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Summary 

Reduct ion of  disulfide linkages by dithiothreitol removes LETS (large, exter- 
nal, transformation-sensitive) protein from the cell surface. This process is 
dependent  upon the concentrat ion of dithiothreitol and the time and tempera- 
ture of  reaction. At 0°C the release of  LETS protein by  dithiothreitol is com- 
pletely blocked,  but  this is apparently not  due to a requirement for metabolic 
energy. At this temperature,  reduction of  LETS protein is incomplete. These 
results suggest that  intact disulfide bonds are involved in the retention of  this 
protein on the cell surface. Furthermore,  reduction of  purified LETS protein 
interferes with its ability to confer flattened morphology and increased adhesiv- 
ity when added to transformed cells. It appears, therefore, that disulfide bonds 
are functionally important  at the cell surface. 

Introduct ion 

Knowledge of  the molecular architecture of  the cell surface is important  for 
gaining insight into its possible role in cellular behavior. The arrangement of 
proteins in the plasma membrane has been studied to some extent  in erythro- 
cytes. Studies using a variety of  cross-linking reagents have indicated the exis- 
tence of  some specific oligomeric complexes between various polypeptides of 
e ry throcyte  membranes [1--4].  

Because of  the greater complexi ty  of other  cell membranes,  organization of 
proteins and their interactions with other components  within the membrane 
are poorly understood.  Recently,  evidence has been presented suggesting that 
disulfide bonds are involved in the organization of  surface proteins in fibro- 
blasts. In particular, LETS glycoprotein (large, external, transformation-sensi- 

Abbreviations: S DS, Sodium dodecyl sulfate; LETS, large, external, transformation-sensitive. 
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tive), a major surface component  of fibroblasts (reviewed in ref. 5), appears to 
be extensively disulfide bonded to itself and possibly also to other proteins. It 
is present either in the form of  dimers or as high molecular weight complexes 
[6]. The involvement of  disulfide linkages in the organization of fibroblast 
membrane proteins is also suggested by the fact that  presence of the reducing 
agent dithiothreitol  enhances the extraction of  membrane proteins, particularly 
LETS glycoprotein [6,7]. Disulfide bonding has also been reported in platelet 
membranes [8,9], in transplantation antigens [10] and in surface immunoglo- 
bulins [11]. 

The significance of these disulfide bonds is unknown. In this communicat ion 
we report that  reduction of disulfide bonds removes most of the LETS protein 
from the cell surface. Also, pretreatment of LETS protein, isolated from nor- 
mal cells, with dithiothreitol  interferes with its ability to bring about altera- 
tions in the morphology and adhesiveness of transformed cells [12,13]. These 
results suggest a role for disulfide bonds in the a t tachment  and function of this 
protein at the cell surface. 

Materials and Methods 

Cells. Cells" of the hamster fibroblast line NIL8 and its t ransformed deriva- 
tive NIL8-HSV were grown in Dulbecco's modified Eagle's medium plus 5% 
fetal calf serum at 37°C in an atmosphere of 95% air/5% CO2. NIL8 cells were 
seeded at 5 • 104 cells/35 mm dish in 2.5 ml of medium and grown for 5 days. 
NIL8-HSV cells were seeded at 2 • 10 s cells/35 mm dish and were grown for 
2 days. 

Treatment with dithiothreitol. Confluent monolayers of  NIL8 cells were 
iodinated using the enzyme lactoperoxidase according to the procedure 
described previously [14]. To the iodinated cells 2 ml of fresh medium plus 
serum containing the desired concentration of  dithiothreitol (see figure 
legends) was added and the cells were incubated for different time periods at 
37°C. 

At the end of the various treatments cells were rinsed with phosphate-buff- 
ered saline and solubilized in lysis buffer containing sodium dodecyl sulfate 
(SDS) and analyzed by electrophoresis on SDS-polyacrylamide gels under non- 
reducing or reducing conditions using 100 mM dithiothreitol [6,14]. Cells 
which were to be analyzed under non-reducing conditions were washed with 
phosphate-buffered saline containing 10 mM iodoacetamide and 10 mM N- 
ethylmalemide to inactivate residual amounts of  dithiothreitol before solubiliz- 
ing them with SDS. Protein concentration of the cell samples was determined 
according to the method of  Lowry et al. [15]. 

To determine the effect of  metabolic inhibitors, iodinated cells were pre- 
treated with 2.5 mM dinitrophenol,  10 mM NaF or 10 mM NaN3 in 2 ml of 
medium plus serum for 15 min at 37°C. 2 mM dithiothreitol was then added to 
the cultures, which were then incubated for 2 h at 37 ° C. 

