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~UMMARY 

I. The effect of isolated membrane  components  and normal  cytosol  cons t i tuents  
on lysis of ra t  e ry th rocy tes  bv synthet ic ,  palmitoyl- t l ,L-carni t ine ,  pa lmi toy[  choline 
and ( i -pa lmi toy l ) - lyso lec i th in  were studied.  

2. A number  of these cons t i tuents  were found to act as modifiers of hemolyt ic  
ac t iv i ty .  Their  ac t ion as inhibi tors  or accelerators  were highly dependent  on the  order  
with which e ry throeytes ,  lvsin and  modifier subs tance  were added  to cons t i tu te  the  
lvsis test .  

3- Pre incubat ion  of the lvsin with anv one membrane  component  prior to erv- 
th rocv te  addi t ion  resul ted in an inhibi t ion greater  t han  in the  corresponding case with 
a s imilar  addi t ion  sequence and no pre incubat ion.  On the other  hand,  pre incubat ion  of 
e rv th rocv tes  with various membrane  cons t i tuents  prior to lvsin addi t ion  did not  in- 
crease inhibi t ion except  in the  case of membrane  protein.  I t  was concluded tha t  t i le 
inh ib i to ry  effects ob ta ined  resulted from a non-specitic in teract ion of the lysins tested 
with the var ious  membrane  cons t i tuents  added.  In  the  case of added  Inembrane pro- 
tein, pro tec t ion  agains t  lysis would also result  from its in terac t ion  with the cell surface. 

4. When membrane  and cvtosol  cons t i tuents  were each added  to e ry th rocy tes  
immedia te ly  af ter  cell exposure to a weakly  -hemolvt ic  concentra t ion of lysin, this  
resul ted in an increase ra ther  than  a decrease in the extent  of hemolysis .  

5. These results  are discussed in te rms of the mechanism of lvsis by qua t e rna ry  
ammonium amph ipa th i c  der ivat ives .  

INTR(H)UCTION 

The presence of carni t ine  pahu i ty l  t ransferase in the e ry th rocy te  membrane  1 
poses a funct ional  problein since acvl carni t ines  formed thereby,  do not  appear  to 
pa r t i c ipa te  in l ipid acy la t ing  react ions  2 and as yet  there  is no known re la t ionship  
l inking the ac t iv i ty  of this  acvl t rans loca t ing  enzyme with any metabol ic  p a t h w a y  in 
e ry throcytes .  On the other  hand,  the physiologic funct ion of amph ipa th i c  carni t ine  
esters might  re la te  to their  highly lyt ic  act ivi tya,  ~ in tha t  thei r  format ion  in tile men> 
brane could induce s t ruc tura l  changes which would al ter  the pe rmeabi l i ty  and the 
fragil i ty of erv throcvtes .  

Acvl carni t ine  and lvsoleci thins are s imilar  in some of their  chemical  and biolo- 
gical propert ies.  Both belong to a group of substances  described by HAV~}ON AXl~ 
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TAYLOR a as wedge-shape molecules, and possess polar headgroups which are similar in 
nature and size. Their lytic potencies are comparable 4. I t  would seem therefore that  the 
mechanism of lysis by acyl carnitines would be very similar to that  by lysolecithins. 

The sequence of events leading to chemical lysis of erythrocytes has recently 
been summarized bv REMAN el al. 6. There is first an adsorption of the lysin onto the 
membrane followed by its penetration. This results in a disorganization of the struc- 
tural arrays, a change in permeability, a disturbance in osmotic equilibrium and finally 
a loss of hemogh)bin. 

Although the interaction of certain lvsins with cholesteroF, s appears to be at 
the basis of the lvtic phenomenon, paraffinic quaternary' ammonium derivatives might 
involve a variety of interactions. At any rate, they are quite lyric against memt)ranes 
containing no cholesteroP. It  would appear that  the interaction of acyl carnitines and 
lvsolecithins is at least partly hydrophobic in character since their effectiveness as 
hemolysins increases as the acyl chain is lengthened to Cls (refs. 4, 6). In fact, there is 
increasing evidence that  hydrophobic interactions between lipid and protein exist in 
the membrane ~", n. However, these interactions per  se may not be sufficient to impart 
complete structural stability to the membrane since environmental conditions favoring 
an increase in dielectric constant within the membrane result in rupture of tile celP e. 
l:urthermore, the possible stabilizing effects of divalent cations in the membrane have 
not been overlooked by some authors la. Thus the lvtic interactions of acvl carnitines 
and lvsolecithin with membrane might involve disruption of structural hydrophobic 
bonds between protein and lipid, but the possibility that  stabilizing polar interactions 
are also affected by the lysins is not precluded. 

