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SUMMAR'~ 

Phospha t idy le thano lamine  in freshly drawn human erythrocytes  is t rh l i t ro -  
phenylated by 2, 4, 6- t r in i t robenzene sulfonic acid on].~, ' slowly alld to a l~laximum of 
32 ",>. After different pre incubat ion procedures  at 37 C in saline media in the absence 
of  glucose (24 h without  addit ive,  I 5 h with S mM hexanol or I 4 h with the SH 
reagent,  5 m M te t ra th iona te )  the rate of  subsequent  t r in i t rophenyhi t ion  of  phosphat i -  
dy le thanolamine ,  in the absence o1" the addit ives,  is greatl,< enhanced and the amount  
of phosphol ip id  react ing increased.  Glucose  or inosine prevent these effects, inhibi tors  
o1" glycolysis abol ish this protect ion.  

The results indicate that  in l'resh as ~ell a~, in glycol xsing incubated ervthrocytcs  
phosphat idy le thanolanf ine  in the outer  hiyer of  the membrane  lipid is shielded b\ a 
protein.  Conl 'ormat ional  changes of  this protein induced by n-ietabolic starvatiop,< and 
per turbing agents expose the phosphol ip id  head group to 2. 4. 6- t r in i t robenzcnc 
sul fonic acid. In addi t ion,  a " ' f l ip- t top" o f  phospilatidb, le thanohimine from the inner 
It) the outer  layer nlLt\ also cont r ibute  to the effects observed.  

IN TROI)tJ( ' I  ION 

It is general ly accepted today that tile matr ix  o f  tile erythroc~tc menlbranc" 
consists o1" a bihiyer o f  phosphot ip ids,  and that " ' in t r ins ic"  proteins are embedded 
into the hydrophob ic  core of  the bila).er [ I ] .  Furthermore.  there is considerable 
evidence that the arrangenlont o[" proteins ~lnd Iipids in this i l le l l lbranc is highly 
asx, mnlotr ic  [2]. On ly  a n l inor  part o1" ti le nlenlbrane protein is accessible l 'ronl the 
outside e l t h e  cell, as demonstrated wi th var ious hTlpermeabie reagents and pro tce ly i ic  
enzymes [2]. Most  o f  these proteins probably  span the membral ie. The m~tior g loup  
el" proteins has been sho~.n to be localized at the cytophtsmic side el" the menlbrane.  
A great parl  of  these proteins is easil b dissociated from the lipid domain ,  whereas the 

Abbic~ i~itions: TN BS. 2.4,6-1rinitrobcnzcnc sull'onic clc.id; I) FN B. ~.5 -dithio-bis-12-niilo- 
benzoic acid); PCM BS. p-h',.droxymcrcuri-phei~yl sulfonic acid. 
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remaining part is anchored strongly in the membrane by hydrophobic interaction 
with lipids and can only be solubilized by detergents [2]. An asymmetric distribution 
of the phospholipids in the erythrocyte membrane was lirst suggested [3, 4] on the 
basis o1" experiments in which the reactivity of the amino groups of phosphatidyl- 
ethanolamine and phosphatidylserine towards non-penetrating reagents, such as 
trinitrobenzene sulfonic acid (TNBS) and formylmethionyl (sulphone) methyl phos- 
phate, was tested. In contrast to cell ghosts, in the membrane of the intact erylhrocyte 
no phosphatidylserine and only one-third of the phosphatidylethanolarnine molecules 
could be labelled with these reagents. From these lindings it was concluded that 
phosphatidylethanolamine and phosphatidylserine are preferentially localized at the 
inside surlilce of the membrane [3, 4]. Recently more compelling evidence for such a 
phospholipid asymmetry has been obtained from experiments on the hydrolytic 
cleavage of the erythrocyte phospholipids by phospholipases [5]. 

At present nothing is known about the forces responsible for the asymmetric 
distribution of the phospholipids. Principally, the asymmetry might already originate 
from the biosynthesis of the phospholipids and their subsequent incorporation into 
the membrane as well as from secondary exchange of phospholipids between the 
plasma lipoproteins and the outer layer of  the membrane [6]. Preservation of the 
asymmetry could be due to specific lipid-protein interactions. 

In the present paper this latter possibility was studied. We tried to find experi- 
mental conditions under which the interactions of lipids and proteins is likely to 
become disturbed. The rate of the reaction of phosphatidylethanolamine with TNBS, 
assumed to be measure of its "'accessibility", was used as an indicator for such an 
alteration of lipid-protein interactions. A linkage of the observed effects to glycolytic 
metabolism in the erythrocyte could be demonstrated. 

MATERIALS AND METHODS 

Reagents. N-Ethylmaleimide, 5,5'-dithio-bis(2-nitrobenzoic acid) (DTNB),  
sodium iodoacetate and Na2S,~O~, were purchased from Merck AG, Darmstadt:  
p-hydroxymercuri-phenyl sulfonic acid (PCMBS)and  TNBS from Sigma, St. Louis, 
and phloretin from Roth, Karlsruhe. Dipyridamole was a gift of the Carl Thomae 
GmbH,  Biberach-Riss, phenopyrazone of Knoll AG, kudwigshafen. 