When the dithiothreitol t reatment  was carried out  at 0 ° C, dishes of preiodi- 
nated monolayers were kept at 0°C for about 5 min and precooled medium 
plus serum containing 2 mM dithiothreitol  was added to the dishes. 

Adhesion assay and test o f  biological activity. LETS protein was isolated 
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h i  i k l m n  

F i g .  2 .  E f f e c t s  o f  m e t a b o l i c  i n h i b i t o r s  a n d  l o w  t e m p e r a t u r e  ( 0 ° C )  o n  t h e  r e l e a s e  o f  s u r f a c e  L E T S  p r o t e i n  
f r o m  ce l l s  t r e a t e d  w i t h  2 m M  d i t h i o t h r e i t o l :  a u t o r a d i o g r a m s  o f  S D S - p o l y a c r y l a m i d e  s lab  gels .  I o d i n a t e d  

ce l l s  w e r e  p r e t r e a t e d  w i t h  t h e  i n h i b i t o r s  f o r  1 5  r a i n  a t  3 7 ° C  in  c o m p l e t e  c u l t u r e  m e d i u m .  2 m M  d i t h i o -  
t h r e i t o l  w a s  t h e n  a d d e d  a n d  i n c u b a t i o n  a t  3 7 ° C  c o n t i n u e d  f o r  2 h i n  t h e  p r e s e n c e  o f  i n h i b i t o r s ,  a ~ g ,  cel l  
l y s a t e s :  a ,  n o  i n h i b i t o r ;  b ,  5 m M  d i n i t r o p h e n o l ;  c ,  1 0  m M  N a F ;  d ,  1 0  m M  N A N 3 ;  e ,  2 h i n c u b a t i o n  w i t h  
2 m M  d i t h i o t h r e i t o l  a t  0 ° C ;  f ,  2 h i n c u b a t i o n  w i t h  2 m M  d i t h i o t h r e i t o l  a t  0 ° C  f o l l o w e d  b y  t e m p e r a t u r e  
s h i f t - u p  t o  3 7 ° C  f o r  2 h ;  g ,  c o n t r o l  N I L  ce l l s ,  n o  d i t h i o t h r e i t o l  a d d e d ,  h - - n ,  m e d i a :  h ,  n o  i n h i b i t o r  w a s  

a d d e d ;  i ,  5 m M  d i n i t r o p h e n o l ;  j ,  1 0  m M  N a F ;  k ,  1 0  m M  N a N  3 ; 1, 2 h i n c u b a t i o n  w i t h  2 m M  d i t h i o t h r e i t o l  
a t  0 ° C ;  m ,  2 h i n c u b a t i o n  w i t h  2 m M  d i t h i o t h r e i t o l  a t  0 ° C  f o l l o w e d  b y  2 h i n c u b a t i o n  at  3 7 ° C ; n ,  m e d i -  
u m  f r o m  c o n t r o l  N I L  ce l l s ,  a - - g  a n d  h ~ a  a re  f r o m  s e p a r a t e  ge l s .  A r r o w  m a r k s  t h e  p o s i t i o n  o f  r e d u c e d  
L E T S  p r o t e i n .  

T A B L E  I 

E F F E C T S  O F  D I T H I O T H R E I T O L  O N  R E L E A S E  O F  L E T S  P R O T E I N  A N D  C E L L  V I A B I L I T Y  

A f t e r  i n c u b a t i o n  w i t h  o r  w i t h o u t  d i t h i o t h r e i t o l  ce l l s  w e r e  w a s h e d  t h r e e  t i m e s  w i t h  p h o s p h a t e - b u f f e r e d  
s a l i n e ,  t r y p s i n i z e d ,  p l a t e d  a t  1 0 0  ce l l s  p e r  50  o r  1 0  c m  d i s h ,  a n d  c u l t u r e d  f o r  10  d a y s  in  5% f e t a l  c a l f  
s e r u m  b e f o r e  s t a i n i n g  w i t h  G i e m s a  a n d  c o u n t i n g .  C o l o n i e s  w e r e  c o u n t e d  b l i n d  b y  t w o  i n d e p e n d e n t  ob-  
s e r v e r s .  T w o  s e p a r a t e  e x p e r i m e n t s  a r e  s h o w n .  

