the channel in  a range o f  sym m etrical KC1 solutions from  50m M  to 3000m M  (all 

b u ffered  w ith  5m M  H E P E S/T ris to pH  7.2). In all cases the relationships w ere
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found  to be n on -lin ear (i.e . rectifica tion  was apparent; c f . figure 4.3). M ean  

conductance values (± S.D .) at -4 0 m V  at a g iven  KC1 concentration  are show n in  

figu re 4.5. T he data could  be fitted  w ith  a sim ple M ich aelis-M en ten  type  

saturation cu rve, where;

G  = G m ax (equation 17)

1 + (K d/[C 1-])

where: K d is the d issociation  constant fo r  Cl"

G m ax *s m axim um  conductance

The values o f  K d and G m ax w ere obtained from  an ’E n zfitter’ com puter  

program m e (E lsev ier , BIOSOFT, C am bridge, U .K .)  w h ich  used the m ethod o f  least 

squares to f in d  suitable b e s t- f it  values for  K d and G m ax w h ich  m in im ised  the 

reduced x  value.

For the data show n in figu re 4 .5 , h a lf m axim al conductance is ach ieved  at a 

concentration  o f  1008m M  KC1, and the curve saturates at a conductance o f  503pS.

4 .4  S in g le  ch an n el rectifica tion

It was considered  possib le that the single channel rectifica tion  observed  in  

cu rren t-vo ltage relationships m ight be caused by assym etric b lock  by the b u ffer in g  

com pounds, H EPES and T ris, in  the solutions. T he e ffe c t  o f  altering the 

concentration  o f  HEPES and Tris on the single channel activ ity  was therefore  

investigated .
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F ig u r e  4 .5

D ependence o f  s in g le  ch an n el conductance (G ) on th e KC1 concentration

A ll conductance values (pS) w ere m easured at -4 0 m V  and points represent the 

m ean ± S.D. o f  4 to 12 separate determ inations at each KC1 concentration . The 

curve was drawn according to equation 17 (see tex t), w here G m ax = 503pS and  

= 1008m M .
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Figure 4 .6A  show s the cu rren t-vo ltage  relationship  for  the SM channel exposed  to 

sym m etrical 450m M  KC1 b u ffered  w ith  either:

(i) 0.5m M  H E P E S /K O H , pH  7.2 (’reduced H E P E S’),

(ii) 5m M  H E P E S/K O H , pH  7.2 (’no T ris’), or

(iii)  5m M  H E P E S/T ris, pH 7 .2  (’standard’ conditions)

In the absence o f  T ris, rectifica tio n  appears sligh tly  less than that obtained  in 

’standard’ cond itions (the H EPES concentration  being  the sam e in  both cases). 

H ow ever, w hen  the concentration  o f  H EPES b u ffer  is reduced ten fo ld , from  5 to 

0 .5  m M , cu rren t at p o s it iv e  h o ld in g  p o ten tia ls  in creases s ig n if ic a n t ly  and  

rectifica tion  is considerably  reduced. In figu re 4 .6B , the m ean conductance (G ) 

m easured at each hold ing potentia l under ’reduced H EPES’ cond itions is taken as 

G 0 app. T he ratio G / G q  app is p lotted  w ith  G  values from  either ’no T ris’ 

cond itions or ’standard’ cond itions. In  both o f  these conditions the HEPES  

concentration  is the sam e (5m M ), and in both cases b locking o f  single channel 

conductance is apparent. T he degree o f  b lock  is seen  to increase as the hold ing  

potentia l is m ade m ore p ositive . With the added presence o f  Tris b u ffer  (’standard  

con d ition s’), the apparent b lock  is increased.

4 .5  A nion vs  cation  se lectiv ity

E xperim ents w ere carried out in  asym m etric KC1 solutions to determ ine the an ion  

v s  cation  se lectiv ity  o f  the channel. R eversal potentia l m easurem ents determ ined  in 

the presence o f  a KC1 gradient across the b ilayer dem onstrated that although the 

channel is preferentia lly  se lec tiv e  for  C l“ , K + is also perm eant.
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Figure 4.7 (A) show s the sin g le  channel current flo w  over a range o f  hold ing  

potentials from  -7 0 m V  to +70m V  w ith  a 3:1 KC1 gradient across the b ilayer ( m ,  

450m M  KC1, 5m M  H E P E S /T ris, pH  7.2: t r a n s ,  150m M  KC1, 5m M  H E P E S/T ris, 

pH  7.2). T he m easured reversal p otentia l, +16m V , deviates from  that calculated  

from  the N ernst equation (equation  5, section  2 .5 .1) for an ideally  an io n -se lec tiv e  

channel under these con d ition s (i.e . +28m V ). T his deviation  from  the N ernst 

potentia l does not vary s ig n ifica n tly  in size  upon reversing the gradient across the 

bilayer. F igure 4.7 (V) show s the single channel cu rren t-voltage relationship w ith  a 

1:3 KC1 gradient (150m M  KC1 c is:  450m M  KC1 tr a n s ) .  T he channel appears to 

show  no sign ifican t asym m etry in  ca tio n /a n io n  discrim ination .

E xperim ents carried out w ith  an increased KC1 gradient o f  5:1 (750m M  KC1 cis:  

150m M  KC1 tr a n s )  are also sh ow n  in  figu re  4 .7 . T here is a sh ift  in the m easured  

reversal potentia l to +22m V . U n d er these con d ition s, the N ernst equation p red icts a 

reversal potential o f  +41 m V  for  an id ea lly  C l-  se lective  channel.

T he results o f  these reversal potentia l m easurem ents are sum m arised in  table 2. 

A n io n /ca tio n  se lectiv ity  ratios are calculated  from  an appropriate version  o f  the 

G H K  equation (equation 6 , section  2 .5 .1 ). T hey  ind icate that the channel is ov er  4 

tim es m ore perm eable to Cl" than K +. T h e  current m easured in these experim ents  

is therefore the resultant o f  the net m ovem ent o f  both Cl" and K + through the 

channel.
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F ig u r e  4 .7

T est for a n io n /ca tio n  se lectiv ity

Single channel cu rren t-voltage relationships under the fo llow in g  conditions: [KC1] 

c is  : [KC1] t r a n s  -  (A) 450:150 mM; (V) 150:450 mM; (0 )750:150  m M . A ll so lutions  

w ere b u ffered  w ith  5m M  H E P E S/T ris to  pH  7.2. Each poin t represents the m ean ±

S.D. for  3 to 10 separate determ inations under each experim ental cond ition . C urves 

fitted  to the data points have no theoretical s ign ifican ce. A  sum m ary o f  the 

m easured reversal potentials and calcu lated  an ion /ca tion  se lectiv ity  ratios for these  

experim ents is g iven  in  table 2 .
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c is

(m M  KC1)

t r a n s

(m M  KC1)

E

(m V )

num ber  

o f  expt.

PC1/P K

450 150 +16 ( 10) 4.2

150 450 -1 7 ( 3 ) 4.7

750 150 +22 ( 8 ) 4 .2

T a b le  2

A nion vs  cation  se lectiv ity

Sum m ary o f  experim ents carried out in  asym m etric KC1 solutions b u ffered  w ith  

5m M  H E P E S/T ris to pH  7.2 as show n in figure 4.7. R eversal potentials (E ) are 

m easured to the nearest m V . R atios Pq / ^ k  are calcu lated from  equation  6 , 

section  2.5.1.
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4 .6  C a tio n  c o n d u c ta n c e

A n inert, nonperm eant cation  was sought to allow  m easurem ent o f  the current 

carried by anions a lone. A n ob viou s candidate, tetraethylam m onium , T E A +, was 

tested , but found  to be perm eant. F igure 4 .8A  show s the current-voltage  

relationships w ith  a 3:1 K B r and a 3:1 TE A B r gradient across the bilayer (c i s , 

450m M  KBr: t r a n s , 150m M  K B r or c i s ,  450m M  TEABr: t r a n s , 150m M  T E A B r). 

From  the reversal potentia l m easurem ent in  asym m etric K B r (+13m V ), the P gr/P R . 

ratio is calculated  as 3.0 (equation 6 , section  2 .5 .1). T hus, under these cond itions  

Br“ is 3 tim es m ore perm eant than K +.

In asym m etric T E A B r, there is less apparent rectifica tion  in single  channel current 

and the current reverses at OmV. T his ind icates that under these conditions T E A + 

and Br” are equally  perm eant. T he s in g le  channel records show n in  figu re  4.8B  

illustrate an alteration  in gating observed  in  asym m etric T E A B r solutions com pared  

w ith  that observed in  K Br. In T E A B r, the channel rem ains predom inantly in  the 

open  state w ith  on ly  occasional b r ie f closures.

E xperim ents w ere also attem pted in  asym m etric su ccin yl ch o lin e -C l, ga llam in e-C l, 

and ch o lin e -C l. C hannels w ere in itia lly  fused  in  standard KC1 solutions as 

described in  section  4 .2 , and then the c i s  and t r a n s  cham bers perfused  out w ith  the 

test so lutions (lOOmM in each case b u ffered  w ith  5m M  H E P E S/T ris to pH 7 .2 ). In 

the p resen ce  o f  su c c in y l c h o lin e  and gallam ine so lu tio n s d if f ic u lt ie s  w ere  

experienced  w ith  repeated breakage o f  bilayers on perfusion . In tw o experim ents  

w here ch o lin e -C l w as su ccessfu lly  exch an ged  into the cham bers by perfusion  and  a 

3:1 gradient established (300m M  c/s:100m M  t r a n s ) ,  choline appeared to be 

perm eant through the channel. H ow ever, the single channel records in  these
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experim ents w ere extrem ely  n o isy  m aking quantitative m easurem ents d if f ic u lt  

{ d a ta  n o t sh o w n ) .

4 .7  R elative anion perm eabilities and  conductances

T he p ossib ility  that a d ivalent an ion , such  as SO4 ", m ight be im perm eant was 

in vestigated . F igure 4.9 show s the cu rren t-vo ltage  relationship for  channels bathed  

in 225m M  K 2SO4  c is:  450m M  KC1 t r a n s .  U nder these cond itions the current 

reverses at -21  m V  and the perm eability  ratio P g o j /^ C l 1S ^-32 (eQuati ° n 8 » section  

2.5 .1).

The relative anion perm eabilities o f  various m onovalent anions com pared to Cl" 

w ere estim ated  from  reversal p otentia l m easurem ents w ith  450m M  KC1 in  the t r a n s  

cham ber and either 450m M  K F , K B r, K I, K N O 3 , K SC N , K -a ce ta te  or 

K -g lu co n a te  in  the c is  cham ber. C hannels w ere fu sed  in asym m etric KC1 so lu tions  

(750m M  KC1 c is:  450m M  KC1 t r a n s  and then the KC1 in  the c is  cham ber  

substituted  w ith  the test so lu tion  b y  exchange perfusion . A ll so lutions w ere  

b u ffered  to pH  7.2 w ith  5m M  H E P E S/T ris. F igure 4 .10 show s six  o f  the  

cu rren t-vo ltage curves obtained from  these experim ents. A s show n in  graph A  o f  

the fig u re , w hen  Cl" in  the c is  cham ber was substituted b y  F", the in tersection  o f  

the cu rren t-vo ltage  curve was sh ifted  to a negative potential (-2 0 m V ), in d icatin g  

that F “ is less perm eant than Cl". T h e reversal potentials fo r  Br" and SCN" are 

fou n d  to be positive  (+10m V  and + 20m V  resp ectively), ind icating that these ions  

are accepted  by the channel in  p referen ce to Cl". In graph B o f  figu re 4 .10 , it  can  

be seen that g luconate ions are less perm eant and NO^" and I" are m ore perm eant 

than Cl".
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I (pA)

F ig u r e  4 .9  

2_
SO^ perm eation through th e  channel

v

Single channel cu rren t-vo ltage  relationship  w ith  225m M  K 2SO4  in  the c i s  cham ber  

and 450m M  KC1 in  the t r a n s  cham ber (both solutions b u ffered  w ith  5m M  

H E P E S/T ris to pH  7 .2). E ach point represents the m ean current ± S.D . for 

m easurem ents from  3 separate channels. T he curve fitted  to the data points has no 

theoretical sign ifican ce .
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T est anion  

A

E

(m V )

num ber 

o f  expt.

PA / PCl

SU L P H A T E -21 3 0.32

F L U O R ID E -2 0 8 0.32

A C E T A T E -1 7 5 0.35

*
G L U C O N A T E -1 6 10 -

C H LO R ID E 0 — 1.00

BR O M ID E +10 7 1.58

IO DIDE +13 4 1.76

N IT R A T E +14 8 2.23

T H IO C Y A N A T E +20 5 2.48

N o  activ ity  value was availab le for  gluconate  

T a b le  3

Relative anion permeabilities

R eversal potential sh ifts , E , to the nearest m V , are expressed w ith  respect to 

control KC1 solutions. In all exp erim en ts the t r a n s  cham ber contained  450m M  KC1; 

th e  cis cham ber conta ined  the K  salt o f  the test an ion, A , at the sam e 

concentration  (450m M ), excep t for  su lphate (225m M ). Perm eability ratios, Pa /P q  

are calculated  from  appropriate versions o f  the G H K  equation as detailed  in  

section  2.5.1 (equation 7 or 8 ). P^Y ^C l 1S taken as 0.23 (m ean valu e, see table 2) 

and is considered  to be in d ependent o f  the anion.
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Table 3 sum m arises the data from  the an ion  perm eability  experim ents in term s o f  

perm eability  ratios (calculated  from  equation 7 or 8 , section  2 .5 .1 , as appropriate). 

T he sequence o f  relative anion p erm eabilities (in  the presence o f  K +) is as fo llow s:

S O ^" = F ” < acetate" < g lu con ate” < Cl" < Br” < I" < NO^" < SCN”

T he conductance at -4 0 m V  o f  the above anions (excep t acetate and sulphate) was 

determ ined  in  a separate series o f  experim ents. C hannel activ ity  was recorded in  

sym m etrical 450m M  K A  (w here A  is th e test an ion), 5m M  H E P E S/T ris, pH  7.2. 

R esu lts are sum m arised in the chart in  figu re  4.11. A m ong the m onovalent anions  

in vestigated , nitrate has the h igh est conductance (198 ± IOpS, n=4) and gluconate  

the low est (47 ± 4pS, n=3) (m ean ± S .D .).

4.8 Channel block bv DIPS. SITS and A T P

A gents w h ich  have been used as inh ib itors o f  C l” transport proteins w ere applied  

to the SM  channel; nam ely D ID S and SITS (Cabantchik and R othstein , 1972; 1974; 

R u ssel and B rodw ick , 1979; M iller  and W hite, 1984; N elson  e t  a l , 1984; Hanrahan  

e t  a ! . ,  1985) and zinc (W oodbury and M iles, 1973; F rancio lin i and N onner, 1987).

F igure 4 .12  show s current flu ctu ation s from  channels at holding potentials o f  

-4 0 m V  and +40m V , recorded after sym m etrical application  o f  100/xM D ID S or 

SITS (in  the presence o f  450m M  KC1, 5m M  H E P E S/T ris, pH  7.2 c is  and tr a n s ) .  

O penings at all p ositive vo ltages (+10 to +70m V ) are poorly resolved , and at 

n egative voltages ( -1 0  to -7 0 m V ) op en in gs are noisy  and burst durations appear to  

be shortened . A t both positive  and n egative  holding potentials the single channel
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Conductances measured at - 4 0 m V  for various anions

Single channel conductance at -4 0 m V  for  channels bathed in  a sym m etrical 

450m M  solution  o f  the K + salt o f  the an ion  under test. A ll so lutions w ere b u ffered  

w ith  5m M  H E P E S /T r is  to pH  7 .2 . M ean con d u ctan ce  va lu es (fro m  3 -1 2  

experim ents) and S.D . bars are show n.

[G lue = gluconate]
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Figure 4.12 2sec

The e ffec t of DTPS and SITS on the S M  channel

A ll recordings w ere made in sym m etrical 450mM  KC1, 5m M  H E P E S/T ris, pH  7.2, 

w ith  100/xM SITS or lOO^M D IDS added sym m etrically  as show n. Current traces 

are show n low  pass filtered  at 150H z at +40 and -4 0 m V . Traces at negative  

hold ing  potentials have been inverted  so that all channel openings are show n as 

upwards d eflection s.
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conductance is reduced. T he add ition  o f  up to 2m M  zinc sym m etrically  has no 

e f fe c t  on the activ ity  o f  the SM  channel.

T he action  o f  A T P  on the channel w as also investigated . F igure 4.13 show s the 

e f fe c t  o f  1, 3 and 5m M  A T P  added to both the c is  and tr a n s  faces o f  a SM  

channel. In this case the rapid flick er in g  b lock is seen  on ly  at negative hold ing  

potentials ( -1 0  to -7 0 m V ) and appears to increase as the A T P  concentration  is 

raised. N o  e f fe c t  is seen  at p ositive  potentials (+10 to +70m V ). Thus A TP appears 

to be e ffe c t iv e  on ly  from  the c i s  fa ce  o f  the channel. The A T P blocking e f fe c t  is 

reversed w hen A T P  is rem oved by perfusion  ( d a ta  n o t sh o w n ) .