In tile case of acyl carnitines and lysolecithins at least, one could picture the 
determinative of Ivtic acitvity more simply as the ability of the lysin to penetrate the 
structural architecture of the membrane rather than its specific reactivity with any of 
the structural constituents. Serum which usually protects against lysis by taurocholate 
mainh'  because of its cholesterol but also because of its protein content n will acceler- 
ate the lysis of erythrocytes previously exposed to this agent. These results together 
with those presented in this s tudy suggest that once the structural bonds become 
sufficiently accessible, as is the case with cells pretreated with weakly-lyric concentra- 
tions of certain hemolysins, a variety of non-specific interactions becomes possible 
between structural elements and non-lyric substances, including, even normal men> 
brane constituents, which enhance hemolysis. 

MATERIALS AND METHODS 

Pahuitoyl-D,L-carnitine, palmitoyl choline and z-pahnitoyl-sn-glycero-3-phos- 
phoryl choline were prepared as previously described ~. Synthetic L-a-(dipalmitoyl)- 
lecithin, phosphatidyl inositide, phosphatidyl serine, sphingomyelin and cholesterol 
were purchased from General Biochemicals Inc. Total lipids from rat blood red cells 
and from liver were extracted by tile method of BLIGH AND DYER 16. Phosphatidyl 
ethanolamine was isolated from rat-liver-total lipids by preparative thin-layer chroma- 
tography on activated silica gel G plates with chloroform-methanol-water  (65 : 25 : 4, 
by vol.) as solvent. Proteins from rat erythrocyte ghosts were prepared by' subjecting 
2-ch]oroethanol solutions of membrane to chromatography on Sephadex LH-2o 
(ref. I7). 
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CONCENTRATION OF MODIFIER SUBSTANCE 

Fig. ~. ] 'he effect of modifier substances  (A) albumin,  (B) lecithin,  (C) cholesterol,  (D) memb ra n e  
protein, (E) phosphat idy l  e thanolamine ,  (F) phosphat idy l  serine, (G) phosphat idy l  inositoI, 
(H) sphingomyel in ,  ([) palmit ic  acid and (J) tota l  l ipid from erythrocyte  membrane  on lysis of rat 
red blood cells by  X -  X , 2 .1o  -~ mM (I -palmitoy l ) - lyso lec i th in;  0 - - 0 ,  2. io  .a mM palmitovl- i ) ,  
L-carnitine; and O - - O ,  z- [o ~ mM pahni toy l  choline,  z 5 /,1 of erythrocytes  (hematocri t  5)~t!(,) 
were mixed wi th  increasing a m o u n t s  of modifier substance.  The vo lume  was adjusted to 2.9(> ml 
with  saline (pH 7.4) and o.04 ml ot lys in  were added, and the extent  of lysis after lo  rain was mea- 
sured spectrophotometr ica l ly .  The concentrat ion used for each lysin caused ~oo°~ hemolys i s  wi thin  
lo  rain in the  absence of inhibitor.  