General incubation proce&{re. Erythrocytes from freshly collected, heparinized 
human blood were washed three times with 154 mM NaCI. One volume of the washed 
cells was then suspended in ten volumes of Medium A, containing (raM): KCI 90, 
NaC145, Na2HPO~/NaH2PO 4 10 and sucrose 44. The pH of the suspension was 
adjusted at 8.0 unless otherwise indicated. Medium A was chosen because incubations 
had to be carried out under conditions under which cation impermeability was im- 
paired. Media of this composition have been shown to prevent cation net movements 
in highly cation-permeable erythrocytes [7]. The erythrocytes were incubated under 
gentle agitation with wtrious reagents usually at 37 C in the absence or presence of 
glucose and metabolic inhibitors. Subsequently they were washed three times with 
Medium A and then exposed to TNBS. 

Reaction oJ'errthroc~tes with 7NBS. I vol. of erythrocytes was incubated at 
20 C and pH 8.0 with 10 vol. of Medium A containing 1.7 mM TNBS for 1 h unless 
otherwise indicated. The ,'eaction was terminated by addition of a small volume of 
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I M glycylglycine (pH 8.0) to the medium (final concentration 20 raM). The erythro- 
cytes were isolated by czntrifugation, washed and the lipids extracted according to 
Rose and Oklander [8]. The phospholipids were separated by thin-layer chromato- 
graphy on silica plates (Merck. Darmstadt,  No. 5715)using chloroform/methanol  
25 '!,, ammonia (65 : 30 : 4, v/v) for the development. The phosphatidylethanolamine 
that had reacted with TNBS could be directly localized because of its yellow colour. 
The other phospholipids were detected with molybdate spray. The trinitropheny[ 
phosphatidylethanolamine and phosphatidylethanohtmine spots were scraped from 
the plates and phosphate was determined as described before [9]. 

R ES U LTS 

( I ) E(/'ect q[24 h preiltcubazions on the trinitrophenylation oJ'phosphatidrlethanolamim, 
According to results obtained by Gordesky and Marinetti [4] phosphatidyl- 

ethanolamine in the membranes of freshly drawn erythrocytes reacts only slowly with 
TNBS at 20 C .  A maximum, obtained after about 20 h, of approx. 30",~, of the total 
phosphatidylethanolanline could be trinitrophenylated in their experiments wherea.s 
phosphatidylserine did not react at all. These findings were confirmed in our analyse.~. 
Fig. [ shows that the low reactivity was maintained when erythrocyles were incubated 
for 24 h at 37 C in plasma or in Medium A with glucose. In the absence ol'glucose. 
however, die reaction rate increased 10-fold under otherwise identical conditions. 
The maximal percentage of phosphatidyletlaanolamine reacting with TN BS (approx. 
30" . )  was not altered and phosphatidylserine remained completely unreactive. 
Hemolysis was always less than 2 ".. 

The protective elTect of glucose on nlembrane phosphatidylethanolamine 
amino groups indicated by these findings seems to be related toglycolytic metabolism. 
since inosine, which can replace glucose as ~t substrate of red cell energy supply [10]. 

L0 

3O 

w~20_ 

~-~o- 

/ a  GLUCOSE + FLUORIDE 

.I 
/ ' /  GLUCOSE + IODOACETATE 

~ ~-~@ GLUCOSE + ARSENATE 

~ ~  PLASMA _ ~i FRESH ERYTHROCYTES 

~/----INOSlNE GLUCOSE 

2 L 6h 

~EXPOSURE TO TNBS 

Fig. I. hlfluence of metabolic  substrates and inhibi tors  on the t r in i t rophenylat ion of  phosphatid>l- 
e thanolamine  in human erythrocytcs.  I ,  freshly drawn erythrocytes;  @, erythrocytes preincubated 
for 24 11 at 37 C i n  plasma. Erythrocytes preincubated for 2411 at 37 C i n  Medium A with: (~, no 
addi t ion;  O,  II mM glucose; A, 5 mM i n o s i n e : ~ .  II mM glucose i 10 mM NaF:  / , ,  II mM glucose 
. I mM iodoacetatc;  ,7, 11 mM glucose ~ 2 0 m M  arsenate. The media contained penicillin ( S m g  

100 ml) and s t reptomycin (20 rag/100 ml}. The pH was adjusted to 8.0 after aLtdition of the cells. 
but declined to 7.4 7.5 during the incubation.  After the incubation,  the erythrocytes were washed 
and exposed to TNBS Isee Materials  and Methods).  
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also maintained a low rate of TNBS binding. To further substantiate the significance 
of metabolism, glycolysis was inhibited with fluoride, iodoacetate or arsenate [11 13]. 
As is evident from Fig. I, the addition of these compounds completely abolished the 
protective action of glucose. In the light of such findings one may assume that glycolytic 
metabolism somehow protects phosphatidylethanolamine amino groups from TNBS. 
Lack of energy supply induces a "reorientation'" in the membrane which improves 
the accessibility or the reactivity of phosphatidylethanolamine. 

In order to elucidate the possible reasons of such a reorientation we studied 
the influence on TNBS binding of compounds likely to perturb hydrophobic lipid- 
lipid and lipid-protein interactions. 

(2) Effect of hexanol pretreatment on the tr&itrophenylation q[phosphatidylethanol- 
a n l i n e  

Aliphat ic alcohols are known to perturb l ipid- l ipid and l ipid-protein inter- 
actions [14-17]. They stabilize erythrocytes against osmotic lysis, cause a disordering 
of the membrane lipid phase [17], and inhibit facilitated transport processes [18, 19, 
26]. In our experiments we tested hexanol at a concentration of 8 mM. Cells were 
preincubated with hexanol at 37 C and then washed thoroughly in order to remove 
the alcohol. That hexanol can actually be removed from the erythrocyte membrane 
by this procedure was concluded from the complete reversibility of the hexanol effect 
on non-electrolyte perineability (Haest, C. W. M. and Deuticke, B., unpublished 
results). 