It was found  that the b lock ing  e ffe c ts  o f  SITS, D ID S and A T P w ere not observed  

in  all applications to the SM  channel. In som e cases, no e f fe c t  on single  channel 

activ ity  was fo u n d , desp ite  increasing the concentration  o f  agent up to lOmM . The  

block ing  e f fe c t  o f  SITS was observed  in  f iv e  out o f  e ight applications; D ID S, three  

out o f  s ix , and A T P , seven  out o f  10 applications to the channel. A  flick ery  b lock  

from  the c is  face  o f  the channel, sim ilar to the b lock  by A T P , was also observed  

in  three out o f  f iv e  applications o f  Im M  A D P  to the channel. H ow ever, in  all 

other conduction  properties m easured (e .g . conductance and se lectiv ity ) channels 

that are sensitive or in sen sitive  to these agents are ind istinguishable.

4 .9  A pplication  o f  various o th er agen ts to th e  channel

A  num ber o f  other agents know n to be im portant in p latelet responses or anion  

channel regulation w ere applied  to the SM  channel.
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C hannels w ere recorded in ’con trol’ con d ition s o f  sym m etrical 450m M  KC1, 5m M  

H E P E S/T ris, pH  7.2 and the agent added first to the c is  cham ber alone and then  

also to the t r a n s  cham ber (g iv in g  sym m etrical conditions). C hannel activ ity  was 

studied  over a range o f  hold ing potentia ls for at least 5 m inutes fo llow in g  agent 

application . T he fo llo w in g  agents are fou n d  to have no m easurable e f fe c t  on the 

activ ity  o f  the SM  channel: Ca^+ (up to 5m M ) or E G T A  (lOm M ); throm bin  

(0 .5 U /m l); P A F (20n g /m l); and In s ( l,4 ,5 )P 3 (10/iM ).

G A T IN G  PR O P E R T IE S OF T H E  SM CH A N N EL

4 .1 0  P robab ility  o f  th e  ch an n el being open

T he probability  o f  the SM  channel b ein g  in  the open  state, Pq, was estim ated  by 

integrating steady state am plitude histogram s as described in section  2 .5 .2g.

For channels bathed in  sym m etrical 450m M  KC1, 5m M  H E P E S/T ris, pH  7 .2 , the 

first fou r m inutes o f  data im m ed iate ly  fo llow in g  sw itch ing  to a g iven  hold ing  

potentia l from  OmV w ere analysed. In order to allow  for  possib le variation in  the 

proportion  o f  tim e spent in  the open  state b etw een  channels, results (figu re 4 .14) 

are norm alised to the Pq at -4 0 m V  fo r  each ind iv idual channel (hence values >1.0  

are possib le).

D ata in  figu re 4 .14 qu an tify  visual observations from  experim ents carried ou t on  

th is channel, i.e . channel open  prob ab ility  is voltage d ependent and at h igh  

n egative holding potentials (> -6 0 m V ) the channel tends to close dow n.
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VOLTAGE (mV)

F ig u r e  4 .1 4

Open probability as a function of holding potential

PQn, the probability  o f  op en in g  at a g iv en  hold ing potential norm alised to th e Pq 

at -4 0 m V  for  each in d iv id u al channel p lotted  against the applied  hold ing potential. 

M ean PQn values are show n ± S.D . (n=10 channels). Channels are bathed in  

sym m etrical 450m M  KC1, 5m M  H E P E S/T ris, pH  7.2. C ontinuous 4 m inute  

recordings at each voltage w ere low  pass filtered  at 250H z, sam pled at 500H z and  

Pq values estim ated by in tegrating am plitude histogram s as described  in  section  

2.5 .2g.
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4.11  O pen  a n d  c losed  l ife tim e  an a ly s is

C hannel data suitable for life tim e  analysis w ere selected  to m eet the requirem ents 

described  in section  2 .5 .2 , i.e . a single active channel in the bilayer, > lOmins 

steady state recording tim e and lo w  sig n a l/n o ise  ratio.

A n  exam ple o f  data recorded at -4 0 m V  and used for  life tim e analysis is sh ow n  in 

figu re  4.15. T he starred section  o f  data in  the figu re  indicates an exam ple o f  a 

sudden change in  k in etic  state or ’gearsh ift’ occurrence. T hese spontaneous  

variations in  open ing probab ility  o f  the channel are found  to occur fa ir ly  

in freq u en tly  in  channel recordings. N evertheless they  w ere excluded  from  the 

life tim e  analysis (though, g iven  the freq u en cy  o f  occurrence, their in clu sion  w ould  

probably not have altered the results). A  clearer exam ple o f  this phenom enon  on  

an expanded tim escale is illustrated in  figu re 4 .16. T he vertical arrows m ark the 

abrupt changes in  open  probability  o f  the channel.

O pen and c lo sed  l ife t im e  a n a lysis  w as carried  ou t on ch an n els b a th ed  in  

sym m etrical 450m M  KC1, 5m M  H E P E S/T ris, pH  7.2 at the fo llo w in g  voltages: 

+30m V , +40m V , -4 0 m V , -5 0 m V . The fo llow in g  sections (4 .11a and b) deta il an 

exam ple o f  the analysis fo r  the channel illustrated in  figu re 4.15.

4 .1 1 a  Open life tim e  distribution

G raph A  in  figu re 4.17 show s all the open  life tim es accum ulated from  the orig inal 

channel data grouped into  a n on -cu m u la tive  histogram . A  total o f  7982 even ts are 

detected  by h a lf-am p litu d e  threshold analysis for  this channel. T he histogram  in  B 

show s the data ’stripped’ o f  open  intervals outside the tm jn“tm ax range (i.e .
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F ig u r e  4 .1 6

E xam ple o f  a ’gearshift* ch an ge in k in etic  state

S ingle channel activ ity  illustrating a ’sudden change in k inetic state’ (m arked by 

vertical arrows). The channel is bathed in sym m etrical 450m M  KC1, 5m M  

H E P E S/T ris, pH 7.2 , held at -4 0 m V , and is show n low  pass filtered  at 150H z. 

U pw ards d eflection s represent channel openings.
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1.6m sec < t < 64 ,000m sec). 243  events (~3%) are excluded  from  the analysis to 

m eet these criteria. L ife tim e  data are fitted  to a p .d .f  w ith  a single exponentia l 

com ponent by the m ethod o f  m axim um  likelihood  includ ing the m issed events  

correction  as described  in section  2 .5 .2d . A  value o f  7814 is calculated for  N , the 

corrected  num ber o f  events. T h e open life tim e data are best fitted  w ith  a sin g le  

exponentia l w ith  the fo llo w in g  p .d .f;

f ( t ) = ( l / 1 6 5 . 6 3 ) e x p ( - t / 1 6 5 .6 3 )  (tim e constant in  m sec).

A  double exponentia l fitted  to the sam e data g ives an equal value for  the log(L ik ) 

(-ln (L ik )= 4 7 2 8 2 ) to that obta ined  fittin g  the single  exponentia l. Thus a sin gle  

exp on en tia l p .d .f. is su ffic ie n t to describe the open  life tim e  distribution.

4.11b Closed lifetime distribution

F igure 4.18 show s the closed  life tim e  analysis fo r  the sam e channel as 4 .11a. In 

graph A , the life tim e histogram  fo r  the original data is show n. 8002 closed  events  

are detected  by h a lf-am p litu d e  threshold analysis. H istogram s in B and C are o f  

the ’stripped’ data (1 .6m sec < t < 64 ,000m sec) fitted  to p .d .fs  w ith  tw o (B) or three  

(C) exponentia l com ponents. In this case 4249 events (-53% ) in  the original data  

fa ll outside the tm in- t m ax range.

The p .d .fs  in  B and C (figu re  4 .18 ) are as fo llow s [N= corrected num ber o f  events]: 

B: f ( t ) = 0 . 9 7 ( 1 / 2 . 6 4 ) e x p ( - t / 2 . 6 4 )  +  0 . 0 3 ( 1 / 1 1 2 5 , 6 9 ) e x p ( - t / 1 1 2 5 .6 9 )  [N =6721];
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C : f ( t ) = 0 . 9 5 ( l / 2 . 1 8 ) e x p ( - t / 2 . 1 8 ) + 0 . 0 4 ( l / 3 1 . 2 8 ) e x p ( - t / 3 1 . 2 8 ) + 0 . 0 1 (  1 / 2 2 1 6 . 3 1  ) e x -  

p ( - t / 2 2 1 6 .3 1 )  [N =7424]

In both cases the tim e constants are quoted in  m sec. T he -ln (L ik ) values for  the 

fits  in  B and C are 9191 and 8892 respectively . Com parison o f  these g ives a P 

value >0.05 using the lik e lih ood  ratio test (see section  2 .5 .2e). Thus the closed  tim e  

data are better fitted  by 3 exponentia ls as show n in  graph C. (V isual in sp ection  o f  

the fits  in  B and C supports the fin d in gs o f  the lik elih ood  ratio test).

4.11c Open and closed lifetimes at various voltages

L ife tim e  analysis was carried out for the SM  channel at various hold ing  potentials 

to assess the e f fe c t  o f  vo ltage on  the gating characteristics.

For open  life tim e  analysis, 4 .33  ± 3.3% o f  events (m ean ± S.D ., n=23 channels) 

w ere exclu d ed  to m eet the tm in - t m ax criteria; w hereas 55.4 ± 5.6% o f  c losed  

even ts (m ean ± S .D ., n=23) w ere ’stripped’ from  the original data. O pen life tim e  

distributions in  each case w ere f itted  to a p .d .f  w ith  a single exponentia l 

com p on en t, w h ilst closed  life tim es  w ere best fitted  to a p .d .f  consisting  o f  the sum  

o f  three exponentia l com ponents. The num ber o f  exponentia l com ponents w ere 

determ ined  by the application  o f  the lik elih ood  ratio test (see section  2 .5 .2e) and 

by visual inspection  o f  fits  w ith  d ifferen t num ber o f  exponentia ls to the data.

F igure 4.19 show s m ean values (± S .D .) for  the open  life tim e  tim e constant as a 

fu n ctio n  o f  the applied  h old in g  potentia l. L ife tim e analysis was carried out for  4 

to 9  separate recordings at each voltage. F igures 4.20 and 4.21 sh ow  the k in etic  

param eters ( r j ,  ^  r^, a j ,  ^  a^) from  fits  to channel closed  tim es for  the same
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data. To test the sig n ifica n ce  o f  group d ifferen ces, (the four groups being the 

m easurem ents at the four applied  voltages) analysis o f  variance was carried out on 

the data for  each k in etic  param eter. P values in all cases for  each param eter w ere  

>0.05 and w ere therefore not considered to be statistically  sign ifican t. T his suggests  

that there is no variation b etw een  param eter values at d ifferen t voltages that 

cannot be accounted  for  by variation at a  sin gle  applied  voltage.

T he three closed  states id en tified  for  the SM channel have tim e constants o f  2 .9 2  ± 

0.1m sec, 48 .94  ± 10.6m sec and 1916.91 ± 70.2m sec (m ean values ± S.D. for  a ll 23 

m easurem ents show n in  figu re  4 .20). O f all the closed  events d etected , 90 .36  ± 

3.23% (m ean ± S .D ., n=23) are to the short life tim e  distribution . T he longer lasting  

closures com prise a relatively  sm all, but sign ifican t, proportion o f  events. Less 

than 2% o f  closin gs are to the longest life t im e  d istribution  detected  by the analysis.
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O pen life tim e  r values at a range o f  vo ltages

M ean values fo r  r (in  m sec ± S .D .) at four applied voltages. The num ber o f  

channels analysed w ere as follow s: +30m V  (n=4); +40m V  (n=6 ); -4 0 m V  (n=9); 

-5 0 m V  (n=4). A ll channels w ere bathed in  sym m etrical 450m M  KC1, 5m M  

H E P E S/T ris, pH  7.2.

L ife tim e  analysis was carried out as described in  section  2 .5 .2  (see exam ple in  

section  4.11a).
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4 . l i d  L a c k  o f  c o rre la tio n  b e tw een  successive c lo sed  even ts

A utocorrelation  analysis w as carried out on the sequential closed  life tim e  files  

collected  by h a lf am plitude threshold analysis as described in section  2 .5 .2 f , in 

order to investigate possib le con n ectiv ity  b etw een  closed  states.

F igure 4 .22 illustrates a typ ica l exam ple o f  the autocorrelation fu n ction  for  up to 

every  20th  c losin g , calculated  fo r  over 2 ,000  successive closing events. A ll values  

at lag> 1 lie  b etw een  the 95% co n fid en ce  lim its for  zero correlation, ind icating  that 

there is no sig n ifica n t correlation  b etw een  su ccessive closing events.

From  this analysis there is clearly  no ev id en ce for  the presence o f  m ore than one  

isom erisation  pathw ay link ing  the closed  states.
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F ig u r e  4 .2 2

C losed  life tim e  autocorrelation  fu n ction

A utocorrelation  fu n ction  for up to every  20 th closing (lag 1 to 20) for 2020  

su ccessive closings o f  a typ ica l SM channel. T he 95% con fid en ce  lim its fo r  the 

absence o f  correlation are show n as dashed lines (these represent tw ice  the 

approxim ate error o f  the estim ate in th e case o f  w hite  noise).
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F U R T H E R  S IN G L E  C H A N N E L  S T U D IE S  O N  T H E  P L A T E L E T  SM

4.12 Single channels in agonist-activated platelets

E xperim ents w ere carried out to attem pt to m onitor agonist induced  Ca^+ channel 

activ ity  in the p latelet SM  fraction . SM vesicles w ere fu sed  w ith  charged bilayers 

(70% PE/30%  PS) in  KC1 so lu tions as described in  section  2.4.3 and activ ity  from  

the SM  anion channel used as a  m arker for  vesicle  fu sion . F ollow ing fu sio n , the 

c is  cham ber was perfu sed  w ith  a so lu tion  com posed o f  Im M  E G T A , 250m M  

H E P E S/T ris, pH  7.4. The t r a n s  cham ber was then perfused  w ith  a so lu tion  

com posed  o f  250m M  H EPES adjusted  to pH  7.4 w ith  Ca(O H )2 * T he agonist agents  

A D P  (Im M ) or throm bin (0 .5 U /m l)  or the second m essenger I n s ( l ,4 ,5 )P 3 (10/dVI) 

w ere then added to the t r a n s  cham ber solution . A ltern atively , the c is  and t r a n s  

cham ber p erfu sion  solutions w ere reversed and the agent added to the c i s  cham ber.

N o ev id en ce  was obtained  from  th ese experim ents fo r  currents due to Ca^+ 

m ovem ent through SM receptor or secon d  m essenger operated channels.

Z schauer e t  a l .  (1988) also report no Ca^+ channel activ ity  in  planar bilayers from  

a p latelet m em brane vesic le  fraction  containing surface m em brane elem ents. 

H ow ever, they  recorded Ba^+ currents fo llow in g  fu sion  o f  vesicles prepared from  

platelets p re-treated  w ith  throm bin (as m entioned  in  section  1.4.1b).

A  th rom bin-stim ulated  p latelet m ixed  m em brane preparation was carried o u t in  

order to try to repeat the fin d in gs o f  Z schauer e t  a l  (1988). H a lf o f  the p latelets  

isolated  from  5 b u ffy -c o a t  residue packs w ere treated at the w hole ce ll lev e l w ith  

throm bin (0 .2 U /m l for  2 m ins at room  tem perature) and h a lf le ft  untreated
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(’control’ fraction). T hrom bin  treatm ent was carried out at the preparation stage 

w here neuram inidase was usually  applied  to the platelets. ’Control’ and stim ulated  

platelets w ere then w ashed , su b jected  to son ication  and the hom ogenates applied  to 

tw o separate continuous sorb itol gradients as described in section  2 .2 .2 . T he M M  

fraction  from  the stim ulated  platelets w as less dense and the pellet at the base o f  

th e  tu b e  c o n s id e r a b ly  la rg er  th an  th o se  o b ta in e d  fo r  th e  ’c o n tr o l’ M M  

(unquantified  observation). Presum ably the son ication  procedure fa iled  to break up 

som e o f  the p latelet aggregates arising as a result o f  the throm bin stim ulation  step.

V esic les from  the ’control’ and throm bin p re-treated  M M  fractions w ere fused  

w ith  charged bilayers (70% PE/30%  PS) in  B aC ^  solutions as described  by  

Z schauer e t  a l .  (1988). B ilayers w ere in itia lly  painted over 0.5m m  diam eter holes 

and later over 0 .3m m  holes for  im proved  resolution. The fo llo w in g  fu sion  

con d ition s w ere applied: c is \  300m M  B a C ^ , 5m M  H E P E S/T ris, pH  7.0: t r a n s ; 

lOOmM B a C ^ , 5m M  H E P E S/T ris, pH  7.0. Single channel activ ity  was observed  

fro m  b oth  co n tro l and a g o n ist trea ted  m em brane fra c tio n s. A lth o u g h  fu ll  

cu rren t-vo ltage relationships w ere not recorded, current appeared to reverse at 

p ositive  potentials in d icatin g  that in both  cases the charge carrying sp ecies was 

predom inantly  C l“ and not Ba^+. F u sion  o f  the throm bin pre-treated  M M  vesicles  

in  KC1 solutions con firm ed  the id en tifica tio n  o f  the predom inantly anion se lective  

channel described in  this chapter. F igure 4.23 show s representative recordings o f  

the SM  anion channel observed  fo llo w in g  fu sion  o f  M M  vesicles prepared from  

platelets pre-treated  w ith  throm bin. T h e conductance characteristics o f  the channel 

are u n affected  by the treatm ent.