Hiochim. Hiopl~ys..4cta, 225 (197i) 214 223 



LYSIS OF RED BLOOD CELLS 217  

Aqueous dispersions of synthetic lecithin, phosphatidyl ethanolamine, phospha- 
tidyl serine, phosphatidyl inositol, sphingomyelin and lysolecithin were prepared bv 
sonication in 30 mM NaC1 as described by BRUCKDORFER et al.  ~8 but without subse- 
quent centrifugation, and adjusted to pH 7.4. Aqueous cholesterol and palmitic acid 
dispersions were prepared by the method of LEE AND TSAP ". Prior to use, albumin was 
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Fig. 2. The effect of p re iucuba t ion  and order  of add i t ion  on inh ib i t ion  of pa lmi toy]  ca rn i t ine  
helnolysis  by  lipid and m e m b r a n e  protein• Addi t ion  sequence:  - - - - ,  e r y t h r o c y t e s - i n h i b i t o r - l y s i n  
w i t h o u t  p re incuba t ion  ; . . . .  , e r y thoc y t e s  i ncuba t ed  io  rain a t  37 ° wi th  modifier  subs t ance  pr ior  
to  add i t ion  of lys in  ; O - - Q ,  lys in  and  modifier  subs tance  i n c u b a t e d  io  min  a t  37 ° pr ior  to add i t i on  
of red blood cells. (A) a.o 7 ing/3 ml m e m b r a n e - p r o t e i n ;  (B) 5" IO-53I lec i th in ;  (C) 4" lo -SM chole- 
sterol.  The concen t ra t ion  of p a l m i t o y l  ca rn i t ine  used was  2. lo-aM. Condi t ions  for the  lysis tes t  are 
s t a t ed  for Fig. I. 
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Fig. 3. The effect of p re incuba t ion  and order  of add i t ion  on the  inh ib i t ion  of pa lmi toy l  chol ine 
hemoh,  sis by  lipid and m e m b r a n e  protein• The concen t ra t ion  of p a h n i t o y l  choline used was  2. [0 -5 
M. All" o the r  condi t ions  were as s t a t ed  for Fig. 2. 
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Fig. 4. Effect  of pre incubat ion  and order of addi t ion  on inhibi t ion  of ( i - p a l m i t o y l ) - l y s o l e c i t h i n  
h e m o l y s i s  by  lipid and m e m b r a n e  protein.  The  final c o n c e n t r a t i o n  of lyso lec i th in  was  2. io  -5 M. All  
o ther  condi t ions  are as s ta ted  for Fig. 2. 
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freed of fatty acid by acetone extraction. It was then dissoh, ed in water and adjusted 
to pH 7.4- Membrane protein isolated as an acidic, 2-chloroethanol eluate was diah:sed 
24 h against distilled water at 4 ~ whereupon it precipitated. The precipitated protein 
was isolated by centrifugation and finally dissolved in 6 M urea. The final membrane 
protein concentration was estimated bv the method of LOWRY et al. 2". 

Rat erythrocytes were treated with citrate, washed and suspended to give a 
5o % hematocrit in saline pH 7.4 as described previouslyL All lysin solutions were dis- 
solved in saline. These as well as all other reagents used in the lysis tests were adiusted 
to pH 7.4. The extent of hemolysis under various conditions described in the test, was 
followed spectrophotometrically 4 using a Caw 15 spectrophotometer. In each of the 
figures, the curves were drawn by considering the recorded changes in optical density 
as a function of time or as a function of additive concentration and represents the 
average of 3 experiments. The percent hemolysis was estimated from a standard curve 
prepared by mixing different proportions of intact and hemolysed cells. 

R E S U L T S  

As can be seen from Figs. IA-II  various membrane constituents and albumin at 
increasing concentrations, progressively inhibit the hemolysis produced by either 
pahnitoyl carnitine, pahnitoyl choline and (I-palmitoyl)-lysolecithin provided the 
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l ; ig .  5- A c c e l e r a t i o n  o f  p a h n i t o y l  carnitine hemolys i s  by lipids a n d  m e m b r a n e  p r o t e i n .  A d d i t i o n  
s e q u e n c e  without  preincubation : ~ - , erythrocytes  ]ysin ; , e r y t b r o c v t e s - m o d i f i e r  s u b -  
s t a n c e - l y s i n  ; O - - O ,  ery throcytes - ly s in -modi f i er  substance.  (A) i .o35  r a g / 3  m l  T{lembrane protein ; 
(B)  o . 6 o  m g / 3  ml total  lipid from erythrocyte  membrane  ; {C) ,5" 1 o a M lecithin ; (1)) 8. ~ o 5 M c h o l e -  
s t e r o l ;  (]4) 2 . . 5 " I o  4 M  palmitic acid. The concentrat ion of palmitoyl  carnitine used was . 5 . l o  6 M .  
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Fig. 6. Acceleration of lysolecithin hemolysis by lipids and membrane  protein. The concentrat ion 
of lysolecithin used was 5" ~o 6 M. All other  conditions were as stated for Fig. 5- 
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lvsin is added after admixture of the protective agent with eryttnocytes. Lysis by pal- 
mityl choline was the most susceptible to the action of the various inhibitors tested 
whereas lvsis by lysolecithin, the least susceptible. Although quite effective against 
helnolvsis by palmitoyl choline, phosphatidyl inositol and sphingomyelin did not so 
markedly protect against lysis by lvsolecithin and by palmitoyl carnitine under these 
conditions. 