According to the data in Fig. 2, preincubation of erythrocytes with hexanol at 
37 ~C in the presence of glucose only produced a small initial enhancement of the 
trinitrophenylation of phosphatidylethanolamine, which did not increase on pro- 
longed hexanol treatment. This initial effect may be interpreted as a direct conse- 
quence of the binding of hexanol to the membrane, which is a rapid process [20]. 
Hexanol treatment in the absence of glucose, on the other hand, or in the presence of 
glucose and iodoacetate, greatly enhanced the reaction rate of TN BS with phosphati- 
dylethanolamine. Interestingly, at 20 C ,  a 3-h pretreatment with hexanol resulted in a 
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Fig. 2. Eft'oct o f h e x a n o l o l l t h e t r i n i t r o p h e n y l a t i o n  o fphospha t idy le thano lamine .  Erythrocytes were 
preincubatcd at 37 C for varying times (indicated in the ligurc) in Medium A (pH 8.0): dots, no 
addi t ion;  vertical lincs, 8 mM hexanol.  II mM glucose; diagomll  lincs. 8 mM hexanol, no glucose. 
After thc incubat ion the cells were washed four times with 20vol .  of  Medium A at 37 C a n d e x p o s c d  
tbr I h to TNBS (see Materials  and Methods).  



472 

labelling e l  only 6.5"<, o1" the total  phospha t idy le thano lamine ,  demons t ra t ing  ~l 
remarkable  tempera ture  dependence  o1" the hexanol- induced per turba t ion .  

The results described demons t ra te  that the effecl of  a hexanol pre t reatment  o1" 
erythrocytes  at 37 C in the absence of  glucose could not be reversed by simplc 
washings of  the cells with salt solutions.  However,  when after such washings the cells 
were incubated  in the presence of  inosine at 37 C For 2.5 h and subsequen tb  exposed 
Io TNBS for I h, the labell ing of  phospha t idy le thano lamine  decreased to 18.9 ",,. :is 
compared  to 27.8 <><, before the inosine t reatment .  In contrast ,  incubat ion with glucose 
had no effect (32.8 '><, t r in i t rophenyhi t ion  ), suggesting that after the 3-h pre t rea tmenl  
in the absence of  metabol ic  substrate  the erythrocytes  had lost, due to degrada t ion  o1 
ATP, the capaci ty  to phosphory la le  glucosc, but ~ere  still capable  o1" deriving meta- 
bolic energy from the phosphory ly t ic  cleawige o1" inosine. It can be concluded fronl 
these lindings that the effect o f  hexanol is s lowl \  reversible, provided that  metabol ic  
substrate  can still be utilized. 

(3) El/bet o/pretreatmefil wild SH reagents o,  the lri, itrop/w#l.rlatio#~ qtl~lmsl)l~atid!'l- 
elha#lo/a#tlim" 

In ano ther  a t tempt  to per turb  l ipid-protein interact ions membrane  proteins 
~ere  modified by pre incubat ion of  the erythrocytes  with SH-specit ic  reagents.  Accord-  
ing to the data  in Table I ,  pre t rea tment  of  ery throcytes  with DTNB had no effect on 
the react ion of phospha t idy le thano lamine  with TN BS, whereas iodoaceta te  s t imulated 
the etFect only slightly, a l though both reagents are able to react with the red cell 
membrane  [21, 22]. In contras t ,  the permeable  reagent N-e thyhnale imide  as well as 
the essential ly impermeable  reagent PCMBS [23, 24] and Fur the rmore te t r a th iona te  
s t rongly enhanced the rate of  t r in i t rophenyla t ion .  The most p ronounced  elfcct \~as 
observed with te t ra th ionate .  For  this reason, and because it did not induce hemolysis.  
t e t ra th iona te  was used in further investigation~. 

(a) Characteristics O/the lelralhio,ale el/eel. Tet ra th iona te  had it~ maximal  

T A B L E  I 

E F F E C t  OF P R K I N ( U B A T I O N  W I F t t  SH R E A ( I E N I S O N  T I t E  R E A C F I t ) N  ( )F  PHOSPHA-  
T I D Y I _ E T H A N O L A M I N E  W I T H  TNBS 

I~rythrocyics \sere preincubatcd \~ilh ihc SII  reagents in MediLim A (pH 8.0, ~7 ('1 for 3 h, i]lci/ 
,.\ashed three limes and exposed Io TNBS for I h {see Materials ;.llld Mcthodsi. 

R c a  g c n  t F'hosphaticlylethanolanlinc 
IrinitroDhcnylated V',.) 

Control .5.8 
DTN B 5 m M 6.0 
I odoacetatc I nl M I 0.7 
N'-ElhylnlalcimMc 10 nlM 28.4 
F'CM BS 0.5 mM 33.6 
Tetrathionatc 5 mM 42.7 
1 etrathionate 2(1 m M 44.0 
Tetrathionate 5 mM 46.1 

after 2 h DTNB 
<5 mM) 
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effect at 5 raM. Higher concentrat ions did not significantly enhance the labelling 
obtainable during a I-h exposure to TNBS. After a 4-h exposure to TNBS, subsequent 
to a 3-h preincubation with tetrathionate, however, up to 65 ',, of  the total phosphati-  
dylethanolamine were found to be trinitrophenylated without any significant hemol- 
ysis ( < 2 "i,). Whether this is the maximal amount  able to react could not be investi- 
gated, since further prolongation of  the incubation time led to hemolysis. Pretreatment 
of  the erythrocytes with DTNB did not inhibit the effect of  tetrathionate, indicating 
lhat the two SH reagents interact with different populations of membrane SH groups. 