P r e t r e a t m e n t  P e r c e n t  r e l e a s e  o f  L E T S  p r o t e i n  * P l a t i n g  e f f i c i e n c y  

N o n e  ( c o n t r o l )  19  53  51 
0 . 5  m M  d i t h i o t h r e i t o l  (2  h )  52  50  51 
2 m M  d i t h i o t h r e i t o l  (2  h )  78  59  48  

1 0  m M  d i t h i o t h r e i t o l  ( 2  h )  9 0  53 4 0  

• C o m p a r e  F i g .  1. 
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t reatment  lowers the ATP pools even further [18]. This failure to inhibit 
release of LETS protein with inhibitors of ATP production suggested that  the 
inhibition of release of LETS protein at 0°C was not  due to an effect on meta- 
bolic rate. 

The possibility that  at 0°C LETS protein might not  be reduced by dithio- 
threitol was tested by analyzing cells treated with 0.5 and 2 mM dithiothreitol  
at 37 and 0°C. Fig. 3, a--e shows analysis under reducing conditions. Incuba- 
tion of cells with dithiothreitol  for 30 min at 37°C removed substantial 
amounts of LETS protein from the surface (Fig. 3, b and c), whereas cells incu- 
bated at 0°C had levels of LETS protein comparable to that  of  control cells 
(Fig. 3, a, d and e). When the same samples were analyzed under non-reducing 
conditions, much of the LETS protein from cells treated with dithiothreitol at 
0°C and from the control cells was found trapped on top of  the gels. This 
behavior is characteristic of disulfide-bonded complexes of LETS protein [6]. 
Some LETS protein was also present in the form of dimers {Fig. 3, f, i and j). 
Treatment  with 2 mM dithiothreitol  at 37°C reduced most of  the prelabeled 

- 2  

Fig.  3.  T r e a t m e n t  o f  cells  w i t h  d i t h i o t h r e i t o l  a t  3 7  or  0 ° C  f o r  3 0  m i n :  a uto ra d io g ra phy  o f  ce l l - samples  
a n a l y z e d  o n  S D S - p o l y a c r y l a m i d e  gels u n d e r  r e d u c i n g  a n d  n o n - r e d u c i n g  c o n d i t i o n s ,  a - - e ,  r e d u c e d :  a ,  c o n -  
t r o l ;  b ,  0 .5  m M  d i t h i o t h r e i t o l  a t  3 7 ° C ;  c ,  2 m M  d i t h i o t h r e i t o l  a t  3 7 ° C ;  d ,  0 . 5  m M  d i t h i o t h r e i t o l  a t  0 ° C ;  e,  
2 m M  d i t h i o t h r e i t o l  a t  0 ° C .  f---j, n o n - r e d u c e d :  f ,  c o n t r o l ;  g, 0 .5  m M  d i t h i o t h r e i t o l  a t  3 7 ° C ;  h ,  2 m M  
d i t h i o t h r e i t o l  a t  3 7 ° C ;  i,  0 .5  m M  d i t h i o t h r e i t o l  a t  0 ° C ;  j ,  2 m M  d i t h i o t h r e i t o l  at 0 ° C .  A r r o w s  s h o w  m o n o -  
m e r  and d i m e r  p o s i t i o n s  o f  L E T S  p r o t e i n .  N o t e  t h e  loss  o f  L E T S  p r o t e i n  a t  3 7 ° C  (b a n d  c)  b u t  n o t  at  0 ° C  
(d a n d  e) a n d  r e d u c t i o n  in  a m o u n t s  o f  L E T S  p r o t e i n  d i m e r  a n d  h i g h e r  a g g r e g a t e s  o n  t o p  o f  gel at  3 7 ° C  
(g a n d  h )  but  n o t  at  0 ° C  (i a n d  j ) .  
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greatly diminished. Controls receiving equivalent amounts of dithiothreitol 
(final concentration 0.1 mM) were essentially as untreated control dishes. At 
higher final concentrations of  reducing agent (0.25--0.5 mM) dithiothreitol 
itself caused a reduction in numbers of  floaters for unknown reasons, but LETS 
protein preincubated with 5--10 mM dithiothreitol  at 37°C produced no fur- 
ther decrease. That is, its biological activity was destroyed by this treatment.  
However, preincubation of LETS protein with dithiothreitol at 0°C was with- 
out  measurable effect on its activity up to 2 mM and had only a small inhibi- 
tory effect at 5 or 10 mM. 