When palmitoyl carnitine in completely lytic concentrations was incubated 
Io rain with either membrane protein, lecithin or cholesterol, prior to addition of 
erythrocytes (Figs. 2A-2C), the inhibition was more prononuced than without pre- 
incubation. If on the other hand red blood cells were first incubated with lecithin and 
cholesterol prior to addition of lysin, the inhibitory effect was appreciably diminished. 
It was enhanced, however, when erythrocytes were preincubated with membrane pro- 
tein. 

The effects of various hemolytic modifier substances on lysis by palmitoyl 
choline and >palmitoyl lysolecithin turned out to be quite similar in both these cases 
(Figs. 3A, 3 B and 4A-4 C) but differed slightly from those on lysis by palmitoyl carni- 
tine. With the choline-containing hemolysins, their preincubation with either membrane 
protein, lecithin or cholesterol increased the inhibitory effect to various extents as was 
also the case for pahnitoyl carnitine lysis. However, preincubation of the erythrocytes 
with lecithin, prior to lysolecithin or pahnitoyl choline addition, resulted in a slightly 
more pronounced rather than the decreased inhibition noted for palmitoyl carnitine. 
Preincubation of membrane protein with red blood cells slightly increased the inhibi- 
tion of lvsis bv lvsolecithin. 
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trig. 8. A c c e l e r a t i o n  of l y s o l e c i t h i n  l m m o l y s i s  b y  p o l a r  s u b s t a n c e s  s u c h  as  s t a t e d  fo r  Vig. 7. T h e  
f ina l  c o n c e n t r a t i o n  of  l y s o l e c i t h i n  u s e d  w a s  5" ~°-6 M. All o t h e r  c o n d i t i o n s  w e r e  as  s t a t e d  fo r  F ig .  5. 
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If, on the other hand, erythrocytes were admixed with weakly lyric concentra- 
tions of palmitoyl carnitine (Figs. 5A-5 C, dot-and-dash lines) lysolecithin (Figs. 6A-6C, 
dot-and-dash lines) prior to the addition of either membrane protein, membrane total 
lipid, lecithin, cholesterol, or palmitic acid, these hemolysis modifiers acting as inhibi- 
tors under other conditions (broken lines) now acted as accelerators of hemolysis. 
Furthermore, with cells 'sensitized' by prior addition of weakly-lytic concentrations 
of palmityl carnitine (Figs. 7A-7 E) and lysolecithin (Figs. 8A-8E), an accelerator 
effect by several polar substances was noted. 

DISCUSSION 

It is clear that a number of membrane constituents and serum albumin are quite 
effective in protecting against lysis by the amphipathic quaternary ammonium com- 
pounds tested (Figs. zA-zJ). Differences in the extent of lysis inhibition might be 
attributable to various factors including the extent of interaction of the protective 
agent with the cell membrane and/or with lysin under those experimental conditions 
used. Indeed, PONDER 15 was able to distinguish between two types of protective agents, 
one which combines with the lysin in the bulk phase and inactivates its hemolytic 
capacity, and the other which combines with the surface of the red blood cell making 
it more resistant to lysis. In the first case, preincubation of the lysin with the protec- 
tive agent will increase the inhibition of lysis whereas in the second instance, inhibition 
is increased by preincubation of the protective agent with red blood cells prior to lvsin 
addition. 

Figs. 2- 4 illustrate that the inhibitory effects of lecithin, cholesterol and mem- 
brane protein against hemolysis by palmitoyl carnitine, palmitoyl lysolecithin and pal- 
mitoyl choline, result at least partly from an interaction of the protective agent with 
the lysin. Preincubation of these modifier substances with lysin prior to their contact 
with erythrocytes does increase the inhibition of lysis. On the other hand, preincuba- 
tion of red blood cells with cholesterol, affords less protection against each of the 
hemolysins added last. In this case, some of the inhibitor is probably removed by the 
erythrocytes and less is available for combining with the lysin. In any case, interaction 
of cholesterol with membrane would not account for its inhibitory effect. 

Preincubation of erythrocytes with membrane protein prior to lysin addition 
(Figs. 2A and 3A) results in a significant increase in inhibition in the case of palmitoyl 
carnitine lysis, but which is smaller in the case of lysolecithin lysis. It appears that 
part of the protective effect of membrane protein may be explained by its inter- 
action with the surface of the cell making it less susceptible to lysis. 