T he lOpS Ba^+ channel described  by Z schauer e t  a l  (1988) was not id en tif ied  in  

these experim ents.
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4 .1 3  D iscussion

This chapter reports the basic characterisation o f  a predom inantly a n io n -se lec tiv e  

channel fou n d  in the surface m em brane o f  hum an platelets. The m ajority o f  fu sion  

events incorporate a sin gle  active  channel into the b ilayer. U sin g  the criterion  o f  

the d irection  o f  rectifica tion  o f  the cu rren t-voltage relationship in  sym m etrical 

KC1 so lu tion s, it  is found  that approxim ately  98% o f  insertions result in  the 

channel b ein g  orientated  in the sam e d irection  in  the bilayer. N o in form ation  is 

available concern ing  the in itia l orien tation  o f  SM  vesicles fo llow in g  m em brane  

separation and pu rification .

C hannel a c tiv ity  occurs in characteristic  bursts o f  openings o ften  lasting several 

tens o f  seconds. Bursts are separated b y  long closed  periods, and closed  intervals 

b etw een  bursts lasting >5m ins have been  recorded.

G ood  ev id en ce  has been obtained that the channel protein has not been altered by  

the m em brane preparation protocol app lied . Channels w ith  qualitatively  sim ilar  

gating characteristics and quan tita tively  ind istinguishable conductances in  KC1 

solutions have been  id en tified  in a m ixed  m em brane fraction  (not treated w ith  

neuram inidase or subjected  to C FE ) as w ell as a plasm a m em brane fraction  

prepared by an alternative (and m uch shorter) m ethod.

S in g le  c h a n n e l r e c t i f i c a t io n

Single channel current rectifica tion  is observed  under all ion ic  cond itions applied  

to the SM  channel, w ith  m ore current flo w in g  at negative hold ing  potentials. This 

behaviour w as investigated  by exam in in g  w hether the presence o f  HEPES or Tris
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in the solutions was related to the degree o f  rectifica tion  (figure 4.6). It has been  

dem onstrated by others that som e an ion ic  b u ffer in g  com pounds (including HEPES) 

m ay block  chloride channels w hen  applied  in m M  concentrations, e .g . in cultured  

D r o s o p h i la  neurones (Y am am oto and Suzuki, 1987) and vascular sm ooth m uscle  

cells (Soejim a and K ok u b u n , 1988). Tris is also know n to com pete for  cation ic  

bind ing  sites in A p l y s i a  neurones (A scher e t  a l ., 1978).

From  the results in  figu re  4 .6  it is surm ised that the rectifica tion  observed  in  

experim ents on the p latelet SM  channel is caused, for the m ost part, by the 

asym m etric b lock ing o f  current flo w . HEPES blocks in  a vo ltage-d ep en d en t  

m anner, m ainly from  the t r a n s  fa ce  o f  the channel (i.e . at positive voltages). Tris 

b u ffer  also appears to b lock  current f lo w  through the channel, though to a lesser  

degree and presum ably m ain ly  from  the c i s  face .

C o n d u c ta n c e  a n d  s e l e c t i v i t y

T he SM  channel has a rela tively  h igh  conductance: ~160pS in sym m etrical 450m M  

KC1 at -4 0 m V . W ith increasing KC1 con centration , the single channel conductance  

in creases to a sa tu ratin g  v a lu e  o f  ~ 5 0 0 p S . T he co n d u c ta n c e -c o n c e n tr a tio n  

relationship  fo llow s a sim ple rectangular hyperbola expected  for  M ich aelis-M en ten  

k in etics (figu re  4.5). T here is no d ev ia tion  from  this relationship at a conductance  

o f  three tim es the h a lf-m a x im a l conductance (~1000m M ). B ehaviour o f  th is typ e is 

typ ica lly , but not ex c lu siv e ly , fou n d  in  channels that can be occup ied  by a single  

ion  at a tim e (L auger, 1973), and suggests the presence o f  a saturatable b ind ing  

site  w ith in  the channel. T his is u n like the situation  in  V D A C , a large conductance  

n o n -se lec tiv e  channel in  the m itochondrial outer m em brane, w here no saturation
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o f  conductance occurs at up to 4M  KC1 (C olom bini, 1986) and ions m ove through  

the channel under electrostatic in flu en ces rather than v ia  io n -b in d in g  sites.

R eversal potentia l m easurem ents in  asym m etric KC1 solutions ind icate that both  

K + and Cl" perm eate the channel (figu re  4 .7). Several other ’anion1 channels have  

been show n to ex h ib it sim ilar s ig n ifica n t cation  perm eabilities. Blatz and M agleby  

(1985) fou n d  a sm all conductance an ion  channel in m yotubules w ith  a C1:K 

perm eability  ratio o f  5:1. F ran cio lin i and N onner (1987) m easured a C l:N a  

perm eability  ratio o f  5:1 for a channel in  hippocam pal neurones. Woll e t  a t .  (1987)  

report an estim ated  Cl:Na ratio o f  3.5:1 fo r  a h igh  conductance channel in skeletal 

m uscle. T hese ratios are o f  sim ilar m agnitude to the C1:K ratio o f  over 4:1 

observed  fo r  the p latelet SM channel (tab le 2).

T he m echanism  o f  ion  perm eation through ion  channels o f  this type m ay be  

com plex . F rancio lin i and N on n er (1 9 8 7 ) have presented the on ly  attem pt to 

describe a possib le m echanism  fo r  ca tion  and anion conduction . T hey postulate  

that anions and cations interact w h ilst passing through the hippocam pal neuronal 

channel, and that cations w ill pass o n ly  w hen a perm eant anion is present. This 

m echanism  w as tested  in  their exp erim en ts by replacing Cl" w ith  SO4 (w h ich  is 

im perm eant in  the neuronal ch an n el), and  observing no cation  current through the 

channel. It is not possib le to postu late this sort o f  m echanism  in the p latelet SM  

channel from  the results ob ta in ed , sin ce  all anions tested  so far have been  

perm eant, in clu d in g  SO4  (fig u re  4 .9 ).

C ations as large as T E A + also pass through the p latelet SM  channel (figu re  4.8), 

im p ly in g  that the channel has a v ery  large cross sectional area, at least 37 

(C oronado and M iller, 1982). T E A + is found  to be as perm eant as Br“ from
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ex p er im en ts  in a sy m m etr ic  T E A B r (f ig u r e  4 .8 A ), a lth ou gh  s in g le  ch a n n el 

conductance is considerab ly  low er than in the presence o f  the sam e asym m etric  

concentrations o f  K Br. In T E A B r so lu tion s, the duration o f  channel openings is 

m arkedly increased (figu re  4 .8B ). A  sim ilar situation  has been reported for C s+ 

conductance in the skeletal m uscle sarcoplasm ic reticulum  K + channel (C ukierm an  

e t  al., 1985). Cs+ is fou n d  to have a lo w  conductance, a com parable p erm eability  

to K + and m aintains the channel in  the open  state. T his is interpreted to be due to 

Cs+ b ind ing  m ore tigh tly  w ith in  the channel than K +.

R eversa l potentia l m easurem ents in d icate  that the relative perm eability  sequence  

fo r  halide anions in  the SM  channel (tab le  3) is F “< C r< B r“<I“ . T his corresponds 

to sequence I o f  E isenm an’s (1965) sev en  halide anion sequences (D iam ond and  

W right, 1969). In th is seq u en ce h a lid e  perm eability  increases w ith  decreasing  

hydration  enthalpy o f  the ion  and w ith  the crystal radius (Edw ards, 1982). The  

sam e sequence has been observed  in  C l” channels from  the Schwann ce ll (G ray e t  

al., 1984), vascular sm ooth m uscle (S oejim a and K okubun , 1988) and pulm onary  

ep ith elia l cells (Schneider e t  al., 1985). T h e  p latelet SM channel is also perm eant to 

the d ivalent an ion , SO4  ” , as w ell as to  large an ion  m olecules such as acetate and  

gluconate, w h ich  are com m on ly  used  fo r  im perm eant anion replacem ent in  C l” 

channels o f  various tissues (E dw ards, 1982). T he C l” channel in  Schw ann ce lls  has 

also been show n to be perm eant to SO 4  and acetate (G ray e t  al., 1984). C hloride  

channels perm eant to large organic an ions have been reported in several tissues. 

F or exam ple, in  cat cortical neurones (K e lly  e t  a /., 1969) the Cl" channel adm its 

anions as large as ch loroacetate, propionate and glutam ate. K e lly  e t  al. (1969) 

estim ated  that the d iam eter o f  the se lec tiv ity  filter  o f  the neuronal channel is 

about 5 -8 A , w h ich  g ives a cross section a l area o f  about 20 -50A ^ . T he estim ation
A

o f  at least 37k r  for the p latelet SM channel lies b etw een  these values. T he relative
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perm eability  seq u en ce for all anions tested  is approxim ately w ith in  the range o f  

sequences described  as lyotrophic (see D an i e t  a l ., 1983). L yotrophic adsorption is 

characterised by interaction  o f  the an ion  w ith  an electric charge or d ipole and  

neighbouring hydrophobic groups.

C h a n n e l b lo c k  b y  D I D S , S I T S  a n d  A T P

In addition  to asym m etric b lock  o f  the SM  channel by HEPES acting from  the  

t r a n s  fa ce , a reduction  in single ch an n el current has also been  observed by other  

agents p reviously  reported to b lock  an ion  channels. T he reactive d isu lphon ic acid  

stilbenes (D ID S and SITS) are fou n d  to act from  both sides o f  the channel w h en  

applied  sym m etrica lly  (figu re  4 .12). T h ese  agents are know n to b lock  various other  

Cl" channels in clu d in g  the low  con d u ctan ce channels o f  T o r p e d o  electroplax and  

rabbit urinary bladder (M iller and W hite, 1984; Hanrahan e t  a L , 1985), and the 

large conductance channels o f  A 6  ep ith e lia l cells and urinary bladder (N elson  e t  

a l ., 1984; H anrahan e t  a l ., 1985). B lock  in  the p latelet SM  channel is characterised  

by a series o f  sm all noisy  op en in gs at positive voltages and shortened bursts 

contain ing rapid flick er in g  events at n egative  voltages. T his behaviour is un lik e  the  

reported action  o f  these agents on  other anion channels; for  exam ple, D IDS is seen  

to elim inate all channel open ings in  th e T o r p e d o  electroplax and rabbit urinary  

bladder channels (M iller and W hite, 1984; Hanrahan e t  a /., 1985).

Z in c has been  show n to b lock  Cl" currents in  other preparations (W oodbury and  

M iles, 1973; F ranciolin i and N on n er, 1987; Woll e t  a l . , 1987). H ow ever, the SM  

channel is u n a ffec ted  by the presence o f  up to 2m M  zin c  appled to both c i s  and  

tr a n s  solutions.

167



T he e f fe c t  o f  A T P on the channel w as investigated  since M aruyam a (1987) applied  

m M  A T P to his p ip ette  solutions w h ilst patch clam ping w hole p latelets to im prove  

seal form ation in the ce ll-a tta ch ed  configuration . N o referen ce is m ade in the  

M aruyam a paper to a Cl" channel, and the possib ility  was considered  that it m ay  

have been b locked  in his experim ents. A T P  has recently  been reported to induce a 

flick ery  channel b lock  in a n o n -se lec tiv e  channel in  neonatal rat central neurones  

(A sh ford  e t a l . y 1988). T he e f fe c t  o f  A T P  on the SM channel (figu re 4 .13) is 

ev id en t on ly  at n egative voltages w h en  fast flick erin g  events are observed. N o  

e ffe c t  o f  A T P is seen  at p ositive  vo ltages. Thus A T P appears to be b lock ing  from  

the c i s  face  o f  the channel w ith  the degree o f  b lock increasing as the A T P  

concentration  is increased . A  sim ilar b lock in g  e f fe c t  is observed w ith  A D P  applied  

sym m etrically  to the channel. T his suggests that A T P and A D P  m ay be acting as 

large im perm eant an ions, but on ly  from  one face  o f  the channel. The presence o f  

3m M  A T P , together w ith  the low er an ion  concentrations applied  by M aruyam a  

(1987) m ay exp la in  the absence o f  th e channel reported here from  his patch  

recordings. I f  this is the case, it  w ou ld  im p ly  that the t r a n s  side o f  the SM  channel 

w ou ld  fa ce  the p latelet cytoso l. H o w ev er , not all reconstituted  SM  channels show ed  

the sam e response to A T P , so the reason for the absence o f  Cl" currents in  

ce ll-a ttach ed  p latelet recordings in a n io n ic  solutions rem ains unclear.

M ahaut-Sm ith  (C am bridge, U .K .)  has recently  recorded single Cl" currents in  

hum an platelets using the w h o le -c e ll configuration  o f  the patch clam p. T hese  

channels w ere not observed  using ce ll-a tta ch ed  patch recordings (the sam e m ode  

used b y  M aruyam a, 1987), though n o  A T P  was present in the p ipette so lu tion . A n  

increased num ber o f  Cl" channels appear w ith  tim e, together w ith  a steady  

increase in  the channel open p rob ab ility , though clear reversal potentials have not 

yet been  m easured (M ahaut-Sm ith , 1989 -  personal com m unication). T hus the
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absence o f  Cl" channels in the ce ll-a tta ch ed  patch recordings o f  platelets reported  

by M aruyam a (1987) m ay not be due to A TP block o f  the channel, but to other  

in flu en ces o f  the m ethod o f  recording.

T h e  e f f e c t  o f  o th e r  a g e n ts  on  s in g le  c h a n n e l  a c t iv i ty

V arious agents w ere applied  to the SM  channel to investigate possib le regulatory  

m echanism s. In a num ber o f  tissues an increase in intracellular Ca concentration  

causes the activation  o f  Cl" channels (M iled i, 1982; Bader e t  a l ., 1982; M arty e t  

a l ., 1984; O w en e t  a l ., 1984; M ayer, 1985). H ow ever, in  experim ents carried ou t on  

the p latelet SM  channel, neither the add ition  o f  sym m etrical m M  Ca^+ nor its 

ch elation  w ith  E G T A  altered the sin g le  channel activ ity .

T he a ctiv ity  o f  the SM  channel is also u n affected  by the p latelet activators  

throm bin and P A F , and no e f fe c t  o f  In s(l,4 ,5 )P 3  is fou n d  w hen agents w ere added  

to e ither (or both) the c is  and t r a n s  fa ces .

G a tin g  c h a r a c te r i s t ic s  o f  th e  c h a n n e l

T he a ctiv ity  o f  the SM channel is fo u n d  to be strongly dependent on the ap p lied  

voltage. T he channel is active  b e tw een  +70m V  and -6 0 m V  w ith  h igh  op en  

p robab ilities, but at m ore negative  voltages the channel enters an apparently  

’in activated ’ state. When sw itch in g  h o ld in g  potential from  OmV to -7 0 m V , for  

exam p le, the channel is in itia lly  open  and rem ains so for  several seconds b efo re  

closin g  dow n [c .f. figu re 4.4] fo r  as lon g  as recording is continued  (i.e . up to 15 

m ins). A c tiv ity  is then on ly  resum ed  by sw itch ing  to a m ore p ositive h o ld in g  

potentia l. A  sim ilar voltage d ep en d en ce  is exh ib ited  for  the an ion  channel in
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am phibian skeletal m uscle (W oll and N eum cke, 1987). T his skeletal channel, like  

the p latelet channel, is shut for  m ost o f  the tim e at voltages m ore negative than 

-6 0 m V , but rem ains open  at depolarised  potentials up to at least 60m V .

The voltage d ependence observed  in  the platelet SM  channel d iffers  sig n ifica n tly  

from  that reported for large-con d u ctan ce anion channels o f  A 6 ep ithelia l cells  

(N elson  e t  al., 1984), rat m yotu b es, Schw ann cell or alveolar cells (B latz and  

M agleby, 1983; G ray e t  al., 1984; Bevan e t  a l ., 1985; Schneider e t  a l ., 1985), 

m ouse m acrophages and ch ick en  m yotubes (Schwarze and K olb ., 1984) and the 

voltage d ependent anion channel o f  m itochondria (Schein e t  al., 1976). A ll o f  these  

channels are predom inantly open  near OmV, but tend to close w ith  20 to 30m V  

deviations on either side o f  OmV.