Fig. 5, a and e show NIL8-HSV cells before and after the addition of 50 
pg/ml LETS protein; cells became more flattened and aligned after the addition 
of LETS protein. The morphology of cells treated with 50 pg/ml LETS protein, 
which was preincubated with dithiothreitol at 37°C was similar to control 
NIL-HSV cells (compare Fig. 5, b--d with 5a). Cells treated with LETS protein, 
which was preincubated with 0.5 mM dithiothreitol at 0°C, showed flattened 
morphology closely resembling that  from cells which received untreated LETS 
protein (compare Fig. 5, f and e). Cultures treated with LETS protein, which 
was preincubated with 2 mM dithiothreitol at 0°C all attached but  did not  flat- 
ten so extensively and at 5 mM there were a few floating cells in the medium 
(Fig. 5, g and h). 

These results show that  the biological activity of LETS protein is sensitive to 
reduction by dithiothreitol  at 37°C and much less so at 0°C. In fact, the small 
effect seen after incubations at 0°C could well be due to the low final concen- 
trations of dithiothreitol  (0.25--0.5 mM) which are present after addition of 
the treated LETS protein to the cultures at 37 ° C. 

Discussion 

It has previously been demonstrated that  the intermolecular disulfide bonds 
linking the LETS monomers in the form of dimers and high molecular weight 
aggregates are naturally occurring and not  experimental artefacts created by 
lactoperoxidase mediated iodination [6]. The present results indicate that  
reduction of these disulfide bonds by dithiothreitol  brings about  release of LETS 
protein from the cell surface. Although the possibility that  the loss of LETS 
protein is an indirect consequence of general toxic effects of dithiothreitol on 
cells cannot  be ruled out,  several lines of evidence suggest that  the reduction of 
disulfide bridges in LETS protein is responsible for the release of LETS protein 
from the cell surface. First, control experiments with a non-reducing analogue, 
threitol, failed to show any effect on the turnover of  LETS protein. Second, 
LETS protein is specifically released by dithiothreitol (0.5--2 mM) fairly rapidly 
(50--80% in 2 h), whereas the levels of other surface iodinatable proteins are 
not  significantly affected (Fig. 2). Third, the release of LETS protein at differ- 
ent  temperatures correlates with the degree of reduction of LETS protein (Fig. 
3). Finally, treatments which produced near-maximal effects on LETS protein 
were wi thout  effect on cell viability (Table I). 

The results reported here also indicate that  the biological activity of LETS 
protein added to transformed cells depends upon the presence of  intact disul- 
fide bonds. Pretreatment of purified LETS protein with dithiothreitol at 37°C 
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destroys its ability to  cause alterations in morphology and a t tachment  of  
floating cells to the substratum in cultures of  HSV-transformed NIL cells. In 
other  words, these results imply that  the reduced form of LETS protein is non- 
functional. This is consistent with the observation that  the LETS protein 
secreted into the medium, which is active when added to transformed cells 
[13] ,  is disulfide bonded  [6].  

The release of  LETS protein from cells by  dithiothreitol  is strongly depen- 
dent  on temperature.  At 20°C (room temperature)  the rate of  release is signifi- 
cantly slower than at 37°C (Fig. l b )  and lowering the temperature to 0°C 
inhibits the removal completely (Fig. 2). This temperature dependence does 
not  appear to reflect a dependence on energy since depletion of  the ATP pool 
of  the cells did no t  affect  the release of  LETS protein. The release appears to 
correlate with the ability of  the reducing agent to cleave the disulfide bonds of  
LETS protein {Fig. 3). The fact that  inhibition of  the biological effects of  
LETS protein by  dithiothreitol  is also dependent  on the temperature of  prein- 
cubation in the absence of  cells or serum (Figs. 4 and 5) suggests that  the tem- 
perature effect  is on the reaction of  dithiothreitol  with LETS protein itself. 
There are precedents for disulfide bonds in proteins which are resistant to 
reduction [19,20] .  Denaturat ion of  the molecules or alteration of  the reaction 
condit ions (e.g. pH) can render these bonds sensitive to reduction. It is conceiv- 
able that  there is a temperature-induced conforrnational change in LETS pro- 
tein (or in its associations) which renders some or alL of  the disulfide bonds 
resistant to reduction at 0 ° C. 

Whatever the explanation for the temperature dependence,  it seems clear 
that  release and inactivation of  LETS protein are dependent  on reduction of  
disulfide bonds. This suggests that  other  covalent intermolecular bonds are not  
found under the conditions used and that  binding of  LETS protein to the cell 
surface occurs either through disulfide bonds or through non-covalent interac- 
tions which in turn depend on a native conformat ion of  the LETS protein 
dimer maintained by  disulfide bonding. 