Although unambiguous  data concerning the permeability of  the erythrocyte 
membrane to tetrathionate are not yet available, one may assume that a divalent anion 
of  this size at best penetrates slowly at pH 8.0 [25, 26]. The lack of  inhibitory influence 
of tetrathionate, a potent inhibitor of  the enzyme glyceraldehyde-3-phosphate de- 
hydrogenase [27], on glycolysis in intact erythrocytes [28] provides further evidence 
for this assumption. Finally, tetrathionate entering the cell at a slow rate should be 
reduced to thiosulfate immediately by intracellular reduced glutathione (GSH)  (ref. 
29, p. 250). Thus it is very likely that tetrathionate only acts on the outside of  the 
erythrocyte membrane.  

In order to test whether tetrathionate on the way to its site of  action uses the 
general pathway of  anions, we studied its effect on TNBS labelling under conditions 
known to interfere with anion transfer. In contrast  to the transfer of  divalent anions, 
which decreases at alkaline pH values [25, 26], the effect of  tetrathionate increased 
with pH (Fig. 3). This type of  pH dependence, which is characteristic for reactions 
involving SH groups (ref. 29, p. 94), supports  the assumption that tetrathionate reacts 
with such groups. 

Further experiments dealt with the influence o f  inhibitors of  anion transfer on 
the tetrathionate effect. As is evident from Fig. 4, the effect of  tetrathionate is strongly 
inhibited by amphiphilic compounds  like dipyridamole, phloretin and phenopyrazone.  

s0 t 

z w 

~ 3 0 -  
o~- 

20. ~44 Y//, 

10- -H, y//, 

pH 63 pH 7.4 pH 85-- 

Fig. 3. pH dependence of the tetrathionate effect. Erythrocyteswerepreincubatcd for 3 hwithletra- 
thionateat 37 Cill Medium A of varyingpH. After washing of the cells they were exposed for I h 
to TNBS at pH 8.0 (see Materials and Methods'). 
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Fig. 4. InllLienceofinhibitorsofanion Iransport on t ileletrathiomitecll"ccI, l-he reaction tend(tie(> 
~ere tile same as described in Fig. 3. except that the pH was 8.0. The inhibitors of anion transfer ~cre 
present during the incubation withtetrathionateatconcentrationso1"2.5. 10 4 M phloretin. 5. 10 s 
M dipyridamole or IO ~ M phenopyrazonc. 

known to inhibi t  the pene t r a t i on  o f  phospha te ,  sullEte and o the r  an ions  [25, 26]. 

F r o m  these results  one  might  conc lude  that  t e t r a t h iona t e  utilizes the an ion  t ransfer  

system. On the o the r  hand,  it has recent ly  been sugges ted  [30] that  such inhib i tors  

may  merely  inf luence in an unspecif ic  l i tshion the surface  potent ia l  o f  the e r y t h r o c y t e  

m e m b r a n e  and thus  b lock  the access o f  an ions  to the m e m b r a n e .  

In fur ther  s tudies dea l ing  with the possible  b ind ing  site o f  t e t r a th iona t e ,  the 

pro te ins  exposed  to the ou t e r  sur face  o f  the m e m b r a n e  were rood(lied by p ro teo lx t i c  

enzymes .  T r e a t m e n t  o f  e ry th rocy te s  with trypsin has been shown to c leave  the sialo-  

g lycopro te ins ,  whereas  p ronase  also a t tacks  the 95 000 da l ton  pro te in ,  which is split 

into a 65 000 and 35 0 0 0 d a l t o n  c o m p o n e n t  [31 ]. Tab le  I1 d e m o n s t r a t e s  a s l ightly s l im- 

I A B L E  II 

INFLUENCE OF PREINCUBATION WITH I'ROTEOLYTIC ENZYMES ON THE EFFECI 
( ) F T E T R A T H I O N A T I  L 

Eryihrocytes were incubaled in Medium A (I~H 7.4, 37 C) with trypsin (I mg,ml medium, 60 nlin) 
or  promise (0.2 nlglml medium. 30 rain), washed four times ~i th Medium A containing 1 ",> albumin 
alld thor exposed to TNBS for I h immediately or after further inctlbation of 3 h ill presence of 
Icirathionate Isee Materials :.llld Methods). 

Incubat ion condit ions 

E n z y l l l e  LxposLire to 
totrathiongitc (l l l in } 

Phosp halidylol.hanola mine 
li-init rophcnylatod (<>.) 

('ontrol 0 
IY$,psin 0 
PFOII:.ISe O 

( ' O l l l r o ]  1140 

Trypsin 180 
Proilasc 180 

4.5 
10.3 
11.9 
40.7 
42.2 
42.3 
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TABLE I11 

TIME DEPENDENCE AND REVERSIBILITY OF THE TETRATHIONATE EFFECT 

Erythrocytcs were incubated in Medium A (pH 8.0, 37 C J w i t h  5raM tetrathionatein the absence 
of glucose for the time periods indicated in the left column. After three washings ,aith Medium A, 
and a l \mher  incubation in Medium A (pH 8.0, 37 C) with or without cysteinc, as shown in lhe right 
column, the washed cells were exposed to TNBS for I h (see Materials and Methods). 