A  feature o f  anion channels described  in a variety  o f  tissues is that su b ­

conductance states are com m on (M iller , 1982a; Tank e t  a l ., 1982; N elson  e t  a l ., 

1984; Schw arze and K o lb ., 1984; H anrahan e t  a l ., 1985; K olb  e t  a l ., 1985; K rouse  

e t a l ., 1986; Borm ann e t  a l ., 87; W oll e t  a l ., 1987; R ousseau, 1989). Substates m ay  

be true stable states o f  a channel w ith  d ifferen t total conductance or they m igh t be 

cond itions o f  extrem ely  rapid gating b etw een  fu lly  open  and closed  states w h ose  

fractional open  tim e determ ines the apparent conductance m easured using  a 

recording system  o f  lim ited  bandw idth . H ow ever they arise, substates require that 

the channel has several open  states, and suggest that these anion channels have  

d ifferen t com ponents (h elices, dom ains, subunits or cochannels) that pack  in  

several a lternative w ays to form  the con d u ctin g  pathw ay.

H ow ever, the p latelet SM  does not exh ib it any substates o f  conductance. In 

addition , life tim e  analysis carried out on  steady state recordings o f  the ch an n el at
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fou r voltages ind icate that the channel on ly  exh ib its one open state under the  

con d ition s applied  (figu re 4 .19). There is no s ign ifican t d ifferen ce  betw een  the 

tim e constants o f  the open state at the voltages tested. T he m ean r for all 23 

m easurem ents is - 1 4 0  m sec.

A  num ber o f  c losed  states have been  id en tified  in statistical term s for  the SM  

channel. T he closed  life tim e  d istribution  is best fitted  to a p .d .f  consisting  o f  the  

sum  o f  three exponentia l com ponents, ind icating the presence o f  three c losed  

states.

M ore accurately , the channel is said to ex h ib it ’at least’ one open and three closed  

states, since the estim ate o f  the num ber o f  states is a m inim um  e stim a te  fo r  the 

fo llo w in g  reasons:

(1) T he f in ite  resolution  o f  the ch an n el d etection  system  (i.e . b ilayer am p lifier  

plus 50% threshold d iscrim inator) sets an overall dead tim e. A n y  channel c losed  (or 

open) even ts w ith  b riefer m ean life tim es  are u n lik ely  to be detected . T herefore the 

present description  o f  sin gle  channel k in etics deals on ly  w ith  duration states w ith  

m ean life tim es greater than the dead tim e o f  1.6m sec.

(2) The lim iting  size o f  64 secon d s for  the ’E fit’ m em ory w hen  sam pling at 

2kH z necessitated  the exclu sion  from  th e analysis o f  closed  events > 64 secs. As 

stated earlier, c losed  events longer than this have been recorded fo r  the SM  

channel. H ow ever, i f  in clu sion  o f  th ese  events in  the analysis had been  possib le it  

is u n lik e ly  that a fourth  exponentia l com p on en t w ould  be added to the closed  tim e  

p .d .f  sin ce  such a statistically  sm all num ber o f  events w ould  be d etected .
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N on e o f  the k inetic param eters associated  w ith  the closed  state sh ow  sign ifican t  

voltage dependence in  the vo ltage range studied . O ver 90% o f  all the closed  events  

detected  are to the short life tim e  d istribution  w h ich  has a tim e constant o f  ~3m sec. 

T hese are the rapid flick ers w ith in  a burst. The longer lasting closures com prise a 

relatively  sm all, (though  sign ifican t) proportion o f  even ts, w ith  less than 2% o f  all 

closin g  events being  to the longest life t im e  distribution.

A  linear gating sch em e w ith  on ly  a sin g le  pathw ay link ing the closed  states and the  

open  state (e.g . C -C -C -O , C -C -O -C ) is consisten t w ith  the lack o f  correlation  

fou n d  b etw een  su ccessive  d w ell tim es in  the closed  state (figu re 4 .22).

A n  assum ption o f  life tim e  analysis at steady state is that the probability  o f  the  

various channel conform ations is constant during the length  o f  the record. This 

appears to be so fo r  the SM  channel during the m ajority o f  recording periods. 

H ow ever, the channel does exh ib it occasional spontaneous variations seen as a 

’sudden  change in  k in etic  state’ (fig u re  4 .16) [these w ere om itted  from  life tim e  

analysis]. Exam ples o f  sim ilar n on -sta tion ary  single channel activ ity  appear in  the  

literature and are term ed ’gearshift* occurrences. T hey are exh ib ited  b y  the 

glu tam ate-activated  channel o f  locust m uscle in  cell patches (Patlak e t  a l ., 1979) 

and the Ca^+ activated  K + channel (M oczydlow ski and Latorre, 1983) and  

b a tra c h o to x in -a c tiv a te d  N a + ch a n n e l (M o czy d lo w sk i e t  a l ., 1984) in  p lanar  

bilayers. A t present, no pub lications have attem pted a system atic study o f  the 

freq u en cy  o f  ’gearsh ift’ occurrences, so  fe w  conclusions can be draw n about this 

phenom enon. It is possib le that th ey  m ay represent very slow  conform ational 

changes a ffec tin g  gating that are superim posed  on the characteristic rapid processes  

(M oczyd low sk i, 1986).
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A s m entioned  in  the in troductory chapter (section  1.4.1b), there is increasing  

ev id en ce  that the p latelet surface m em brane m ay possess receptor-op erated  Ca^+ 

channels. M ost o f  this ev id en ce , h ow ever, is ind irect and has com e from  

experim ents using flu orescen t probes. S ingle  channel recordings o f  a g o n ist-ev o k ed  

d ivalent cation  currents from  the p la te let surface m em brane are required to 

provide d irect ev id en ce  fo r  such  channels.

T he h igh ly  p u rified  surface m em brane fraction  prepared in this thesis was 

co n sid ered  id ea l ’startin g  m ater ia l’ to  attem p t to reco n stitu te  th e  p u ta tiv e  

agon ist-activa ted  Ca^+ channels. F u sion  o f  vesic les in these experim ents was 

m onitored using the SM  anion channel as a marker. T he cond itions in the c i s  and  

t r a n s  cham bers w ere then altered to estab lish  a Ca^+ gradient across the b ilayer. 

T he add ition  o f  A D P , throm bin or I n s ( l ,4 ,5 )P3 d id  not induce Ca^+ currents in  

these experim ents. T he second  m essenger was added to the cham bers in  som e o f  

these experim ents sin ce  Ca^+ channels regulated b y  I n s ( l ,4 ,5 )P3 have b een  

id en tified  in  lym phocytes (K u n o  and G ardner, 1987), m ast cells (Penner e t  a l . ,

1988) and skeletal m uscle T -tu b u les  (V ilven  and C oronado., 1988). It was 

considered  possib le that such Ca^+ currents w ere too sm all to be resolved in  the  

bilayer system  sin ce  m any Ca^+ ch an n els have conductances in the range ~ 5  to 

~25pS (fo r  about lOOmM Ba^+ ions; N elson , 1986). A lso  the d ensity  o f  Ca^+ 

channels in  the vesic le  preparation m ay  be low  g iv in g  a low  probability  fo r  their  

su c c e ss fu l reco n stitu tio n  in  th ese ex p er im en ts . H o w ev er , d esp ite  n u m erou s  

attem pts, applying con d ition s to m axim ise the probability  o f  observing Ca^+ 

currents, no recordings o f  putative agon ist-activa ted  Ca^+ channels w ere m ade.

Putative agonist-activated Cc?+ channels in the platelet surface membrane
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S u b seq u en t to th ese  ex p e r im e n ts , a report has b een  p u b lish ed  id e n t ify in g  

2+ . . .
A D P -ev o k ed  Ca channel activ ity  in patch clam ped platelets (M ahaut-Sm ith  e t 

a l ., 1989). A  single  channel conductance o f  ~20pS is m easured and a ctiv ity  in  

m em brane patches decays to control levels  w ith in  3 0sec-2m in  from  seal form ation , 

w hich  is consisten t w ith  the phasic nature o f  the rise in p latelet intracellular Ca^+ 

fo llo w in g  activation  by A D P .

D ata presented by Z schauer e t  a l .  (1988) have dem onstrated single Ba^+-se le c tiv e  

channels obtained by incorporating m em brane vesicles from  th rom bin-stim ulated  

platelets into planar b ilayers. T w o poin ts m ay be raised in  criticism  o f  the authors’ 

claim  for  the id en tifica tion  o f  recep tor-op erated  Ca^+ channels.

(1) It is not clear from  the exp erim en ts described w hether the channels stu d ied  

are derived  from  the plasm a m em brane. The preparation consisted  o f  su b jectin g  

throm bin pre-treated  p latelets to freeze-th a w in g  and h igh  speed d ifferen tia l  

c e n tr ifu g a tio n . T he y ie ld  o f  p la te le t  m em branes cer ta in ly  con ta in  su r fa ce  

m em b ra n e  e le m e n ts , s in c e  a d e n y la te  c y c la se  and  c a lm o d u lin -d e p e n d e n t  

Ca A T Pase activ ities are present, b u t it cannot be exclu d ed  that the channel 

activ ity  m ay have originated  from  contam inating intracellular m em branes.

(2) N o d irect link  b etw een  a gon ist-recep tor  interaction  and channel open ings  

has been  dem onstrated. T he authors m erely  report the absence o f  this channel in  

m em brane fractions prepared from  unstim ulated  platelets and its presence in  

m em branes prepared from  throm b in -stim u lated  platelets.
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D irect ev id en ce  for th rom b in -stim u lated  channels w ould  be the dem onstration  o f  

Ca or Ba currents through ion  channels (from  a surface m em brane fraction  o f  

w ell d e fin ed  origin) in the presence o f  throm bin in  b ilayer experim ents.

T he cla im  by Zschauer e t  a l .  (1988) that a ’true’ receptor-op erated  Ca^+ channel in 

the p latelet surface m em brane has been  id en tified  in  their experim ents is therefore  

considered  rather prem ature. S im ilar criticism s have been levelled  at this report by  

Petersen in correspondence pub lished  in N ature (Petersen , 1988).

A  m em brane preparation from  throm b in -stim u lated  platelets was carried out using  

the procedures routinely  app lied  to prepare m ixed  m em branes in  this thesis. 

Prelim inary experim ents using this throm bin-stim ulated  M M  fraction  did  not y ie ld  

the channel described  by Z schauer e t  a l .  (1988). A c tiv ity  from  the predom inantly  

a n io n -se lec tiv e  SM  channel, h ow ever, was recorded in KC1 solutions and its 

conductance properties fou n d  to be u n a ffec ted  by the throm bin treatm ent.
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Chapter 5

PLA TELET IN T R A C E L L U L A R  M EM BRANE C H A N N E L S



5.1  In tro d u c tio n

T his chapter contains details o f  experim ents carried out on the h igh ly  p u rified  

intracellular m em brane fraction  o f  the hum an platelet.

E xperim ents d esign ed  to reconstitu te sin g le  channels into planar bilayers from  the 

IM  fraction  co llected  fo llow in g  C FE  proved  particularly d iff ic u lt  for a num ber o f  

reasons, w h ich  are d iscussed  in section  5 .6 .

A  subpopulation  o f  the IM was harvested  fo llow in g  the application  o f  an oxalate  

loading procedure m od ified  from  protocols previously  used to co llect the ryanodine  

in sen sitive  fraction  o f  cardiac m uscle sarcoplasm ic reticulum . V esicles from  this 

IM  subpopulation  have been incorporated  into planar bilayers and single  channel 

activ ity  recorded from  a m onovalent ca tio n -se lec tiv e  channel.

5.2 Attempts to reconstitute the IM fraction

A ttem pts w ere m ade to fu se  vesic les  from  the p u rified  IM  fraction  co llected  

fo llo w in g  C FE as described  in  section  2 .2 .3 . T he fo llow in g  conditions w ere applied  

using charged planar bilayers (70% PE /30%  PS or 50% PE/50%  PS) and adding IM  

to the c is  cham ber to a fin a l protein  concentration  o f  approxim ately 10 /xg per ml.

(i) 3:1 c i s : t r a n s  KC1 gradient. 450m M  KC1, l.OmM  C a C ^ , 5m M  H E P E S/T ris, 

pH  7.2: 150m M  KC1, 5m M  H E P E S /T ris, pH 7.2

(ii)  3:1 c i s : t r a n s  BaCl2  gradient. 300m M  BaCl2 , 5m M  H E P E S/T ris, pH  7.2: 

lOOmM BaCl2 , 5m M  H E P E S /T ris, pH  7.2

177



( iii)  3:1 c i s : t r a n s  C aC l2 gradient. 300m M  CaCl2 , 5m M  H E P E S/T ris, pH 7.2: 

lOOmM CaCl2 , 5m M  H E P E S/T ris, pH  7.2

In m any o f  these experim ents, in order to m axim ise the probability  o f  fu sion  

occurring, sm all cham ber volum e c is  cups (0.5m l) w ere used. T he hole in these  

cups was 0.3m m  in  d iam eter, reducing the bilayer size and thus im proving the  

resolution  (since Ca^+ channel currents m ay be sm all).

In each case, w hen  no sin gle  channel a c tiv ity  was observed , the gradient across the  

bilayer was increased to 9:1 by add ition  o f  aliquots o f  the appropriate 1M or 3M  

stock  solution  (i.e . KC1, BaCl2  or CaCl2 ) to the c is  cham ber. In Ba^+ (ii)  and Ca^+ 

( iii)  so lutions In s(l,4 ,5 )P -j was also added (5 -1 0 /jM ), first to the tr a n s  cham ber and  

then , in ad d ition , to the c i s  cham ber so lu tion . U n d er these cond itions stirring o f  

the c is  cham ber so lu tion  was continued  for up to 1 hour, or as long as bilayers 

rem ained stable. T he con d ition  o f  the b ilayer was m onitored at frequent intervals  

during this tim e b y  applying a ±4m V  square w ave pulse and assessing the size  o f  

the capacitance sp ik e as described  in  section  2 .4 .2 . T h icken ing  o f  the lip id  film  

occasionally  occurred during this tim e. I f  re -th in n in g  could  not be induced  by  

application  o f  a large am plitude pu lse (±120m V ) or the ligh t ’brushing’ o f  the 

painting ’stick ’ over the h o le , the exp erim en t was term inated and the procedure  

repeated (w ashing and rinsing the cup  as necessary).

N o channel a c tiv ity  was observed  u n d er the cond itions described , desp ite dozens o f  

attem pts using IM  vesic les from  14 separate p latelet m em brane preparations. 

P ossib le explanations fo r  the absence o f  channel activ ity  in these experim ents are 

discussed  in  section  5.6.
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5 .3  Iso la tio n  o f  an  IM  su b n o p u la tio n  by  o x a la te  lo ad in g

A p p lyin g  the analogy o f  the p latelet D T S to the SR o f  m uscle cells (see section  

1.2.3), a m ethod to oxalate load and separate a subpopulation  o f  the IM fraction  

contain ing Ca^+ pum ps was applied . T his was m od ified  from  the procedures used  

by Jones and Cala (1981) and T om lins e t  a l .  (1984) to isolate the ryanodine  

in sen sitive  fraction  o f  cardiac m uscle SR (see section  2 .2 .4 ).

Protein estim ations carried out on  six  oxalate loaded m em brane preparations have  

revealed  that approxim ately  l /1 0 t h  o f  the IM (co llected  by h igh -v o lta g e  C FE ) 

loads w ith  oxalate using this m ethod. For exam ple; from  a m em brane preparation  

(5 b lood  packs) in  w hich  ~600jug o f  protein  was co llected  in  the IM fraction  

fo llo w in g  C FE , the y ie ld  o f  oxa la te-load ed  m em brane was ~60/xg o f  protein . 

R esu sp en sion  o f  th is m em brane (in  0 .4M  sucrose, 5m M  H E P E S/T ris, pH  7 .2) at a 

protein  concentration  o f  lm g /m l gave 60/zl o f  ’starting m aterial’ for  b ilayer  

experim ents. For a 0 .5m l volum e c i s  cham ber, 5/d aliquots are added per 

exp erim en t to g iv e  a fin a l protein  concentration  o f  10/ig p ro te in /m l. T hus the 

’starting m aterial’ from  this preparation  provided su ffic ie n t aliquots for  o n ly  12 

experim ents. T he d iff icu lt ie s  exp erien ced  in obtain ing data from  this m em brane  

fraction  w ere therefore prim arily due to  the low  y ie ld  o f  ’starting m aterial’.

5 .4  R econ stitu tion  o f  a ca tion  ch an n el from  th e o x a la te -lo a d ed  IM fraction

V esic les from  the oxalate loaded IM  fraction  w ere su ccessfu lly  fu sed  w ith  neutral 

bilayers (100% PE) form ed over a 0 .3m m  diam eter hole revealing a m on ovalen t  

ca tio n -se lec tiv e  channel. F usion  con d ition s w ere as follow s: c is: 450m M  KC1, 5m M  

H E P E S/T ris, pH  7.2 , tra n s:  150m M  KC1, 5m M  H E P E S/T ris, pH  7.2. F o llo w in g
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fu sion , unfused  vesic les w ere perfused  out into a cen tr ifu ge tube on ice. T hese  

w ere then ’recycled ’ by pelleting  the vesic les (centrifuging  at 90 ,000  x g for  30 

m ins at 4 °C ) and resuspending them  in  0 .4M  sucrose, 5m M  H E P E S/T ris, pH 7.2 in 

order to conserve the m em brane.