These results suggest that  disulfide-bonding plays a significant role in the 
organization and function of  a major cell surface protein. This raises the possi- 
bility that  alterations in the sulfhydryl<lisulfide balance at the cell surface 
could affect cell surface structure and, thus, cellular behavior. Czech and his 
co-workers have presented evidence suggesting that  sulfhydryl oxidation is 
involved in the action of  insulin on fat cells [21--23] .  It has been reported that  
an enzymatic activity capable of  reducing protein disulfides is elevated in some 
tumor  cells and in ascitic fluid [24] and that  there are apparently fewer disul- 
fide bonded complexes at the surfaces of  some transformed cells [6].  The exact  
significance of  these observations remains to be established bu t  the present 
results indicate some of the possible consequences arising from reduction of  
disulfide bonds in cell surface proteins. 
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understood [1,5]. Usually, in order to obtain a better understanding of the 
mechanisms of the lytic action of chemical compounds the interest is centered 
on the basic features of the rupture of the cell membrane and comparison of 
the results with some physicochemical properties of the compounds [1,5,12-- 
15]. When surfactants are used as the lyric agents the key physicochemical 
properties of these are the critical micelle concentration and the hydrophile- 
lipophile balance as well as the chemical structure, the nature of the charged 
head group and the length of the surfactant alkyl tail, etc. 

Earlier we studied the hemolytic  action of  sodium alkyl sulfates [16] and 
polyoxyethylene derivatives of fa t ty  acids, mercaptans and alkylphenols [ 17] 
on human erythrocytes.  Hemolytic effects of different surfactants on red blood 
cells have been reported by many authors [5--12], but due to discrepancies in 
experimental conditions, the lack of data on the quality of the lytic com- 
pounds used etc., the results are very difficult to compare. In this paper the 
hemolytic  action of  a number of homologous series of cationic surfactants is 
studied and the lytic effects of anionic, nonionic and cationic amphiphiles are 
compared. 

Materials and Methods 

Red cell suspensions were prepared from human blood as described earlier 
[16,17]. The determination of  the degree of hemolysis under surfactant treat- 
ment  for 10 min at 20°C at a concentration of 3 • 108 cell/ml was made by 
estimating spectrophotometrically the amount  of haemoglobin released from 
the cells as in refs. 16 and 17. The concentration of  the cells in the experiments 
with varied cell concentration are indicated below in Fig. 1. The experiments 
were repeated 3--4 times and the measured deviation from the average C s°- 
value (see below) did not  exceed 5--7% for all the agents studied. 

Alkyl t r imethylammonium bromides [R,N(CH3)3]Br (Rn = CnH2,+I ; n = 
10,12,14,16) were prepared and purified according to the method of Scott et 
al. [18], acyl choline chlorides [R~COOCH2CH2N(CH3)3]C1 (n = 9,15,16,17) 
were obtained by the method described in ref. 19. The cationic surfactants 
represented by the formula [RnCOOCH2N(CH3)3]C1 (n = 10,12,14,16) as well 
as those represented by the formula [ R . N ( C H 3 ) 2 C H 2 _ ~  ]Br (n = 10,12,14, 

16) were kindly supplied by A. Epstein (All-Union Research Institute for Dis- 
infectants and Antiseptics) and were used without  further purification. 

The critical micelle concentration values of  the above surfactants in water 
and in phosphate-buffered isotonic saline (pH 7.2) were determined by the 
eosin solubilization technique as in ref. 20. 

Results and Discussion 

The minimum concentrations of  the cationic surfactants C s° required to 
cause 50% lysis of human erythrocytes and the critical micelle concentration 
values of the agents in the lysis medium are listed in Table I. 