Incubation time (h i  Plaosphatidylethanolaminc 
trinitrophenylated (%) 

With Ietrathionate Without tetrathionate 

( a )  I 0 I 1.2 
(b) 2 0 25.4 
(c) 3 0 40.1 
(d) 4 0 45.9 
(el I 2 31.6 
( f )  I 2 ( i 5 mM cysteine) 18.0 
(g) 0 2 ( ! 5 mM cysteine) 12.3 

u l a t i n g  effect  o f  the  e n z y m e  t r e a t m e n t s  o n  the  r e a c t i o n  o f  T N  BS wi th  p h o s p h a t i d y l e t h a -  

n o l a m i n e .  T h e  effect  o f t e t r a t h i o n a t e ,  h o w e v e r ,  was  no t  r e d u c e d  u n d e r  these  c o n d i t i o n s .  

In  the  e x p e r i m e n t s  d e s c r i b e d  so far  a s t a n d a r d  i n c u b a t i o n  t ime  o f  3 h was  

used .  A c c o r d i n g  to the  d a t a  in T a b l e  III ( l ines  a - d ) ,  t he  effect  o f  t e t r a t h i o n a t e  ap -  

p r o a c h e d  a m a x i m u m  d u r i n g  th i s  t i m e  pe r iod .  In a d d i t i o n ,  T a b l e  III d e m o n s t r a t e s  

t h a t  f u r t h e r  i n c u b a t i o n  (37 ~'C, 2 h)  o f  t he  cells w i t h o u t  t e t r a t h i o n a t e ,  a f t e r  I h ex-  

p o s u r e  to  t e t r a t h i o n a t e ,  goes  a l o n g  w i th  a f u r t h e r  i nc rease  o f  the  ra te  o f  t r i n i t r o -  

p h e n y l a t i o n  o f  p h o s p h a t i d y l e t h a n o l a m i n e ,  as c o m p a r e d  to cells on ly  e x p o s e d  to  

t e t r a t h i o n a t e  fo r  I h ( l ine  a a n d  e). It is t h u s  l ikely t h a t  the  effect  o f  t e t r a t h i o n a t e  c an  

be s e p a r a t e d  i n t o  t w o  s teps :  (1)  B i n d i n g  o f  t e t r a t h i o n a t e  to  the  m e m b r a n e  a n d  (2)  

e n h a n c e m e n t  o f  T N B S  b i n d i n g  to  p h o s p h a t i d y l e t h a n o l a m i n e .  T a b l e  III ( l ines  e - g )  

f inal ly  p r e s e n t s  e v i d e n c e  t h a t  t e t r a t h i o n a t e  reac t s  wi th  SH g r o u p s  s ince  its effect was  

TABLE IV 

TEMPERATURE DEPENDENCE OF T H E T E T R A T H I O N A T E  EFFECT 

Erythrocytes were incubated in Medium A (pH 8.0, 37 C) with tetrathionate in the absence of 
glucose tbr the time periods and at the temperatures indicated in the left column. After three washings 
with Medium A the cells were again incubated in Medium A without glucose for the time periods and 
at the temperatures shown in the righl column. After another washing they were exposed to TNBS 
fo r  I h (see Mater ia ls  and Methods) .  

Incubation conditions 

With tetrathionate 

(a) 3 
{b) 3 
(c I 3 
Id) I 
(el I 
(f) I 

Phosphatidylethanol- 
amine trinitrophenyl- 

Without tetrathionate ated ("i,) 
Temperature ( C )  13 Temperature ( C )  

37 0 41.2 
20 0 4.0 
20 2 37 9.4 
37 0 11.2 
37 2 37 32.7 
37 2 20 10.5 
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I A B L I !  V 

I N F L U E N C E  O F  M E T A B O L I C  S U B S T R A T E  ( ) N  F t t E - f E T R A T H I O N A F E  E F F E C ]  

I : r y th rocy lcs  "acre exposed to 5 m M  tc t ra th ionalc  fo r  I h as described in ] a b l c  I \ ' .  except thai  i~ 

some incuba l ions  glucose (11 m M I .  inosine (5 r a M )  or  p,,rt l ' ,ate (10 m M I  ,acre present. The incuba- 
l ioil  t e m p e r a t u r c  ~',as 37 C.  

IllcLll~alioI1 

1 h ~ i i h  
Icl Fill h io11:.l [c 
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reversible in the presence of cysteine, although the latter itself slightly enhance~ lhc 
labelling of phosphatidylethanolan]ine. 

Changes of temperature considerably influence the effect of tetrathionate. 
As shown in Table IV, the labelling of" phosphatidylethanohlmine is almost abolished 
after lowering of" the temperature during tetrathionate treatment from 37 to 20 ('. 
Moreover, it beconles evident from this table that both steps of the tetrathionate 
effect are strongly temperature dependent (compare lines a, b and c for the first step 
and lines d, e arid f for the second one). 