5.4.1 Conduction properties of the IM channel

Figure 5.1 show s representative sam ples o f  single channel currents at -5 0 m V  and  

+50m V  recorded in  sym m etrical 450m M  KC1, 5m M  H E P E S/T ris, pH  7.2. From  

visual in sp ection  o f  th is channel record (and see figure 5 .3A ), it is clear that the  

s in g le  ch a n n e l co n d u cta n ce  is  in d e p e n d e n t o f  the ap p lied  v o lta g e  ( i .e . no 

rectifica tion  in  current is seen). A t p ositive  holding potentials the open state 

appears m ore n o isy  than at negative h old ing  potentials and fe w  clear closing  even ts  

are observed. T h e ’noisiness’ o f  the open  state m ay be due to very  rapid flick er in g  

events occurring w h ich  have not been reso lved  in  these recordings.

T he cu rren t-vo ltage  relationships for  th e channel in  sym m etrical 450m M  KC1 and  

150m M  KC1 (both  b u ffered  to pH  7.2  w ith  5m M  H E P E S/T ris) are show n in figu re

5.2. In both con d ition s there is an apparent linear relationship  b etw een  sin gle  

ch a n n e l cu rren t and  h o ld in g  p o te n tia l over  th e range ± 70m V . T he m ean  

conductances (± S.D ) in  the presence o f  sym m etrical 450m M  and 150m M  KC1 are

299.7 ± 21.1 pS and 217.3  ± 9.4pS resp ectively . T hese values are calcu lated  from  

m easured currents in  the 4 d ifferen t channels in  the range ± 70m V .

A  m easurem ent o f  the reversal p otentia l in asym m etric KC1 solutions is show n in  

figu re  5.3. W ith a 3:1 KC1 gradient across the b ilayer ( m ,  450m M  KC1: t r a n s , 

150m M  KC1), the voltage at w h ich  n o  n et current flow s is fou n d  to be -2 4 m V .
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Figure 5.2

Current-voltage relationships in symmetrical KC1 solutions

Single channel cu rren t-vo ltage  relationships for channels bathed in  sym m etrical 

450m M  KC1 (A) and 150m M  KC1 ( • ) ,  5m M  H E P E S/T ris, pH  7.2. In both cases 

points are m ean values (± S .D ., n = 4). Error bars are sm aller than the sym bols. 

L ines w ere draw n by least squares regression .
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F ig u r e  5 .3

C urren t-vo ltage rela tion sh ip  in asym m etric KC1 so lu tion s

Single channel cu rren t-vo ltage relationship  w ith  a 3:1 KC1 gradient across the  

bilayer (c i s : 450m M  KC1: i r o n s : 150m M  KC1 (b u ffered  in both cases w ith  5m M  

H E P E S/T ris to pH 7.2). Points are m ean values (± S.D ., n=5) and error bars 

sm aller than the sym bols are not sh ow n . The fitted  regression line g ives a reversal 

potentia l o f  -2 4 m V .
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T his is in close agreem ent w ith  the reversal potential calculated from  the N ernst 

equation (equation 5, section  2 .5 .1) fo r  an ideally  m onovalent ca tio n -se lec tiv e  

channel under these cond itions (-2 8 m V ).

5 .4 .2  T he probability  o f  the IM  ch an n el being open

F igure 5.4B show s a p lot o f  Pq, the probab ility  o f  the channel being in  the open  

state, as a fu n ctio n  o f  the applied  h old ing  potential. Pq values w ere estim ated  by  

in tegrating steady state am plitude histogram s as described in section  2 .5 .2g  for  the 

channel illustrated in  fig u re  5 .4A . A t voltages from  -4 0 m V  to +60m V , the channel 

rem ains m ain ly  in  the open , con d u ctin g , state w ith  on ly  occasional closures 

observed . A s the h o ld ing  potential is m ade m ore negative the channel tends to 

close  dow n until at -7 0 m V  very  fe w  op en in gs occur.

T he tim e the channel rem ains in the open  state is found  to be u n a ffected  b y  the 

calcium  concentration  in  the bathing solu tions. The addition  o f  up to lOOmM 

C a C ^  or Im M  E G T A  to both c is  and t r a n s  cham ber solutions w ith  the channel 

bathed in  sym m etrical 450m M  KC1, 5m M  H E P E S/T ris, pH 7.2 produces no e f fe c t  

on single channel activ ity .

5 .4 .3  U se  o f  th e  IM K + channel as a  ’marker* for  fusion

T h e id en tifica tio n  o f  the m onovalent ca tio n -se lec tiv e  channel as described  above  

provided  a ’m arker’ fo r  fu sion  o f  the IM  vesicles. Sim ilar experim ents using  

vesic les from  the IM  w h ich  did n o t load w ith  oxalate (co llected  from  the  

0.25M :1.5M  sucrose in terface on the gradient, see section  2 .2 .4) have p rovid ed  no  

ev id en ce  for  activ ity  from  the K + channel.
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O nce fu sion  o f  the K + channel from  the oxalate loaded IM  was ach ieved , the 

cond itions in the c is  and t r a n s  cham bers w ere altered, by exchange perfusion , to 

those favouring  Ca^+ channel activ ity . T hus, in  26 experim ents, the c is  cham ber  

was perfused  w ith  a solu tion  com posed  o f  Im M  E G T A , 250m M  H E P E S/T ris, pH  

7.4. T he t r a n s  cham ber was then perfused  w ith  a solution  com posed o f  250m M  

HEPES adjusted  to pH  7.4 w ith  Ca(O H >2 (leaving the Ca^+ on the t r a n s  sid e o f  

the b ilayer as the on ly  sm all ion  present in  the system ). I n s ( l ,4 ,5 )P3 (5-10/xM ) was 

then added to the c i s  cham ber and the so lu tion  m ixed  thoroughly. B ilayer currents 

w ere then m onitored  at a range o f  h old in g  potentials. In 5 experim ents the c i s  and 

t r a n s  cham ber p erfusion  so lu tions w ere reversed and I n s ( l ,4 ,5 )P3 added to the 

t r a n s  cham ber. In all 31 experim ents no channel openings w ere observed under the 

cond itions described .

5 .5  O xalate load in g  o f  the m ixed  m em brane fraction

T he sam e oxalate loading m ethod used  to isolate the IM  subpopulation  was also  

applied  to the M M  fraction  (untreated  w ith  neuram inidase). T his procedure was 

carried out in  order to attem pt to iso late the sam e IM subpopulation  w ith  the 

om ission  o f  the CFE step. U n d er these cond itions, a m uch larger pellet o f  oxalate  

loaded m em brane was obtained (u n q u an tified  observation) than that found  w h en  

oxalate loading the p u rified  IM  fraction .

F usion  o f  vesic les  from  the oxalate loaded  M M  fraction  w ith  both charged and  

uncharged b ilayers (70% PE/30%  PS or 100% PE) in  KC1 solutions y ie ld ed  the SM  

channel described  in  chapter 4. T h ese  observations w ere corroborated b y  the  

appearance o f  actin  and m yosin  on  SDS polyacrylam ide gels o f  this m em brane
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fraction . A  pu rified  IM vesic le  fraction  clearly cannot be isolated by oxalate  

loading the M M  fraction .

5 .6  D iscussion

A s described  in chapter 3, the h igh ly  p u rified  p latelet intracellular m em brane  

fraction  prepared by C FE has been  show n to accum ulate Ca^+ in the presence o f  

A T P and release p re-load ed  Ca^+ fo llo w in g  the application  o f  I n s ( l ,4 ,5 )P3 . The  

latter process is thought to be in d u ced  b y  Ins( 1 , 4 , 5 ^  b inding to receptors lin k ed  

to Ca^+ channels in  the IM . T he prim ary aim  o f  experim ents carried out on  the 

IM  fraction  was therefore to attem pt to  id en tify  ind iv idual I n s ( l ,4 ,5 )P3 -sen sit iv e  

Ca^+ channels by reconstitution  in to  planar bilayers.

H ow ever, attem pts to fu se  p u rified  IM  vesicles id en tified  from  the CFE p rofile  

under a range o f  cond itions proved unsuccessfu l. T he fo llow in g  explanations for  

the d iff ic u lt ie s  encountered  w ere considered .

(1) vesic les from  the IM  fraction  w ere not fu sin g  w ith  the planar b ilayer, 

desp ite  the application  o f  con d ition s designed  to m axim ise the probab ility  

o f  fu sio n  occurring (i.e . large c i s : t r a n s  osm otic gradient, d ivalent cation s in  

the c is  com partm ent in  the presence o f  n egatively  charged p hospholip ids in  

the b ilayer, and e f f ic ie n t  stirring o f  the c is  cham ber solution  in  order to  

d eliver vesicles to the planar b ilayer).

(2 ) vesic les w ere fu sin g  w ith  the b ilayer, but these contained no channel 

proteins. T his explanation  seem s u n likely  in  v iew  o f  the observations o f  

N iles  and C ohen (1987) (see section  1.5.5b) that the presence o f  channels
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through w h ich  the osm oticant is perm eant, is necessary in the vesicle  

m em brane to allow  net sw ellin g  and vesicle  fusion .

(3) the low  d en sity  o f  channel proteins in the IM vesic le  fraction  was such that 

the probability  o f  ion ch an n el-con ta in in g  vesicles fu sin g  w ith  the b ilayer  

was extrem ely  low .

(4) ch an n el-con ta in in g  vesic les w ere fu sin g  w ith  the b ilayer, but channels w ere  

in activated  so that single channel activ ity  was not observed.

(5) channel currents w ere too sm all to  be resolved.

S ince the occurrence o f  fu sion  in  the b ilayer experim ents described  in  this thesis  

was m onitored  on ly  b y  the appearance o f  activ ity  from  reconstituted  channel 

proteins, the p ossib ility  o f  (1) and (2 ) (obviously) cou ld  not be tested. The  

p ossib ility  o f  (4) seem ed un lik ely  s in ce  application  o f  I n s ( l ,4 ,5 )P3 (5-10/zM ) in  

experim ents carried out in  barium  and calcium  did  not induce single channel 

activ ity . B ilayer conductance was unchanged  throughout and appeared as i f  no 

channels w ere present.

T he m ost lik e ly  explanations for  th e  lack o f  success in  these reconstitution  

experim ents w ere considered  to be eith er  (3) or (5), see above. T he p ossib ility  o f  

iso lating a subpopulation  o f  the IM  con tain in g  Ca^+ pum ps (and also the putative  

In s(l,4 ,5 )P ^ -a ctiv a ted  Ca^+ channel) w as investigated .
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Single channel experiments using oxalate loaded IM vesicles

2+A  subpopulation  o f  the IM  contain ing  Ca pum ps has been isolated by the 

application  o f  an oxalate loading procedure. V esicles from  this fraction  fuse w ith  

uncharged bilayers in  KC1 solutions. A  channel is obtained w hich  is ideally  

se lectiv e  for K + over C l-  (figu re  5.3) w ith  a single channel conductance o f  ~300pS  

in  sym m etrical 450m M  KC1 (figu re  5.2). The open probability  o f  this channel is 

in f lu e n c e d  b y  the a p p lied  v o lta g e  (f ig u r e  5 .4 ) , but is u n a ffe c te d  b y  the  

surrounding Ca^+ concentration . T he presence o f  Ca^+ in the solutions does not 

alter the cu rren t-vo ltage relationship  fo r  the channel in KC1, nor are Ca^+ 

currents through the channel observed  w h en  K + solutions are exchanged  for Ca^+ 

solutions. Thus Ca^+ ions do n ot perm eate the K + channel, nor does their presence  

regulate channel gating.

M uscle sarcoplasm ic reticu lum  is also know n to contain m onovalent ca tio n -  

se lective  channels. S ingle K + channels have been ex ten sively  studied  a fter the 

incorporation  o f  SR vesic les in to  planar bilayers (Coronado and M iller, 1979; 1980; 

1982; Coronado e t al., 1980; Labarca e t  al., 1980; Labarca and M iller, 1981; M iller, 

1982b; T om lins e t  al., 1984; C ukierm an e t  al., 1985; G ray e t  al., 1985; H ill e t  al.,

1989), and patch clam p m easurem ents have been  m ade from  reconstituted  

liposom es (T om lins and W illiam s, 1986) and sk inned  m uscle fibers (Stein e t  al., 

1989; Tang e t  al., 1989).

The single channel activ ity  d isp layed  by the p latelet IM  cation  channel is 

qualitatively  sim ilar to that observed w h en  native cardiac and skeletal m uscle SR  

K + channels are reconstituted  into planar bilayers or liposom es. T he single channel 

conductance o f  these channels is generally  large (in  the range ~150-300p S ); indeed
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they  have been term ed ’m axi’ K + channels (Latorre and M iller, 1983), and they are 

generally  h igh ly  se lectiv e  and voltage dependent. Further characterisation o f  the 

platelet IM  K + channel in term s o f  con duction  and blocking characteristics is 

required in order to present a m ore detailed  com parison o f  its properties to other  

endoplasm ic reticulum  K + channels.

T h e  K + ch an n els id e n t if ie d  in  m u sc le  SR  are b e liev ed  to act as charge  

com pensators for  the release o f  Ca^+ w h ich  causes m uscle activation  (M iller e t  a l ., 

1984). It is possib le that the m onovalent cation  channel id en tified  in  the p latelet 

IM  m ay also act as a charge com pensator for In s(l,4 ,5 )P ^  induced Ca^+ release on  

platelet activation . T his con ten tion  is supported by ev id en ce from  groups w orking  

w ith  other tissues. M uallem  e t  a l ., (1985) first ind icated  a relationship b etw een  

C d ? +  and K + transport system s in rough endoplasm ic reticulum  from  hepatocytes. 

T h ey  dem onstrated that the Ca^+ conductance activated  by Ins(l,4,5)P-^ requires an 

opposite  f lo w  o f  K + as a co u n ter -io n . Shah and Pant (1988) found  that 

In s(l,4 ,5 )P ^  induced  Ca^+ release in  m icrosom al fractions from  rat brain was 

in sen sitive  to a variety  o f  Ca^+ channel blockers, but was inh ib ited  by K + channel 

blockers such as tetraethylam m onium  (T E A ) chloride. T his again suggests that 

In s(l,4 ,5 )P ^  induced  Ca^+ release requires an opposite flo w  o f  K + ions and 

blockade o f  the K + m ovem en t underlies the in h ib ition  o f  Ca^+ release by T E A  in 

their experim ents.

Sim ilar experim ents to those dev ised  b y  Shah and Pant (1988) have been  carried  

out using the p u rified  p latelet IM  v esic le  fraction . IM  vesic les id en tified  fo llow in g  

CFE have been  incubated  in  KC1 m edium  in  the presence o f  A T P  and ^ C a ^ + at 

room  tem perature for  15 m ins. A fter  steady state Ca^+ uptake was reached, T EA  

(3m M ) was added and the m ixture incubated  for  a further 15 m ins. In s(l,4 ,5 )P ^
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(10/xM ) was then applied  and the Ca release m easured as described in  section  

2 .3 .3 . T hese experim ents have so far produced in con clu sive results (B. E ven d en , 

1989- prelim inary observations). S ingle channel experim ents dem onstrating T E A  

blockade o f  the p latelet IM  K + ch an n el, together w ith  the con clu sive b lock  o f  

I n s ( l ,4 ,5 )P3 induced  Ca^+ release in v esic le  ion flu x  experim ents, w ould  provide  

good ev id en ce  to support a p h ysio log ica l role for  the K + channel as a charge  

com pensator in the p latelet IM .

T h e  AT* c h a n n e l a s  a  m a r k e r  f o r  I M  f u s io n

E xten sive  characterisation  o f  the p latelet IM  m onovalent cation  channel has proved  

d iff ic u lt  due to the lo w  y ie ld  o f  oxalate loaded IM  vesic les obtained. T his channel 

w as m ain ly  used as a ’m arker’ fo r  fu sio n  o f  the IM . O nce the K + channel was 

id en tified  in  the b ilayer, the con d ition s surrounding the m em brane w ere altered to 

those favouring  Ca^+ channel activ ity .