Just as for cholesterol, preincubation of red blood cells with lecithin likely 
results in some lipid uptake. The amount removed could be sufficient to decrease the 
inhibitory effect of lecithin against lysis by palnfitoyl carnitine (Fig. 2B) but insuffi- 
cient to significantly affect the inhibition of lysolecithin hemolysis (Fig. 4B). This 
difference in results could be further explained by a permeability of lecithin micelles 
to lysolecithin greater than to pahnitoyl carnitine. Further investigations are needed 
to clarify this point. 

More detailed results obtained from equilibrium-dialysis experiments being 
pursued in this laboratory, have clearly indicated that albumin as well as membrane 
protein and micellar lipids prepared from erythrocytes, can bind ;a2P]lysolecithin and 

t3iochim. I~iophys. Acta, 225 (197 z) 2t4-223 



2 2 2  K. S. CHO, P. PROULX 

14Qpalmitoyl carnitine. The protective effect obtained with a number of substances 
may therefore be taken as qualitative evidence that  palmitoyl carnitine, palmitoyl 
choline and (i-pahnitoyl)-lysolecithin can combine rather non-specifically with a 
variety of membrane constituents. There is no apparent reason for inferring their 
specific interaction with cholesterol or any particular constituent of the membrane. 

Lytic lecithins may exert their disruptive activity by provoking massive loss of 
cholesterol from the erythrocyte membrane 21. In the case of lvsolecithin however, 
R~-~AX el al .  6 conclude that  the small amounts of lysin required to rupture the cell, 
would be incapable of releasing such quantities of cholesterol from membrane by an 
exchange reaction. 

The mechanisms suggested bv HAY1)ON AN[) TAYLOR 5 whereby bimolecular lipid 
lamellae are dispersed into micelles by the action of various lytic substances which 
they classify into several groups, at tract  bv their simplicity. Applied to the pauci- 
molecular model of membrane structure, they could explain the lyric action of wedge- 
shaped amphipaths such as the aeyl carnitines and lysolecithins, as well as that  of 
lecithins possessing acyl chains of intermediate length. However, if the wedge-shape 
principle does apply, one would expect that  varying the size of the polar headgroup in 
lysolecithins, would have quite noticeable effects on lyric potency. Although, altering 
the acvl chain length profoundly affects lvtic activity in the lysolecithin series, removal 
()f the z-hydroxyl group from the glycerol residue, or increasing the distance between 
the quaternary ammonium and phosphate groups has little or no effect on lytic po- 
tency ~. The yet-lacking, definite evidence favoring the wedge shape of certain lysins as 
being related directly t<) their hemolytic activity, invites such further studies in which 
the size of the polar head-group would be varied over a wider range. 

Membrane constituents as well as a number of polar metabolites can act as 
accelerators of hemolysis by the various paraffinic quaternary ammonium derivatives 
tested (Figs. 5-8) provided the lvsin is added first. It  seems therefore that  once the 
lysin penetrates the membrane, disorganization ensues such that  structural bonds 
become exposed to the disruptive action of a variety of substances. One can thus 
picture the lysis of a single cell as resulting from a chain reaction involving the pene- 
tration of the lysin into the structural areas of the membrane, the disruption of orderly 
lipid-protein arrays, followed by the release of membrane and cytoplasmic constit- 
utents which are now free to combine randomly with vicinal structural components 
and cause further, the disruption of the membrane. 

At present it is difficult to explain why the various hemolytic modifier substances 
tested do not accelerate rupture of the cells when added just prior to the lysin. Added 
in this order thev are usually inhibitory or without appreciable effect. One likeh- 
possibility is that  weakly-lytic concentrations of lvsin added first, only the more sus- 
ceptible cells become lysed; others would absorb a certain sublytic amount of lysin 
and bect)me 'sensitized'. The accelerating hemolytic effect of the modifier substances 
tested would likely result from their action on these sensitized cells. When modifier 
substance is added first, the surface of the erythrocyte membranes would become 
rapidly coated with this additive and this might be sufficient to prevent or retard 
penetration of the lysin into the more resistant cells but not into the more susceptible 
cells. Studies on the COlnbined action of lysins and hemolytic modifiers on different 
types of ervthrocvtes separated according to age or characterized by certain abnor- 
malities, would likeh' help clarify this point. 
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