(b) IHfluem'e o/ql.rcolrsis oH tile el/eel el lelrat/#ionale. In vie~, of the protective 
action of glucose against the "'reorientation" in the membrane induced by an incuba- 
tion of 24h at 37 C, and by hexanol, we also looked for relationships between 
glycolytic metabolism and the effect of tetrathionate. As shown in Table V. the 
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Fig.  5. Dependence  o f  the tetrathionate  ell 'cot on  g l y c o l s l i c  n l e t a b o l b ,  m.  E r } l h r o c y t e s  ~ e r e  p r e i n c t i -  
b a t e d  for 3 h in M e d i t l m A  ( p H 8 . 0 .  37 C )  c o n t a i n i n g  5 r a M  tetrathionate .  C o n c e n t r a t i o n s o f s u h -  
s t r a f e s  and inhibi lors:  G l u c o s e ,  I I m M z i n o s i n c ,  5 r a M :  s o d i u m i o d o a c e l a t e .  1 r a M :  N a t - .  10 r a M .  

After ',,<ashing o f  the cells they \,,ere exposed  to T N B S  for  I h (see Materials  and M e t h o d s L  
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presence of glucose during the exposition of the cells to tetrathionate almost com- 
pletely prevented the effect. Consequently, binding of tetrathionate may be regarded 
as a process somehow related to the metabolic integrity of  the erythrocyte. This notion 
is further borne out by the results in Fig. 5, demonstrating that even during a 3-h 
preincubation with tetrathionate, glucose as well as inosine almost prevented the 
tetrathionate effect. The protective effect of  glucose could be abolished by inhibitors 
of glycolysis. 

On the other hand, the presence of glucose during a 2-h incubation of the cells 
without tetrathionate, subsequent to a l-h tetrathionate treatment (Table V), only 
slightly reduced the effect of tetrathionate. Inosine, and in particuhlr inosine plus 
pyruvate, under the same conditions brought about a more pronounced reduction of 
the effect oftetrathionate.  Obviously, inosine plus pyruwite provide the best protection 
against TNBS binding. This observation may suggest that reduced nicotinamide 
adenine dinucleotide coenzymes (NADH,  NADPH)  are not required for the protec- 
tion, since the levels of the coenzymes fall to extremely low values under these 
conditions [32, 33]. 

DISCUSSION 

Phosphatidylethanolamine in freshly drawn human erythrocytes reacts slowly 
and only to a limited extent with an impermeable [34] amino-reactive agent such as 
TNBS. The results presented in this paper provide new information concerning the 
structural basis of  this phenomenon. As could be demonstrated, incubation of ery- 
throcytes without glucose, either in Medium A for 24 h at 37 'C, or with hexanol 
for I 5 h at 37 :C, or with tetrathionate for 1 4 h at 37 "C, strongly enhances the 
rate of  the reaction of phosphatidylethanolamine with TNBS and also increases the 
percentage of labelled phosphatidylethanolamine. Under all three conditions, this 
effect is prevented by addition of metabolic substrates such as glucose or inosine. 

In the light of the findings presented above it seems likely to us that changes in 
the accessibility of phosphatidylethanolamine are involved. This concept is further 
supported by preliminary results demonstrating that under all those conditions, 
which lead to an increase in the rate of its reaction with TNBS, phosphatidyletha- 
nolamine is also attacked more rapidly and to a higher extent by phospholipase A, 
from Na/a Nqia. 

As a preliminary interpretation we propose that the increase in accessibility ot 
phosphatidylethanolamine results from changes of  its arrangement in the membrane 
secondary to a perturbation of lipid-protein interactions normally "stabilized" by 
glycolytic metabolism. A perturbation of lipid-lipid interactions can probably be 
excluded since neither tetrathionate and N-ethylmaleimide, nor alcohols should 
have an effect on such interactions lasting after removal of the perturbant. A require- 
ment of metabolic energy for the maintenance of a normal phospholipid arrangement 
has quite recently also been described for chicken and toad erythrocytes [35]. 

Although different molecular events may be involved, it seems possible that per- 
lurbation of the same protein is responsible for the effect observed under our various 
experimental conditions. Prolonged incubation of erythrocytes without glucose al 
37 C in Medium A leads to energetic starvation. This may result in the spontaneous 
oxidation of membrane protein-SH groups [36] or the cleavage of phosphoproteins 
[37-39] which may be required for the maintenance of membrane stability. 



478 

As concerns tetrathionate, several authors have presented evidence that it reacts 
with SH groups of enzymes [27, 40, 41]. Alter initial formation of a sulfenylthi- 
osulfate, disulfide bridges are formed. Such a two-step mechanism would be in line 
with our observations on the action of tetrathionate on the red cell membrane (cf. 
Table l I I): After binding of tetrathionate to a membrane protein as a sulfenylthi- 
osulfate, the slow formation of disulfide bridges might alter the conformation of 
this protein, thereby release phosphatidylethanolamine from its normal interaction, 
and render it more accessible towards TNBS. 

In contrast, it is not very likely that hexanol directly induces oxidation of SH 
groups, although an indirect enhancement of spontaneous oxidation processes cannot 
be excluded. On the other hand, the pretreatment of erythrocytes with hexanol max 
induce a slowly reversible disturbance of the same lipid-protein interaction affec- 
ted by tetrathionate or by preincubation at 37 C ['or 24 h. 

The mechanism by which glycolytic metabolism prevents the protein perturba- 
tion induced by tetrathionate or hexanol remains to be elucidated. One has to consider 
either the energy-dependent maintenance of SH groups in the reduced state or the 
formation of phosphoproteins as the most likely pathways of energy input into 
membrane proteins. The data given in Table V may be interpreted in terms of the 
latter possibility. 