Ion f lu x  experim ents have ind icated  that m ost o f  the IM  vesicles prepared b y  CFE  

are ’r ig h t-s id e -o u t’ sin ce  they  can be loaded  w ith  Ca in the presence o f  ATP; 

i.e . the outside o f  the vesic le  corresponds to the p latelet cytosol and the inside o f  

the vesic le  to the lum en o f  the DTS. S im ilarly  the oxalate loaded subpopu lation  o f  

the IM  consists o f  vesic les w ith  the ’correct’ orientation , since the Ca^+ pum p m ust 

be fu n ction a l in  order for  the iso la tion  m ethod to proceed. F usion  o f  oxalate  

loaded  vesic les w ith  planar bilayers in  KC1 solutions was therefore assum ed to  

y ie ld  K + channels orientated  such that the c is  cham ber represented the cytop lasm ic  

sid e  o f  the DTS. T hus, on ce  fu sio n  o f  the IM  was estab lished , cond itions w ere  

altered to g ive  a Ca^+ gradient from  t r a n s  to c is .  In s(l,4 ,5 )P ^  w as then added to 

the c i s  cham ber solution  and b ilayer  currents m onitored for channel openings

2+
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in d icating  d ivalent cation  m ovem ent from  the t r a n s  to the c is  cham ber. The  

c i s : t r a n s  cond itions w ere reversed in 2 experim ents in order to rule out the 

p ossib ility  that Ca^+ channels had fu sed  w ith  the bilayer in the opposite  

orientation . In s(l,4 ,5 )P ^  induced  channel activ ity  was not observed in any o f  these  

experim ents.

Ca^+ channels activated  by I n s ( l ,4 ,5)P 3 have been  su ccessfu lly  id en tified  in 

vascular sm ooth m uscle SR vesic les fo llo w in g  reconstitution  into planar b ilayers  

(E h r lic h  and  W atras, 1 9 8 8 ). SR  v e s ic le s  (p r e - t e s t e d  in  an a ssa y  fo r  

In s(l,4 ,5 )P -j-in d u ced  Ca^+ release) w ere incorporated into bilayers using a Cl" 

channel as a m arker for  fu sion . F o llow in g  fu sion , cham ber conditions w ere altered  

to g ive  a large t r a n s : c i s  Ca^+ gradient. In the presence o f  I n s ( l ,4 ,5 )P3 (1 -5 /iM  c is )  

Ca^+ channels have been  id en tified  w ith  a conductance o f  ~10pS w h ich  do not 

appear to be vo ltage-d ep en d en t. H eparin , w h ich  has been show n to b ind to an 

In s(l,4 ,5 )P ^  receptor fou n d  in the cerebellum  (Supattapone e t  a l ., 1988) and to 

in h ib it tension  d evelopm ent in sap on in -p erm eab ilised  sm ooth m uscle (K ob ayash i e t  

a l ., 1988) was found  to reduce I n s ( l ,4 , 5 )P3 induced  Ca^+ release from  aortic SR  

and in h ib it Ca^+ channel currents in bilayers w hen added to the c is  cham ber.

T he experim ental rationale applied  by E hrlich and Watras (1988) was essen tia lly  

the sam e as that used in the experim ents described in  this chapter, i.e.

(i) in itia l test for I n s ( l ,4 ,5 )P 3 in d u ced  Ca^+ release from  the m em brane v es ic le  

fraction  o f  interest.

(ii) the id en tifica tion  o f  a channel used as a ’m arker’ for  fu sion  o f  the 

m em brane fraction .
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( iii)  subsequent alteration  o f  recording solu tions, fo llow in g  vesicle  fu sion , to 

establish con d ition s favouring  Ca^+ channel activ ity .

H ow ever, w hereas an In s(l,4 ,5 )P ^  gated Ca^+ channel has been id en tified  in the 

SR  o f  vascular sm ooth m uscle , experim ents carried out on the p latelet IM  as 

described  in  this chapter, have not, to date, been so fru itfu l.

T he m ain d iff ic u lty  w ith  experim ents using the p latelet IM  fraction , as stated  

p reviou sly , has been  the low  y ie ld  o f  ’starting m aterial’. In two preparations the 

oxalate loading procedure was applied  to the M M  fraction  in  attem pts to separate  

the IM  fraction  conta in ing  Ca^+ pum ps w ith ou t the use o f  CFE. H ow ever, vesicles  

separated in  this w ay are fou n d  to conta in  the predom inantly an ion  se lective  

channel know n to orig inate in  the SM . This suggests the possib ility  that som e  

direct contact m ay ex ist b etw een  the D T S and SM  in  the p latelet, analogous to the 

structural relationship  b etw een  the ju n ction a l SR  and transverse tubules in  m uscle. 

M em brane separation by CFE m ay exc lu d e  such vesicles (containing both IM  and 

SM  elem ents) since on ly  se lected  fractionation  tubes along the CFE p rofile  are 

pooled  (see figu re  2 .2 ).

Future experim ents searching fo r  ev id en ce  o f  single channel activ ity  from  an 

I n s ( l ,4 ,5 )P3 regulated Ca^+ channel in  the p latelet m ust therefore con tin u e to 

utilise  the h igh ly  p u rified  IM  fraction  prepared by h igh -v o lta g e  CFE and loaded  

w ith  oxalate.
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Chapter 6
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6.1 S u m m ary

T his thesis contains the first b iop h ysica l characterisations o f  ion channel proteins 

in p u rified  hum an p latelet su rface and intracellular m em branes.

T he p roject has brought together tw o w ell developed  procedures to facilita te  sin gle  

channel recordings from  ion channels located  in  the tw o h igh ly  purifed  m em brane  

fractions.

(a) h ig h -v o lta g e  continuous f lo w  electrophoresis, w h ich  allow s the d ifferen tia l 

iso lation  o f  h igh ly  p u rified  p latelet surface and intracellular m em brane 

vesic les free  from  cross-con tam in ation , and

(b) a m ethod for  fu sion  o f  the vesic les w ith  artific ia l planar phopholip id  

bilayers a llow ing electrop h ysio log ica l recordings o f  ion  channel activ ity  

under voltage clam p cond itions.

I n v e s t ig a t io n s  so  fa r  h a v e  c o n c e r n e d  th e  d e ta ile d  c h a r a c te r isa t io n  o f  a 

predom inantly a n io n -se lec tiv e  channel from  the p latelet surface m em brane, and  

the id en tifica tion  o f  a m onovalent ca tio n -se lec tiv e  channel from  the intracellular  

m em brane. E xperim ents design ed  to id en tify  d ivalent cation currents through  

agon ist-activated  channels in the p la te let surface m em brane and I n s ( l ,4 ,5 )P3“gated  

channels in  the intracellular m em brane have also been attem pted.
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6 .1 .1  P la te le t  su rfa c e  m em b ran e  c h a n n e ls

A  predom inantly an ion se lectiv e  channel is observed fo llow in g  fu sion  o f  vesicles  

from  the p latelet surface m em brane. C hannels w ith  consistent and com parable  

con d u ction  characteristics are also fou n d  in the m ixed  m em brane fraction  (both  

treated  w ith  n eu ra m in id a se  or le f t  u n trea ted ). T he m em brane p u r if ic a tio n  

procedure therefore does not appear to alter the conduction  properties o f  the single  

channel protein.

E xperim ents have been  carried out to probe the conduction  behaviour o f  this 

channel. R eversal potentia l m easurem ents determ ined  in the presence o f  KC1 

gradients show  that although the channel is preferentia lly  selective  for  C l", it also 

has a perm eability  to K +. A  partial cation  perm eability  o f  this type is also 

exh ib ited  by other ’an ion’ channels in  a variety  o f  tissues. C ations as large as 

tetraethylam m onium  (T E A +) are fo u n d  to perm eate the p latelet SM  channel, 

im p ly in g  a m inim um  cross-section a l area for  the conduction  pathw ay o f  at least 

3 1 k 2 .

T he channel accepts all o f  the halides as w ell as a num ber o f  other an ions. A  

sequence o f  relative an ion  perm eabilities com paring various anions to Cl" has been  

m easured. T he channel appears to se lect betw een  anions according to their 

interaction  w ith  electr ic  charges or d ip o les and neighbouring hydrophobic groups 

w ith in  the channel.

Current through the SM  channel has b een  show n to be b locked by H EPES and Tris 

b u ffers  and, in m ost cases, by DIDS and SITS, w h ich  are know n inhib itors o f  Cl" 

transport proteins. A T P  and A D P also in d u ce an asym m etric b lock  o f  single
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channel current and m ay be acting  as large im perm eant anions from  one face o f  

the channel.

T he stochastic properties o f  this channel have also been investigated  to obtain  

in form ation  about p ossib le  gating m echanism s w hich  underlie channel opening and  

closing . The d istribution  o f  open  channel intervals can be described by a sin g le  

exp on ten tia l, w h ilst the d istribution  o f  closed  intervals is best described by the  

sum  o f  three exp on en tia l com ponents. Thus a m inim um  transition m odel is 

proposed w ith  (at least) one open  state and (at least) tw o closed  states. A  linear  

kin etic  schem e m ost lik e ly  describes the gating properties o f  this channel sin ce  no 

correlation  has been  fou n d  b etw een  su ccessive  closed  events.

T he nature o f  the characterisation  experim ents applied  to this channel has required  

the application  o f  relatively  extrem e p hysicochem ical cond itions on the channel 

protein  and hence in feren ces con cern in g  its possib le p h ysio logica l fu n ctio n  are 

d iff ic u lt  to m ake. T he application  o f  various agents know n to be im portant in  

platelet responses (e.g . throm bin, P A F , In s ( l ,4 ,5 )P3 ) have not, so far, shed  any  

further ligh t on a possib le physio log ica l role for  this channel.

Ion ic cond itions surrounding fu sed  SM  vesicles have been  m anipulated to attem pt 

to m onitor agonist induced  Ca channel activ ity  in  the surface m em brane. 

A lthough  ind irect ev id en ce  from  oth er workers in  the f ie ld  using flu orescen t  

probes suggests the presence o f  such channels in  p latelets, no sin gle  channel 

ev id en ce  from  the b ilayer experim ents reported in  this thesis has been  obtained.

9 .
T he recent publication  o f  A D P -e v o k e d  Ca channel currents in  patch clam ped  

platelets (M ahaut-Sm ith  e t  a l ., 1989) suggests that the patch technique m ay prove a 

m ore suitable m ethod for  in vestigation  o f  the properties o f  these channels.
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6 .1 .2  P la te le t  in tr a c e l lu la r  m em b ran e  c h a n n e ls

T he platelet intracellu lar m em brane is inaccessib le to patch pipettes and so sin g le  

channel recordings from  this m em brane are only possib le fo llow in g  incorporation  

o f  m em brane vesic les into planar bilayers. A  great deal o f  e ffo r t has therefore  

been  d evoted  to the reconstitu tion  o f  channel proteins from  this m em brane  

fraction . D iff ic u lt ie s  in  accruing single channel data have m ainly been due to the 

low  y ie ld  o f  m em brane prepared. F usion  o f  vesic les contain ing a m onovalent 

ca tio n -se lec tiv e  channel have on ly  b een  observed from  a subpopulation o f  the  

intracellular m em brane separated b y  an oxalate loading procedure. T his K + 

channel m ay provide a m echanism  fo r  charge com pensation  during ca lcium  

m ovem ents in to  and out o f  the p latelet intracellular m em brane, analogous to that 

fou n d  in the sarcoplasm ic reticu lum  o f  m uscle.

A lth ou gh  the IM  vesic les prepared fo r  these experim ents have been  sh ow n  to

2 4 -release p re-load ed  Ca on app lication  o f  I n s ( l ,4 , 5 )P3 , the putative channel 

responsib le has so far eluded  reconstitu tion  in bilayer experim ents.
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A P P E N D IX  A

Sources o f  chem icals used in experim ents (unless sp ec ified  in the text)

A ll reagents w ere o f  analytical grade w here possible and solutions w ere prepared  

in  Analar w ater (B D H ) or M illipore d istilled  water

A ldrich C hem ical Com pany L td .. U .K .

D IDS

B D H  C hem icals L td .. U .K .

acetic  acid , acrylam ide, agar, am m onium  persulphate, B aC ^ , brom ophenol b lue, 

C a C ^ , Ca(O H )2 » ch loroform , ch o lin eC l, C iocalteu’s phenol reagent, citric acid , 

CUSO4 , d eoxych o lic  acid , E D T A , E G T A , ethanol, F o lin , g lycerol, g lycin e , HC1, 

H EPES, h istid in e, K acetate, K B r, KC1, K C N , K F , K glu con ate, K H 2PO4 , K I, 

K O H , K N O 3 , K oxalate , K SC N , K 2SO4 , 13-m ercaptoethanol, m ethanol, M g C ^ , 

N aC l, N a2CC>3 , N aO H , N aPPi, N atartrate, SDS, sorbitol, sucrose, T E A B r, 

T E M E D , trich loroacetic acid , triethanolam ine, Tris, Z n C ^

C alb iochem  L td .. U .K .

A 23187

Sigm a C hem ical Com pany L td .. U .K .

A D P , antim ycin  A , aprotonin, A T P , bovine serum  album in, cytochrom e c, 

C oom assie b lue, n -d eca n e , g a llam in e-C l, N A D H , P A F , pepstatin  A , p h en y l-  

m eth an e-su lp h on yl flu orid e , SITS, su cc in y lch o lin e -C l, throm bin
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.Journal of Physiology, 410, 8 8 /\  1989]

Ion d iscrim ination  in  a predom inantly an ion -selective ch an n el from  
hum an platelet surface m em brane
By S. D. M a n n in g  and A. J. W il l ia m s . Department of Cardiac Medicine, Cardio- 
thoracic Institute, University of London, Dovehouse Street, London SW3 6LY, and 
Department of Biochemistry, Hunterian Institute, Royal College of Surgeons, Lincoln’s 
Inn Fields, London WC2A 3PN

We have recorded single-channel currents from a predominantly anion-selective 
channel derived from highly purified human platelet surface membrane (Semba & 
Williams, 1986). This channel has been reconstituted into planar phospholipid 
bilayers (70% phosphatidylethanolamine, 30% phosphatidylserine) by fusion and 
recorded under voltage-clamp conditions.

Reversal potential measurements determined in the presence of asymmetric 
KC1 solutions show that, although the channel is preferentially selective for Cl", K + 
is also permeant. With a 3:1 or 5:1 KC1 gradient across the bilayer (450:150 or 
750:150 mM-KCl; all solutions buffered to pH 7-2 with 5 mM-HEPES/Tris) the 
measured reversal potentials were -f-16 and +22 mV respectively. These are 
consistent with a Cl: K selectivity ratio of 4:1. Reversing the concentration gradient 
across the bilayer (150:450 mM-KCl) does not alter the selectivity ratio, indicating 
that the channel shows no asymmetry in C1:K discrimination. Cations as large as 
tetraethylammonium permeate the channel. Significant monovalent cation perme­
abilities have been reported for several other predominantly anion-selective channels 
(Blatz & Magleby, 1985; Franciolini & Nonner, 1987; Woll et al. 1987).

The relative permeabilities of various anions compared to Cl-  were estimated from 
reversal potential measurements with 450 mM-KCl on one side of the bilayer and the 
K+ salt of the test anion, A, at the same concentration, on the other. The order of 
relative anion permeabilities (in the presence of K+) is F" <  Cl" <  Br" <  I" 
< N 0 3" <  SCN", with the following permeability ratios (PA/PC1): F", 0*32; Cl", 
1-00; Br", 1*58; I", 1-76; N 0 3~, 2-23; SCN", 2-48, calculated according to the 
Goldman-Hodgkin-Katz equation.

This work was supported by grants from the MRC and the British Heart Foundation. We thank 
Professor N. Crawford for helpful advice.
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Conduction and Blocking Properties of a Predominantly Anion-Selective Channel from 
Human Platelet Surface Membrane Reconstituted into Planar Phospholipid Bilayers

S.D. Manning!! and A.J. Williams!
(Department of Cardiac Medicine, National Heart and Lung Institute, University of London, London SW3 6LY, and $ Department 
of Biochemistry, The Hunterian Institute, Royal College of Surgeons of England, London WC2A 3PN, United Kingdom

Summary. We have investigated the basic properties of a pre­
dominantly anion-selective channel derived from highly purified 
human platelet surface membrane. Single channels have been 
reconstituted into planar phospholipid bilayers by fusion of 
membrane vesicles and recorded under voltage-clamp condi­
tions.

The channel is found to have the following properties: (i) 
Channel activity occurs in bursts of openings separated by long 
closed periods, (ii) The current-voltage relationship is nonlinear. 
Channel current is seen to rectify, with less current flowing at 
positive than at negative voltages. Rectification may be due to 
asymmetric block by HEPES/Tris buffers. In 450 h i m  KC1, 5 m M  

HEPES/Tris, pH 7.2, the single channel conductance at -4 0  mV 
is — 160 pS and at +40 mV is —90 pS. (iii) The conductance- 
concentration relationship follows a simple saturation curve. 
Half maximal conductance is achieved at a concentration of 
— 1000 m M  KC1, and the curve saturates at a conductance of 
—500 pS. (iv) Reversal potentials interpreted in terms of the 
Goldman-Hodgkin-Katz equation indicate a C l: K permeability 
ratio of 4:1. (v) The channel accepts all of the halides as well as a 
number of other anions. The following sequence of relative anion 
permeabilities (in the presence of K+) is obtained: F" <  acetate- 
<  gluconate- <  Cl" <  Br“ <  I" < NO^ <  SCN". (vi) Cations as 
large as TEA+ are permeant, (vii) Current through the channel is 
blocked in the presence of DIDS, SITS and ATP, but not by 
Zn2+.