The first point  to emerge from the results of  our experiments is the depen- 
dence of the compounds '  hemolyt ic  activities on their alkyl chain lengths and 
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T A B L E  I 

H E M O L Y T I C  A C T I V I T Y  ( E X P R E S S E D  A S  C 5 0 )  A N D  S O M E  P H Y S I C O C H E M I C A L  C O N S T A N T S  O F  

H O M O L O G O U S  S E R I E S  O F  C A T I O N I C  S U R F A C T A N T S  

S u r f a c t a n t  C S 0 , C 5 0  , ,  C r i t i c a l  m i c e l l e  c o n c e n -  

( m o l / 1 )  ( m o l d )  t r a t i o n  * ** 

( t o o l / l )  

[ R 1 0 N ( C H 3 ) 3 ] B r  

[ R I o C O O C H  2 C H  2 N ( C H  3 ) 3 ] C I  

[ R 10 N ( C H 3  )2 CH2  _ ~  ] Br 3 .3  

- U "  
[ R 1 0 C O O C H 2 N ( C H 3 ) 3 ] C 1  2.1 • 1 0  -3  

[ R l 2 N ( C H 3 ) 3 ] B r  1 . 8 .  10  -3  

[ R 1 2 C O O C H 2 C H 2 N ( C H 3 ) 3 ] C 1  1 . 5 .  1 0  -3  

[ R I 2 N ( C H 3 ) 2 C H  2 _ _ ~ ] B r  5 . 3  - 1 0  -4  
~ J  

[ R  1 2 C O O C H 2 N ( C H 3 ) 3 ] C 1  2 .7  " 1 0  - 4  

[ R 1 4 N ( C H 3 ) 3 ] B r  2 .0  • 1 0  -4  

[ R 1 4 C O O C H 2 C H 2 N ( C H 3 ) 3 ] C 1  6 .7  • 1 0  -S 

[ R 1 4 N [ C H 3 ) 2 C H 2 _ _ ~ ] B r  2 .7  - 1 0  -4  
I _ J  

[RI4COOCH2N(CH3)3 ]Cl 6.0. I0 -5 
[RI 6N(CH3)3 ]Br 4.0. 10 -5 
[RI6COOCH2CH2N(CH3)3]CI 4.7 • 10 -5 

[RI6N(CH3)2CH2__~]Br 9.9 • 10 -5 

[ R I 6 C O O C H 2 N ( C H 3 ) 3 ] C 1  7 .0  • 1 0  -5  

[ R n N / C H 3 ) 3 ] B r  

[ R n C O O C H 2 C H 2  N ( C H 3 ) 3  ]C1 

[ R n N ( C H  3 )2 CH 2 _ _ ~ ]  Br  

[ R n C O O C H 2 N ( C H 3 ) 3  ]CI  

2.8 " 10 -2 2.4 " 10 -2 5.6 " 10 -2 

4.2 " 10 -3 -- 2.6 ' 10 -2 

• 1 0  - 3  - -  1 . 3  • 1 0  - 3  

3.O • 10  - 3  1 .8  • 1 0  -3  

2 .0  - 10  -3  9.O • 1 0  -3  

T - -  1 .6  • 1 0  -3  t 

2 .9  - 1 0  -4  

2 .3  " 1 0  - 4  3 .5  - 1 0  -4  

2 .5  " 1 0 - 4  1 .3  " 1 0  -3  

t - -  1 .0  " 1 0 - 4  t 

9 .0  " 10  -5  

5 .5  " 1 0  - s  7 .3  . 1 0  - s  

4 . 5  " 1 0  -S 2 .8  " 1 0  -4  

- -  5 . 3  " 1 0  -5  

1.8 • I0 -5 

5.5  • 1 0  - s  1 .4  • 1 0  - s  

I n c r e m e n t  p e r  CH 2 g r o u p ,  A G c H  2 ( k c a l / m o l )  

0 . 5 4 2  
0 . 8 2 1  

0 . 4 0 9  

0 . 4 8 3  

* H u m a n  r ed  ce l l  c o n c e n t r a t i o n ,  3 • 108  c e U / m l .  

** N e u r a m i n i d a s e - t r e a t e d  h u m a n  r e d  ce l l s  a t  c o n c e n t r a t i o n  3 • 108  c e l l / m l .  

* * *  C r i t i c a l  m i c e U e  c o n c e n t r a t i o n - v a l u e s  d e t e r m i n e d  i n  t h e  l y s i s  m e d i u m ,  p h o s p h a t e  b u f f e r e d  i s o t o n i c  
sa l ine ,  p H  7 .2 .  

t T h e  v a l u e s  o b t a i n e d  b y  g r a p h i c a l  e x t r a p o l a t i o n .  

the structures of the hydrophilic groups. The critical micellar concentrations of 
the agents are quite different and it should be noted that  the basicity of the 
agents seems to decrease in the following order: [R.N(CH3)3]Br> 
[RnCOOCH2CH2N(CH3)3]CI > [R,N(CH3)2CH2__~ ]Br > 

O 
[R, COOCH2N(CH3)3]CI. The decrease in the surfactant basicity in the above 
order may affect the interaction of the ionic head group of the agent with the 
cell surface. 