Concerning the nature of the protein involved it seems relevant to consider the 
other known effects of tetrathionate on the erythrocyte membrane, namely inhibition 
of the facilitated diffusion of glucose [42] and enhancement of cation permeability 
[43]. Interference with the glucose transfer system can be excluded as explanation 
on the basis of the observation of Bloch [42] that tetrathicnate also binds to this 
carrier system at 25 C and in the presence of glucose. Under these conditions we did 
not find any effect of tetrathionate. The most likely candidate ['or the interaction 
with phosphatidylethanolamine would be one of the proteins which span the erv- 
throcyte membrane [2] since, on the one hand, tetrathionate may be assumed to act 
on the outer surface of the erythrocyte only, whereas, on the other hand, the protec- 
tion against tetrathionate, which depends on metabolic energy supply, should take 
place predominantly at the inner-membrane surface. The persistence of the effect 
of tetrathionate after treatment with pronase, which attacks a large fraction of mem- 
brane-spanning proteins [31 ], may indicate that the reagent interacts with SH groups 
in the vicinity of the hydrophobic segment of the membrane-spanning p,'oteins. 

After exposure of erythrocytes to tetrathionate, up to 65 ",, of phosphatidyletha- 
nolamine can react with TNBS under suitable conditions. This amount is ranch 
higher than the 20-30~I,, of phosphatidylethanolamine supposed to be in the outer 
half of the lipid bilayer [4. 5]. The following explanations for this apparent incon- 
sistency have to be considered: (1) Part of the phosphatidylethanolamine in the 
outer half of the bilayer is normally screened by protein and becomes accessible to 
TNBS only after tetrathionate: (2) TNBS penetrates to the inner leaf of the bilayer 
after tetrathionate. (3) Pbosphatidylethanolamine moves from the inner to the outer 
layer by a "'flip-flop'" mechanism as a consequence of tetrathionate-induced con fo f  
mational changes of a protein which normally keeps phosphatidylethanolamine to 
the inner layer. 

The first possibility seems rather unlikely since it would require that more than 
50'!i, of the phospholipids are present in the outer layer of the red cell membrane. 
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This  a r g u m e n t  is based on  e x p e r i m e n t s  wi th  p h o s p h o l i p a s e s  [5], s h o w i n g  tha t  in the 

in tac t  e r y t h r o c y t e  a m a x i m u m  of  50°~] o f  the phospho l ip id s ,  t heore t i ca l ly  expec t ed  

to be in the ou t e r  par t  o f  the l ipid bi layer ,  is hydro lysed .  These  50 ?i' howeve r ,  
c o m p r i s e  only  20 "~i o f  the total  p h o s p h a t i d y l e t h a n o l a m i n e .  

The  second  possibi l i ty  c a n n o t  be f u l l y e x c l u d e d  at the m o m e n t ,  a l t h o u g h  it is not  

very l ikely to a c c o u n t  for  the increased  labe l l ing  in v iew o f  the f o l l o w i n g  two  reasons :  

First ly,  we cou ld  no t  d e m o n s t r a t e ,  by s p e c t r o p h o t o m e t r i c  t e chn iques  a n a l o g o u s  to 

those  e m p l o y e d  by T a r o n e  et al. [44], an e n h a n c e d  b ind ing  at 20 ' C  of  T N B S  to 

h e m o g l o b i n  in e ry th rocy te s  p re t rea ted  with t e t r a th iona te .  This  f inding,  however ,  

does  not  exc lude  the pene t r a t i on  o f  very  small  a m o u n t s  o f  T N B S  to the inner  sur face  

o f  the m e m b r a q e .  Secondly ,  p h o s p h a t i d y l e t h a n o l a m i n e  in t e t r a t h i o n a t e - p r e t r e a t e d  
e ry th rocy te s  is a lso hydro lysed ,  as m e n t i o n e d  above ,  to a m u c h  h igher  ex ten t  by 

p h o s p h o l i p a s e  A2,  an  e n z y m e  most  ce r ta in ly  not  pene t r a t i ng  to the inner  sur face  

o f  the lipid bi layer.  In the l ight  o f  this la t te r  l inding we are present ly  tes t ing the 

th i rd  possibi l i ty,  name ly  a t e t r a t h i o n a t e - i n d u c e d  r ed i s t r ibu t ion  o f  p h o s p h a t i d y l -  

e t h a n o l a m i n e  be tween  the inner  and  the ou t e r  leaf  o f  the m e m b r a n e  l ipid bi layer ,  

us ing va r ious  phospho l ipa se s  as a tool  to d e m o n s t r a t e  changes  in the access ibi l i ty  

o f  the di f ferent  p h o s p h o l i p i d  classes in t e t r a t h i o n a t e - t r e a t e d  e ry th rocy tes .  

ACKNOWLEDGEMENTS 

This  w o r k  was s u p p o r t e d  by the D e u t s c h e  F o r s c h u n g s g e m e i n s c h a f t  ( S F B  160 

" 'E igenschaf t en  b io log i scher  M e m b r a n e n " ) .  The  skilful  and d e v o t e d  technica l  
ass i s tance  o f  Mrs  G.  Plasa is g ra te fu l ly  a c k n o w l e d g e d ,  

REFERENCES 

I Singer, S. J. (1974) Annu. Rev. Biochem. 43, 805 833 
2 Steck, T. L. (1974) J. Cell Biol. 62, 1-19 
3 Bretscher, M. (1972) Nat. New Biol. 236, 11-12 
4 Gordesky, S. E. and Marinetti, G. V. (1973) Biochem. Biophys. Res. Commun. 50, 1027 103[ 
5 Verkleij, A. J., Zwaal, R. F. A., Roelofsen, B., Comfurius, P., Kastetijn, D. and Van Deenen, L. 