Key Words platelet surface membrane • lipid bilayer • anion 
channel • ion selectivity • block

Introduction

It is well established that anion and cation fluxes 
across platelet membranes play an important role in 
maintaining homeostasis and in the triggering of 
metabolic and functional responses initiated by ago­
nists and other platelet activating agents. Despite 
the obvious importance of these fluxes in platelets, 
our present understanding of their location, selec­
tivity, rates and magnitudes is somewhat limited. A

major reason for this has been the technical difficul­
ties encountered in applying conventional electro- 
physiological techniques to such small cells (2-4 
/xm diameter). Microelectrode impalement of plate­
lets has not been reported, and only one paper de­
scribing the successful patch clamping of platelets 
has been published to date (Maruyama, 1987). In 
this, whole cell currents were measured and some 
single channel data obtained using the cell-attached 
variation. A voltage-gated K+ channel with a con­
ductance of 9 pS was resolved.

Our approach to the study of ion channels in 
human platelets utilizes a well-characterized 
method for separating highly purified surface and 
intracellular membrane vesicles free from cross 
contamination using continuous flow electrophore­
sis (Menashi, Weintroub & Crawford, 1981). In this 
paper we report the reconstitution of a predomi­
nantly anion-selective channel from the surface 
membrane into preformed planar phospholipid bi­
layers and the basic characterization of its conduc­
tion and blocking properties.

The initial identification of this channel was com­
municated to the Physiological Society (Semba & 
Williams, 1986).

Materials and Methods

P r e p a r a t io n  o f  P l a t e l e t  M e m b r a n e s

The method for preparing highly purified human platelet mem­
branes essentially followed the procedures reported by Menashi 
et al. (1981). Human platelets were isolated by a differential- 
centrifugation procedure from fresh buffy-coat residue packs 
supplied by the Blood Transfusion Service Laboratories, Toot­
ing, London SW17, UK. Laboratory processing commenced 
within 3-4 hr of blood donation.
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The buffy coats were centrifuged at 200 x g for 20 min, and 
the platelet-rich plasma (PRP) was collected and pH adjusted to 
6.4 using citric acid. The platelets were then sedimented at 1,200 
x g for 20 min, resuspended in 10 mM HEPES' buffer, pH 6.2, 
containing 152 mM NaCl, 4.17 mM KC1, 3 mM EDTA, and incu­
bated at 37°C for 5 min. The suspension was then treated with 
neuraminidase (Sigma Grade X, affinity purified) at a concentra­
tion of 0.05 unit/ml for 20 min at 37°C. Treatment with neuramin­
idase at the whole cell level lowered the electronegativity of the 
surface membrane by removal of sialic acid groups, thus reduc­
ing its electrophoretic mobility. At the end of the incubation 
period the suspension was rapidly diluted 1:4 with 10 mM 
HEPES buffer (washing buffer), pH 7.2, containing 152 mM 
NaCl, 4.17 mM KC1, 3 mM EDTA and centrifuged at 1,200 x g 
for 15 min. The platelets were washed twice by resuspension in 
the washing buffer and finally resuspended in ice-cold 10 mM 
HEPES buffer (sonication buffer), pH 7.2, containing 0.3 m  sor­
bitol at a ratio of 4 ml buffer/g wet wt of cells. A protease- 
inhibitor cocktail containing 5 /xg pepstatin A/ml, 10 /xg soy­
bean Trypsin inhibitor/ml and 400 /x m  phenylmethane-sulfonyl 
fluoride was added to the cell suspension. The sample was then 
sonicated at setting 6 for 10 sec at 4°C using a Dawe sonicator 
with a 4 mm diameter probe. The sonicate was centrifuged at 
2,000 x g for 10 min at 4°C, the supernatant retained on ice and 
the pellet resuspended in sonication buffer. The sonication and 
centrifugation steps were carried out three times in all. The resul­
tant supernatants were combined and layered onto a linear sorbi­
tol gradient prepared from 1.0 and 3.5 m  sorbitol solutions, pH 
7.2, containing 10 mM HEPES and centrifuged at 42,000 x g for 
90 min at 4°C. A mixed membrane (MM) fraction, containing 
both surface and intracellular membrane vesicles, was located in 
the low-density region of the gradient. The fraction was removed 
and concentrated by centrifugation at 90,000 x g for 80 min at 
4°C. Membranes were either (i) resuspended in 0.4 m  sucrose, 5 
mM HEPES, pH 7.2, at a concentration of approximately 1-2 mg 
protein/ml for subsequent use in reconstitution experiments, or 
(ii) resuspended in electrophoresis chamber buffer (10 mM trie­
thanolamine, 0.4 M sorbitol, adjusted to pH 6.8 with acetic acid 
and then to pH 7.2 with NaOH) to a concentration of approxi­
mately 3-4 mg protein/ml. The latter MM fraction was applied to 
the chamber of a Bender Hobein VAP22 continuous-flow elec­
trophoresis unit operating at 160 V/cm, 80 mA with buffer flow 
conditions as described by Menashi et al. (1981). Two vesicle 
subpopulations were resolved; the more electronegative fraction 
represented intracellular membranes (IM), and the least electro­
negative peak represented surface membrane (SM) vesicles 
(modified by neuraminidase treatment). Separately pooled IM 
and SM fractions were centrifuged at 90,000 x g for 1 hr at 4°C 
and resuspended in 0.4 M sucrose, 5 mM HEPES, pH 7.2, to a 
protein concentration of 1-2 mg/ml.

In the experiments reported here vesicles from the mixed 
membrane (MM) (both neuraminidase treated and untreated) and 
surface membrane (SM) fractions were used. Aliquots were fro­
zen in liquid nitrogen and stored at — 80°C.

1 Abbreviations: HEPES, N-2-hydroxyethylpiperasine-N'- 
2-ethanesulfonic acid; EDTA, ethylenediaminetetra-acetic acid; 
Tris, tris(hydroxymethyl)aminomethane; TEA, tetraethylammo- 
nium; DIDS, 4,4'-diisothiocyanostilbene-2-2'-disulfonic acid; 
SITS,4-acetamido-4'-isothiocyanotostilbene-2,2'-disulfonicacid.

M e a s u r e m e n t  o f  S in g l e -C h a n n e l  A c t iv it y  
in  P l a n a r  P h o s p h o l ip id  B il a y e r s

Planar bilayers were formed by the ‘painting’ technique of Muel­
ler and Rudin (1969) using suspensions of 30 m M  phospholipid 
(70% phosphatidylethanolamine, 30% phosphatidylserine, sup­
plied by Avanti Polar Lipids, Birmingham, AL) in decane. A 
bilayer was formed over a 0.5 mm diameter hole separating two 
chambers containing aqueous solutions. Electrical connection 
was made to the chamber solutions via 2% agar glass bridges 
containing 3 m  KCI, and Ag/AgCI electrodes. High ionic strength 
salt bridges were used to minimize errors in the measurement of 
reversal potentials under mixed ion conditions (Cukierman, Yel- 
len & Miller, 1985). Platelet membrane vesicles were always 
added to the chamber, designated cis, which could be clamped at 
a range of holding potentials. The other chamber, trans, was held 
at ground potential. The clamp voltage was provided by a micro­
computer linked to a digital-to-analog converter. The current-to- 
voltage converter for measuring current through the bilayer used 
a feedback resistor of 10 GH (Miller, 1982). The current signal 
was displayed on an oscilloscope and stored on FM tape for 
subsequent analysis. The channel traces shown as illustrations 
(Figs. 1, 2A, IB, 8, and 9) were obtained by replaying recorded 
data onto a hot-pen recorder (Ormed MX216).

Platelet membrane vesicles were incorporated into pre­
formed planar bilayers by fusion. The conditions applied during 
these experiments were those generally reported by others to 
promote membrane vesicle fusion (Hanke, 1986), in particular, 
the presence of negatively charged phospholipids in the bilayer 
(phosphatidylserine was used throughout), an osmotic gradient 
across the bilayer and the presence of divalent cations in the cis 
chamber (to which membrane vesicles were added). Fusion con­
ditions were as follows: cis—450 m M  KCI, 1.0 m M  CaCl2, 5 m M  

HEPES/Tris, pH 7.2; trans— 150 m M  KCI, 5 m M  HEPES/Tris, 
pH 7.2. All solutions used in the experiments reported here were 
filtered through Millipore membranes (0.45 /xm pore size) prior to 
use. The cis chamber solution was mechanically agitated with a 
magnetic stirrer to increase the rate of fusion of vesicles with the 
bilayer. 5-10 /x 1 of platelet MM or SM vesicle suspension were 
added to the cis chamber, and fusion usually occurred within 5 -  
10 min. Unfused vesicles were perfused out using a peristaltic 
pump and ionic conditions in the two chambers altered as re­
quired. All experiments were carried out at room temperature 
(~22°C).

Current-voltage relationships were constructed by applying 
potentials at 10 mV intervals from +70 to -7 0  mV. For those 
experiments carried out in asymmetric solutions reversal poten­
tials (Ercv) were measured to the nearest mV, correcting for elec­
trode offset potential (range 1-3 mV) in each case. Anion/cation 
( P c \ / P k ) selectivity ratios and anion/anion (PJPa ) permeability 
ratios were calculated according to the Goldman-Hodgkin-Katz 
(GHK) voltage equation.

Results

C h a n n e l  R e c o n s t it u t io n  
in t o  P l a n a r  B il a y e r s

A predominantly anion-selective channel is ob­
served following fusion of vesicles from the mixed 
membrane fraction (either neuraminidase treated or
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Fig. 1. A single channel from platelet surface membrane reconstituted into a planar phospholipid bilayer as described in Materials and 
Methods. The recording was made at -4 0  mV in symmetrical 450 rmvt KC1, 5 m M  HEPES/Tris, pH 7.2, and is shown low-pass filtered 
at 500 Hz. An upwards deflection represents the channel opening. An expanded time scale trace is displayed (lower trace) to show the 
rapid closing events in more detail (note the different time calibrations for the two traces)

untreated) and the surface membrane fraction. Fu­
sion of vesicles from the inner membrane fraction 
does not yield the channel. As far as we can ascer­
tain from our experiments, the channel exhibits 
both qualitatively and quantitatively comparable 
characteristics when either MM or SM fractions are 
used. From this we surmise that (i) the channel pro­
tein originates from the platelet surface membrane 
and (ii) its properties are preserved following neur­
aminidase treatment and membrane purification by 
high voltage continuous-flow electrophoresis. The 
term SM channel is used throughout.

Figures 1 and 2A show representative record­
ings following incorporation of the SM channel into 
a planar phospholipid bilayer. Channels are bathed 
in symmetrical 450 mM KC1, 5 mM HEPES/Tris, 
pH 7.2, and recorded at the holding potentials indi­
cated. The lower trace in Fig. 1 shows channel fluc­
tuations in more detail at higher time resolution. 
The channel shows characteristic bursting behavior 
in which comparatively long ‘silent’ periods alter­
nate with ‘active’ periods.

Figure 2B shows the relationship between sin­
gle-channel current and holding potential over the 
range ± 70 mV in symmetrical 150 and 450 mM KC1 
solutions (buffered with 5 mM HEPES/Tris to pH 
7.2). The current-voltage relationship is nonlinear. 
Channel current is seen to rectify with less current 
flowing at positive than negative holding potentials. 
In symmetrical 450 mM KC1 a conductance of 159.4 
± 20 pS (mean ± s d , n = 12) is obtained at -4 0  mV 
and a conductance of 92.6 ± 19.7 pS (mean ± s d , n 
= 12) at +40 mV.

The dependence of the single channel conduc­
tance on the salt concentration is shown in Fig. 3.

Each point represents the mean conductance (± s d , 
n = 4 to 12 determinations) at -4 0  mV at a given 
KC1 concentration. The data could be fitted with a 
simple Michaelis-Menten type saturation curve. 
Half-maximal conductance is achieved at a concen­
tration of 1008 mM KC1, and the curve saturates at a 
conductance of 503 pS.

S in g l e  C h a n n e l  R e c t if ic a t io n

The effect of the buffering compounds (HEPES and 
Tris) on the degree of single channel rectification 
was investigated. Figure 4A shows the current-volt­
age relationship for the SM channel exposed to 
symmetrical 450 mM KC1 buffered with either 5 mM 
HEPES/Tris, pH 7.2 (‘standard’ conditions), 0.5 
mM HEPES/KOH, pH 7.2 (‘reduced HEPES’) or 5 
mM HEPES/KOH, pH 7.2 (‘no Tris’). In the ab­
sence of Tris, rectification appears slightly less than 
that obtained in ‘standard’ conditions (the HEPES 
concentration being the same in both cases). How­
ever, when the concentration of HEPES buffer is 
reduced tenfold, from 5 to 0.5 mM , current at posi­
tive holding potentials increases significantly and 
rectification is considerably reduced. In Fig. 4B, the 
mean conductance (G) measured at each holding 
potential under ‘reduced HEPES’ conditions is 
taken as G0app. The ratio G /G ^  is plotted with G 
values from either ‘no Tris’ conditions (V) or ‘stan­
dard’ conditions (A). In both of these conditions the 
HEPES concentration is the same (5 m M ), and in 
both cases blocking of single channel conductance 
is apparent. The degree of block is seen to increase 
as the holding potential is made more positive. With
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Fig. 2. (A) Platelet SM channel fluctuations at the holding potentials indicated on the left. 450 mM KC1, 5 mM HEPES/Tris, pH 7.2, cis 
and trans. The recording was low-pass filtered at 250 Hz. Traces at negative holding potentials have been inverted so that all channel 
openings are shown as upwards deflections. (B) Single-channel current-voltage relationship in symmetrical solutions of (□) 150 m M  and 
(O) 450 m M  KC1, 5 m M  HEPES/Tris, pH 7.2. Each point represents the mean ± s d  of 12 separate determinations. Curves were drawn 
by eye

the added presence of Tris buffer (‘standard’ condi­
tions), the apparent block is increased.

A n io n  v s . C a t i o n  S e l e c t iv it y

Reversal potential measurements determined in the 
presence of asymmetric KC1 solutions show that 
although the channel is preferentially selective for 
Cl- , K+ is also permeant.

Figure 5 (A) shows the single-channel current 
flow over a range of holding potentials with a 3 :1 
KC1 gradient across the bilayer (450 m M  KC1, 5 m M  

HEPES/Tris, pH 7.2 cis: 150 m M  KC1, 5 m M  

HEPES/Tris, pH 7.2 trans). The measured rever­
sal potential, +16 mV, deviates from that calculated 
from the Nernst equation for an ideally anion-selec­
tive channel under these conditions (i.e., +28 mV). 
The deviation from the Nernst potential does not 
vary significantly in size upon reversing the gradient 
across the bilayer. Figure 5 (V) shows the single­
channel current-voltage relationship with a 1 : 3 KC1 
gradient cis: trans (150 m M  KC1 c/s:450 m M  KC1

trans). The channel appears to show no significant 
asymmetry in cation/anion discrimination. Figure 5 
(□) shows the current-voltage relationship for ex­
periments carried out with an increased KC1 gradi­
ent of 5 : 1 cis : trans (750 mM KC1 cis : 150 mM KC1 
trans). There is a shift in the measured reversal 
potential to +22 mV. Under these conditions, the 
Nernst equation predicts a reversal potential of +41 
mV for an ideally selective Cl- channel. The results 
of all three reversal potential measurements are 
consistent with an anion/cation selectivity ratio of 
4:1 , as calculated from an appropriate version of 
the GHK voltage equation (see figure legend). The 
current measured in these experiments is therefore 
the resultant of the movement of both Cl- and K+ 
through the channel.

R e l a t iv e  A n i o n  P e r m e a b il it ie s  a n d  
C o n d u c t a n c e s

The relative permeabilities of various anions com­
pared to Cl- were estimated from reversal potential
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measurements with 450 mM KC1 in the traits cham­
ber and either 450 mM KF, KBr, Kl, K N 03, 
KSCN, K-acetatc or K-gluconatc in the cis cham­
ber. All solutions were buffered to pH 7.2 with 5

Fig. 3. Dependence of single channel conductance (G) on the 
KC1 concentration. All values were measured at -4 0  mV and 
points represent the mean ± s d  of 4 to 12 separate determina­
tions at each concentration. The curve was drawn according to 
the equation G/Gmax = ciK(aK + Kj), where Gmax = 503 pS and 
Kj  = 1008 mM

m M  HEPES/Tris. Figure 6 shows three of the cur­
rent-voltage curves obtained from these experi­
ments. The measured reversal potential for F~ is 
negative (-2 0  mV), indicating that F- is less per­
meant than Cl- . The reversal potentials for Br- and 
SCN~ are positive (+10 and +20 mV, respectively), 
indicating that they are accepted by the channel in 
preference to Cl- .

The Table summarizes the data from the anion 
permeability experiments in terms of permeability 
ratios. The sequence of relative anion permeabili­
ties (in the presence of K+) is as follows: F- <  
acetate- <  gluconate- < Cl- < Br- < I- <  NOf <  
SCN- .