To estimate the hydrophobic properties of the lipophilic regions of the sur- 
factants under study it is possible to use the common approach [21] developed 
in the studies of the contributions of the hydrophilic and hydrophobic portions 
of an amphiphile to the free energy of micellization. This approach, which con- 
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Fig. 1. C o n c e n t r a t i o n  o f  sul 'factants w i t h  d o d e c y l  a lky l  chain  r equ i r ed  for  50% h emo ly s i s  as a func t i on  of  
h u m a n  red  cell c o n c e n t r a t i o n  in p h o s p h a t e - b u f f e r e d  i s o t o n i c  saline at  pH 7.2 and  20 ° C. 

because some of  the cationic agents under study manifest a hemolytic power 
exceeding that  of sodium alkyl sulfate with the same alkyl chain length. 

The comparison of the lytic action of  different agents on different mem- 
branes is complicated by the relationship which exists between the lytic con- 
centration C* chosen as a measure of  the agent lytic power and the number of 
the cells per unit  volume in the experiment. Several authors [ 5,8,9] have shown 
that  the concentration C s° of the surfactant required to produce 50% hemolysis 
is linearly related to the cell count  and that  the lines representing these rela- 
tionships may cross depending on the agents under study [9]. 

Fig. 1 shows the hemolytic  concentration C s° versus cell concentration 
Curves for the hemolysis of human erythrocytes by Rl~SO4Na, [Rt2N(CH3)3]Br 
and R12S(CH2CH20)9.6H. The observed relations can be expressed by: C s° = 
a + b • N / 1 / ,  where N is the red cell count, a and b are constants. 

It was emphasized in the literature [9] that  the hemolytic "po t ency"  should 
be considered as the result of two distinct and independent properties of the 
lytic agent: the degree to which the agent is taken up from solution by the 
cells, i.e., the affinity for the cell membrane, and the uptake required to cause 
lysis. Surfactants and other soluble amphiphiles are known to bind to biological 
membranes even at very low concentrations [1,24]. The mechanisms of the 
amphiphiles binding to membranes are still obscure but the partition model 
proposed in the literature [24--27] is believed at present to be the most valid 
one. 

The partition model for the process of the agent binding to the membrane is 
very similar to that  used in the phase separation approach to the thermodynam- 
ics of  micelle formation [22]. There are extensive data [28] indicating that the 
transfer of an amphiphile from water to the micelle interior is similar to a 
transfer from aqueous solution to a hydrophobic membrane environment, at 
least when considered in terms of  the free energy of transfer. On the base of 
this analogy it seems reasonable to assume that,  as in the case of surfactant 
micelle formation where the free concentration of monomers is believed to 
remain constant above the critical micelle concentration [22], the free concen- 
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trat ion value " a "  of  the agent remains constant at any concentration of cells in 
the system. It means that  when the total lytic agent concentration is increased 
above the critical value " a "  it involves an increase in the a m o u n t  of bound 
agent but not  in the free one. The free energy of transfer of  the agent molecules 
from water to the membrane, AGb, Can be expressed a s  A G  b = R T l n a  and it 
provides a measure of  the agent affinity for the membrane. Since the parameter 
" b "  seems to include the total uptake of the agent monomers by the cells in 
the system, it can be used as a measure of the agent's lytic power. 

It should be noted that  both constants a and b seem to depend on the hemo- 
lytic end-point chosen in the experiments. When the agent concentrations 
needed for various hemolysis degrees (C*) are determined, the " b "  values 
appear to be equal up until approximately 70% hemolysis, while the "a"  values 
are different,  but when C s°, C 9° or C 1°° are measured [5] both a and b values 
differ greatly. Reasons for this are not  completely understood [5,6,9] and they 
may include the low experimental precision as well as the suggested [29] differ- 
ence in individual red cell's resistance to lysis or an extremely large contribu- 
tion of the broken-down membrane fragments and released hemoglobin to the 
agent uptake at the high hemolysis degrees. 

Both a and b constants characterize membrane properties as well as those of 
the lytic agent. The affinity of the agent for the membrane must depend on its 
relative lipophility [2,3] and to a much lower degree on the features of the 
hydrophobic and hydrophilic groups of  the agent molecule. 

The " a "  and " b "  values for some of  the compounds studied here are listed in 
Table III together with the affinity for the human red cell membrane values 
(calculated as above from the a values) and the data on the AGcH 2 increments 
and on the octanol-water partition coefficients to account for differences in 
relative hydrophobic character of  the agents. 