L. M. 11973) Biochim. Biophys. Acta 323, 170 193 
6 Zwaal, R. F. A., Roe[ofsen, B. and Colley, C. M. (1973) Biochim. Biophys. Acta 300, 159 182 
7 Poensgem J. and Passow, H. (1970) J. Membrane Biol. 6, 210 232 
8 Rose, H. G. and Oklander, M. (1965) J. Lipid Res. 6, 428 431 
9 Gerlach, E. and Deuticke, B. (1963) Biochem. Z. 337, 447-479 

10 Nakao, M. ([974) in Cellular and molecular biology oferythrocytes (Yoshikawa, H. and Rapo- 
port, S. M.. eds), p. 36, Urban und Schwarzenberg, Mfinchen 

11 Warburg, O. and Christian, W. (1941) Biochem. Z. 310, 384-392 
12 Volk, F. N. 11959) J. Biol. Chem. 234, 2443 2447 
13 Needham, D. M. and Pillai, R. K. (1937) Biochem. J. 31, 1837-1841 
14 Colley, C. M. and Metcalfe, J. C. (1972) FEBS Letl. 24, 241 246 
15 Colley, C. M., Melcalfe, S. M., Turner, B. and Burgcn, A. S. V. (1971) Biochim. Biophys. Acta 

233, 720 729 
16 Paterson, S. J., Butler, K. W., Huang, P., Labelle, J., Smith, I. C. P. and Schneider, H. (1972~ 

Biochim. Biophys. Acta 266, 597 602 
17 Seeman, P. 11972) Pharmacol. Rev. 24, 583 655 
18 Hunter, F. R., George, J. and Ospina, B. (1965) J. Cell. Comp. Physiol. 65, 299 311 
19 Lacko, L., Wiltke, B. and Geck, P. (1974) J. Cell. Physiol. 83, 267 274 
20 Seeman, P., Roth, S. and Schneider, H. (1971) Biochim. Biophys. Acta 225, 171 184 



480 

21 Bide, R. W. and Myers. D. K, (1967) Can. J. Biochem. 45, 19 29 
22 Chan, P. C. and Rosenblum, M. S, 11969) Proc. Soc. Exp. Biol. Med. 130, 143 145 
23 wm Stevenmck, J.. Weed, R. I. and Rothstcin. A. ~1965) J. Oen. Physioh 48. 617 632 
24 Knauf, P. A. and Rothsteim A. (1971) 3. Gem Physiol. 58, 211 223 
25 Deutickc, B. (1970) Naturwissenschaften 57, 172 179 
26 Schnell, K. F. (1972) Biochim. Biophys. Acta 282, 265 276 
27 Pihl, A. and Lange. R. (1962) J. Biol. Chem. 237. t356 1362 
28 Duhm. 3., Deuticke, B. and Oerlach, E. (1969) Hoppe-SeylersZ. Physiol. Chem. 350, 1008 10t6. 
29 Joceleyn, P. C. (1972)in Biochemistry of  the SH groups, Academic Press, 1,ondon 
30 Schnell, K. F. (1974) Habilitationsschrift, Regensburg 
31 Cabantchik, Z. I. and Rothstein. A. (1974) J. Membrane Biol. 13. 227 248 
32 Beutler, t.:,. and Ouinto. E. (1974) Enzyme 18. 7 18 
33 Jacobasch, G., Schewe, Ch. and Rapoport .  S. (1973) in. Erythrocytes, l h rombocy tes  and Lcuko- 

cytcs. Recent Adwmces in Membrane and Metabolic Research (Gertach, E., Moser, K., Deutsch. 
E. and Wilmans. W.. eds), pp. 131-135, G. Thiemc, Stuttgart 

34 Bonsall, R. W. and Hunt, S. (1971) Biochim. Biophys. Acta 249, 281 284 
35 Gazitt, Y., Ohad. I. and Loyter, A. (1975) Biochim. Biophys. Acta 382. 65 72 
36 Zipursky. A.. Stephens. M., Brown, E. J. and Larsen, A. (1974) J. Clin. In,.est. 3, 805 812 
37 Avruch, J. and Fairbanks, G. (1972) Proc. Natl. Acad. Sci. U.S, 69. 1216 1220 
38 Roses, A. D. and Appel, S. H. (1973)J. Biol. Chem. 298. 1408 1411 
39 Rubin. C. S. and Rosen. D. M. (1973) Biochem. Biophys. Res. Commun.  50, 421 429 
40 Parker, D. J. and Allison, W. S. {1969) 3. Biol. Chem. 244, 180 189 
41 Liu. T. Y. (1967) J. Biol. Chem. 242, 4029 4032 
42 Bloch. R. (1974)3. Biol. Chem. 249, 1814 1822 
43 Gardos, (5. and Sz~,sz, 1. (t973) in Erythrocytes, Thrombocytes and Leukocytes. Recent Adwmces 

in Membrane and Metabolic Research IOerlaeh. [z.. Moser, K.. Dcutsch, E. and Wilmans. W.. 
eds), pp. 31 33. G. Thieme, Stuttgar¿ 

44 Tarone. (i.. Prat, M. and Comoglio. P. M. (1973i Biochim. Biophys. Acta 31 I, 214-221 