The conductance at -4 0  mV of the above an­
ions (except acetate) was determined in a separate 
series of experiments. The mean conductance val­
ues (± s d ) are shown in the Table. Channels were 
bathed in symmetrical 450 m M  KA (where A is the 
test anion), 5 m M  HEPES/Tris, pH 7.2. Among the 
monovalent anions, nitrate has the highest conduc­
tance (198 ± 10 pS, n = 4) and gluconate the lowest 
(47 ± 4 pS, n = 3).

C a t io n  C o n d u c t a n c e

An inert, nonpermeant cation was sought to allow 
the measurement of anion current alone. An obvi­
ous candidate, tetraethylammonium, TEA+, was

I  (pA)

V (mV)

B

VOLTAGE (mV)

Fig. 4. The effect of HEPES/Tris buffers on single channel current. (A) Current-voltage relationships for single channels bathed in 
symmetrical 450 m M  KC1 and buffered as follows: (V) 0.5 m M  HEPES/KOH, pH 7.2 (‘reduced HEPES’); (□) 5 m M  HEPES/KOH, pH 
7.2 (‘no Tris’), or (O) 5 m M  HEPES/Tris, pH 7.2 (‘standard’ conditions, as for Fig. 2B). Each point represents the mean ± s d  forfour 
to 12 separate determinations. Curves were drawn by eye. (B) Relationship between G/G„app and voltage for the experiments shown in 
A. Experimental points are the ratios between mean conductances measured in the presence of (V) 450 m M  KC1, 5 m M  HEPES/KOH, 
pH 7.2 (‘no Tris’), or (A) 450 m M  KC1, 5 m M  HEPES/Tris, pH 7.2 ('standard' conditions). In both cases G„. values were measured in 
the presence of 450 m M  KC1, 0.5 m M  HEPES/KOH, pH 7.2 (‘reduced HEPES’). Lines were drawn by eye
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I (pA)

V (mV)

Fig. 5. Test for anion/cation selectivity. Single channel current- 
voltage relationships under the following conditions: [KC1] 
c /'.v: [KCI] t r i m s — (A) 450:150 h i m ; (V) 150:450 m M ;  (□) 
750: 150 m M .  All solutions were buffered with 5 m M  HEPES/ 
Tris to pH 7.2. Each point represents the mean ± s d  for three to 
10 separate determinations under each experimental condition. 
Curves were drawn by eye. The reversal potential, Ercv for a 3 : 1 
KCI gradient (A) is measured as +16 mV and for a 5:1 KCI 
gradient (□) as +22 mV. The anion/cation selectivity ratio 
is calculated from Pv\!Pk — [(n.e\p(El{.Jk) -  \)/(n -
exp(Erev/&))L where k = RT/F  and n is the cis: trans concentra­
tion ratio. Pci/P k for these experiments is 4

Table. Reversal potential shifts, Erev, are expressed with respect 
to control KCI solution11

Test anion Ercv PJPain) G («)
(mV) (pS)

Fluoride -20 0.32 (8) 77 ± 12 (4)
Acetate -17 0.35 (5) —

Gluconate -1 6 —b (10) 47 ± 4 (3)
Chloride 0 1.00 ( - ) 159 ± 20 (12)
Bromide + 10 1.58 (7) 175 ± 6 (4)
Iodide + 13 1.76 (4) 154 ± 20 (3)
Nitrate + 14 2.23 (8) 198 ± 10 (4)
Thiocyanate +20 2.48 (5) 189 ± 12 (4)

a In all experiments the trims chamber contained the control 450 
m M  KCI solution; the cis chamber contained the K salt of the test 
anion. A, at the same concentration. EKV represents mean values 
obtained from four to 10 experiments in each case. Permeability 
ratios are calculated from (Franciolini & Nonner, 1987); Erev = 
RT/F.\n[(PKaK + PC|flcl)], where aK, tiA and aa  are the activi­
ties of K+, A" and Cl- , respectively (taken from Robinson & 
Stokes, 1959). Pk/P ci is taken as 0.25 (see Fig. 5) and is consid­
ered to be independent of the test anion. 
h No activity value was available for gluconate.
Single-channel conductance, G, at -4 0  mV for channels bathed 
in symmetrical 450 m M  KA, 5 m M  HEPES/Tris, pH 7.2, where A 
denotes the test anion. Mean conductance values (from 3-12 
experiments) and standard deviations are shown.

I (pA)

V (mV)

Fig. 6. Comparison of anion permeabilities. Single channel cur- 
rent-voltage relationships with 450 m M  KCI in the t r im s  cham­
ber, and either (A) 450 m M  KF, (V) 450 m M  KBr or (O) 450 m M  

KSCN in the c is  chamber. All solutions were buffered with 5 m M  

HEPES/Tris to pH 7.2. Each point represents the mean ± s d  for 
five to eight separate determinations under each experimental 
condition. Curves were drawn by eye

tested but found to be permeant. Figure 7A shows 
the current-voltage relationships with a 3:1 KBr 
and a 3:1 TEABr gradient across the bilayer (cis, 
450 m M  K B r: trans, 150 m M  KBr or cis, 450 m M  

TEABr: trans, 150 m M  TEABr). From the reversal 
potential measurement in asymmetric KBr (+13 
mV), the K : Br ratio is calculated as 1:3. In asym­
metric TEABr, there is less apparent rectification 
and the current reverses at 0 mV, indicating that 
TEA+ and Br- are equally permeant. The single 
channel records shown in Fig. IB illustrate an alter­
ation in gating observed in asymmetric TEABr solu­
tions compared with that observed in KBr. In 
TEABr the channel remains predominantly in the 
open state with only occasional brief closures.

C h a n n e l  B l o c k  b y  DIDS, SITS a n d  ATP

Agents which have been used as inhibitors of Cl- 
transport proteins were applied to the SM channel; 
namely, DIDS and SITS (Cabantchik & Rothstein, 
1972, 1974; Russell & Brodwick, 1979; Miller & 
White, 1984; Nelson, Tang & Palmer, 1984; Hanra- 
han, Alles & Lewis, 1985) and zinc (Woodbury & 
Miles, 1973; Franciolini & Nonner, 1987). Figure 8 
shows current fluctuations from channels at holding 
potentials of -4 0  and +40 mV, recorded after sym­
metrical application of 100 ju,m  DIDS or SITS.
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Fig. 7. (A) Single channel current-voltage relationships under 
the following conditions: c is : trans—(V), 450: 150 mM KBr; (A) 
450: 150 m M  TEABr. All solutions were buffered with 5 m M  

HEPES/Tris to pH 7.2. Each point represents the mean of three 
separate determinations. Sample standard deviations are con­
tained within the symbols. Curves were drawn by eye. (B) Sin­
gle-channel records from the above experiments at -4 0  mV in 
asymmetric KBr (upper trace) and TEABr (lower trace). Record­
ings are low-pass filtered at 250 Hz. An upwards deflection repre­
sents channel opening

Openings at positive voltages are poorly resolved, 
and at negative voltages openings are noisy and 
burst durations appear to be shortened. At both 
positive and negative holding potentials the single 
channel conductance is reduced. The addition of up 
to 2 mM zinc symmetrically has no effect on the 
activity of the SM channel (data not shown).

The action of ATP on the SM channel was also 
investigated. Figure 9 shows the effect of 1, 3, and 5 
m M  ATP added to both cis and trans faces of a SM 
channel. In this case the rapid flickering block is 
seen only at negative holding potentials (-1 0  to -7 0  
mV) and appears to increase as the ATP concentra­
tion is raised. No effect is seen at positive potentials 
(+10 to +70 mV). Thus ATP appears to be effective 
only from the cis face of the channel. The ATP 
blocking effect is reversed when ATP is removed by 
perfusion (data not shown).

l Op a|

2sec

Fig. 8. The effect of DIDS and SITS on the platelet SM channel. 
All recordings were made in symmetrical 450 m M  KC1, 5 mM 

HEPES/Tris, pH 7.2, with 100 /im SITS or 100 fiM DIDS added 
symmetrically as shown. Current traces are shown low-pass fil­
tered at 150 Hz at +40 and -4 0  mV. Traces at negative holding 
potentials have been inverted so that all channel openings are 
shown as upwards deflections

Discussion

We report the basic characterization of a predomi­
nantly anion-selective channel found in the surface 
membrane of human platelets. The majority of fu­
sion events incorporate a single active channel into 
the bilayer. Using the criterion of the direction of 
rectification of the current-voltage relationship in 
symmetrical KC1 solutions, it is found that approxi­
mately 98% of insertions result in the channel being 
orientated in the same direction in the bilayer. No 
information is available concerning the initial orien­
tation of vesicles formed following membrane sepa­
ration and purification.

Channel activity occurs in characteristic bursts 
of openings (Fig. 1) often lasting several tens o f  
seconds. Bursts are separated by long closed peri­
ods, and closed intervals between bursts lasting >5 
min have been recorded. No subconductance states 
have been observed. A detailed analysis of the gat­
ing kinetics of this channel will be presented in a 
subsequent paper.
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Fig. 9. The effect of ATP on the platelet SM 
channel. Current traces shown are from a 
single experiment in which ATP was added to 
both cis and Irons faces of a channel bathed 
in symmetrical 450 m M  KC1, 5 m M  

HEPES/Tris, pH 7.2, to give the final ATP 
concentrations indicated. Recordings are 
shown low-pass filtered at 150 Hz at +40 and 
—40 mV. Traces at —40 mV have been 
inverted so that all channel openings are 
shown as upwards deflections

S in g l e  C h a n n e l  R e c t if ic a t io n

We observe single channel current rectification un­
der all ionic conditions applied to the channel, with 
more current flowing at negative holding potentials. 
This behavior was investigated by examining 
whether the presence of HEPES or Tris in our solu­
tions was related to the degree of rectification (Fig. 
4). It has been demonstrated by others that some 
anionic buffering compounds (including HEPES) 
may block chloride channels when applied in mM 
concentrations, e.g. in cultured Drosophila neu­
rones (Yamamoto & Suzuki, 1987) and smooth 
muscle cells (Soejima & Kokubun, 1988). Tris is 
also known to compete for cationic binding sites in 
Aplysia neurones (Ascher, Marty & Neild, 1978).

From the results in Fig. 4, we surmise that the 
rectification observed in our experiments is caused, 
for the most part, by the asymmetric blocking of 
current flow. HEPES blocks in a voltage-dependent 
manner, mainly from the trans face of the channel 
(i.e., at positive voltages) with Tris buffer also 
blocking, though to a lesser degree and presumably 
mainly from the cis face.

C o n d u c t a n c e  a n d  S e l e c t iv it y

The SM channel has a relatively high conductance: 
approx. 160 pS in 450 mM KC1 at -4 0  mV. With 
increasing KC1 concentration, the single channel 
conductance increases to a saturating value of ap­
prox. 500 pS. The conductance-concentration rela­
tionship follows a simple rectangular hyperbola ex­
pected for Michaelis-Menten kinetics (Fig. 3). 
There is no deviation from this relationship at a 
conductance o f three times the half-maximal con­

ductance (approx. 1000 mM ). Behavior of this type 
is typically, but not exclusively, found in channels 
that can be occupied by a single ion at a time 
(Lauger, 1973) and suggests the presence of a sa- 
turatable binding site within the channel. This is 
unlike the situation in VDAC, a large conductance 
nonselective channel in the mitochondrial outer 
membrane, where no saturation of conductance oc­
curs at up to 4 m  KC1 (Colombini, 1986) and ions 
move through the channel under electrostatic influ­
ences rather than via ion-binding sites.

Reversal potential measurements in asymmet­
ric KC1 solutions indicate that both K+ and Cl- per­
meate the channel (Fig. 5). Several other ‘anion’ 
channels have been shown to have similar signifi­
cant cation permeabilities. Blatz and Magleby 
(1985) found a small conductance anion channel in 
myotubules with a C l: K permeability ratio of 5 :1. 
Franciolini and Nonner (1987) measured a C l: Na 
permeability ratio of 5 :1 for a channel in hippocam­
pal neurons. Woll et al. (1987) report an estimated 
C l: Na ratio of 3.5: 1 for a high conductance chan­
nel in skeletal muscle. The mechanism of ion per­
meation through channels of this type may be com­
plex. Franciolini and Nonner (1987) have presented 
the only attempt to describe a possible mechanism. 
They postulate that anions and cations interact 
while passing through the hippocampal neuronal 
channel, and that cations will pass only when a per­
meant anion is present. This mechanism was tested 
in their experiments by replacing C\~ with SC>4~, 
which is impermeant, and observing no cation cur­
rent through the channel. We have no evidence for 
this sort of mechanism occurring in the platelet SM 
channel since all anions tested so far have been per­
meant, including SO^ (results not shown). Cations 
as large as TEA+ also pass through the SM channel
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(Fig. 7), implying that the channel has a very large 
cross-sectional area, at least 37 A2 (Coronado & 
Miller, 1982). TEA+ is found to be as permeant as 
Br_ from experiments in asymmetric TEABr (Fig. 
7/t), although the single channel conductance is 
considerably lower than in the presence of the same 
asymmetric concentrations of KBr. In TEABr the 
duration of channel openings is markedly increased 
(Fig. IB). Similar low conductance and prolonged 
openings have been reported for Cs+ conductance 
in the skeletal muscle sarcoplasmic reticulum K+ 
channel (Cukicrman et al., 1985).

Reversal potential measurements indicate that 
the relative permeability sequence for halide anions 
in the SM channel (see Table) corresponds to 
Eisenman’s (1965) first halide anion sequence. The 
same sequence has been observed in Cl- channels 
from the Schwann cell (Gray, Bevan & Ritchie, 
1984), vascular smooth muscle (Soejima & Koku- 
bun, 1988) and pulmonary epithelial cells 
(Schneider et al., 1985). The relative permeability 
sequence for all anions tested is approximately 
within the range of sequences described as lyo- 
trophic (see Dani, Sanchez & Hille, 1983).

C h a n n e l  B l o c k  b y  DIDS, SITS, a n d  ATP

In addition to asymmetric block by HEPES acting 
from the trans face of the channel, we have ob­
served block in SM channels by a number of other 
agents previously reported to block anion channels. 
The reactive disulfonic acid stilbenes (DIDS and 
SITS) are found to block from both sides of the 
channel when applied symmetrically (Fig. 8). These 
agents are known to block some Cl~ channels in­
cluding the low conductance channels of Torpedo 
electroplax and rabbit urinary bladder (Miller & 
White, 1984; Hanrahan et al., 1985) and the large 
conductance channels of A6 epithelial cells and uri­
nary bladder (Nelson et al., 1984; Hanrahan et al., 
1985). Block in the SM channel is characterized by 
a series of small noisy openings at positive voltages 
and shortened bursts containing rapid flickering 
events at negative voltages. This behavior is unlike 
the reported action of these agents on other anion 
channels; for example, DIDS is seen to eliminate all 
channel openings in the Torpedo electroplax and 
rabbit urinary bladder channels (Miller & White, 
1984; Hanrahan et al., 1985).

Zinc has been shown to block Cl" currents in 
other preparations (Woodbury & Miles, 1973; Fran- 
ciolini & Nonner, 1987). However, the SM channel 
is unaffected by the presence of up to 2 mM zinc 
applied to both cis and trans solutions.

The effect of ATP on the channel was investi­
gated since Maruyama (1987) applied mM ATP to

the pipette solution while patch clamping whole 
platelets to improve seal formation. No reference is 
made in the Maruyama paper to a Cl" channel, and 
we considered the possibility that it may have been 
blocked in his experiments. ATP has recently been 
reported to induce a flickery channel block in a non- 
selective channel in neonatal rat central neurones 
(Ashford et al., 1988). The effect of ATP on our 
channel is shown in Fig. 9. Very fast flickering 
events are seen at negative voltages, though no ef­
fect is observed at positive voltages. ATP appears 
to be blocking from the cis face of the channel with 
the degree of block increasing as the ATP concen­
tration is increased. A similar blocking effect is ob­
served with ADP applied symmetrically to the 
channel (results not shown). This suggests that ATP 
and ADP may be acting as large impermeant anions, 
but only from one face of the channel. The presence 
of 3 mM ATP, together with the lower anion con­
centrations applied by Maruyama (1987) may ex­
plain the absence of the channel reported here from 
his patch recordings. If this is the case, it would 
imply that the trans side of our channel would face 
the platelet cytosol.

It should be noted that the blocking effects of 
SITS, DIDS and ATP were not observed in all ap­
plications to reconstituted SM anion channels. In 
some cases no effect on channel activity was found 
(results not shown), despite increasing the concen­
tration of agent up to 10 mM. The blocking effect of 
SITS was observed in five out of eight applications; 
DIDS, three out of six and ATP, seven out of 10 
applications. These observations may reflect some 
heterogeneity in the SM channel population, though 
in all other conduction properties studied (e.g., con­
ductance and selectivity) channels that were sensi­
tive or insensitive to these agents were indistin­
guishable.

The platelet surface membrane anion channel 
described here would appear to belong to an in­
creasing class of ‘anion’ channels that also show a 
degree of cation permeability. As with other mem­
bers of this class, the physiological role of the plate­
let SM channel remains to be established.
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