From the data given in Table III it appears that  the affinity for the erythro- 
cyte membrane decreases in an order similar to that  observed for the decrease 
in the relative lipophility of the compounds.  Therefore, it appears reasonable to 
conclude that  the affinity is essentially determined by the agent's relative 
hydrophobic character. Experimental data obtained by Thron [9] seem to sup- 

T A B L E  I I I  

V A L U E S  O F  a A N D  b F O R  S U R F A C T A N T S  W I T H  D O D E C Y L  A L K Y L  C H A I N ,  T H E  A F F I N I T Y  O F  

T H E  S U R F A C T A N T S  F O R  T H E  H U M A N  R E D  C E L L  M E M B R A N E  A N D  S O M E  P H Y S I C O C H E M I C A L  

C O N S T A N T S  O F  T H E  S U R F A C T A N T S  

S u r f a c t a n t  a ( m o l / 1 )  b ( m o l / c e l l )  A G  b * A G c H  2 l o g  P ** 

( k c a l / m o l )  ( k c a l / m o l )  

R I 2 S O 4 N a  1 . 1 9  • 1 0  -4  2 . 3 5 -  1 0  - 1 3  5 . 3 6  0 . 6 3  1 . 6 0  

[ R 1 2 N ( C H 3 ) 3 ] B r  1 . 8 0  - 1 0  - 3  3 . 5 3  • 1 0  - 1 3  3 . 7 5  0 . 5 4  0 . 8 4  

R 1 2 S ( C H 2 C H 2 0 ) 9 . 6 H  2 . 8 7  - 1 0  -5  3 . 2 4  • 1 0  - 1 3  6 . 2 0  0 . 6 9  * * *  - -  

* V a l u e s  a r e  c a l c u l a t e d  o n  t h e  base  o f  t h e  re la t ion  A G  b = + R T  In  a. 

** P is t h e  o c t a n o l / w a t e r  p a r t i t i o n  c o e f f i c i e n t ,  t h e  d a t a  are t a k e n  f r o m  r e f .  3 .  

* * *  T h e  va lue  o b t a i n e d  for  the  h o m o l o g o u s  series  o f  c o m p o u n d s  r e p r e s e n t e d  b y  the  f o r m u l a  

R n O ( C H 2 C H 2  O ) 6 H .  
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port this conclusion since the saponins he studied for their hemolytic action 
display affinities, the values of  which, when estimated as above, are of a similar 
order of  magnitude to those shown in Table III, namely in the range of 5.8--7.8 
kcal/mol. It should be noted that  digitonin manifests an affinity for the human 
red cell membrane of 5.755 kcal/mol, very close to that  of  sodium dodecyl 
sulfate, 5.358 kcal/mol. At the same time, the lytic activity measures for these 
agents are very different,  the " b "  values amounting to 25.8 • 10 -is mol/cell and 
2 . 3 5 . 1 0  -13 mol/cell, respectively. It implies that  the affinity and the lytic 
activity in relation to a given membrane are determined by different properties 
of the lytic agent. 

It should be emphasized that  the lack of a correlation between the hemolytic 
power of surfactants and their critical micelle concentrations [16] and the 
hydrophile-lipophile balance values can be due to the lack of a direct relation- 
ship between the lytic activity and the overall affinity of the agent for the 
membrane. The relationships between the membrane-perturbing effects and the 
above characteristics of the surfactants found in refs. 13--15 are likely to be 
indications only that  the effects studied in refs. 13--15 could be provided by 
the action of  any compound with the required magnitude of the overall relative 
hydrophobic character. It  was also noted above that  this factor is widely 
known to be important  in determining the agent membrane activity [ 2,3,24]. 

The question of  the general and specific features of the amphiphile-mem- 
brane interaction is especially important  for the understanding of the selective 
membrane action of surfactants. Lanyi [30] showed that  the effectiveness of 
Triton X-100 in solubilizing the membranes of Halobacterium cutirubrum 
depends on the respiratory state of the organism. The selective citotoxicity of 
the nonionic surfactant Triton WR-1339 to cell cultures of malignant origin 
was demonstrated by Miller et al. [31]. Also, we found that  some of the poly- 
oxyethylene coumpounds display marked lytic activity toward the mouse leu- 
cose L-1210 ascite cells while manifesting absolutely no hemolytic action (un- 
published results). It is common knowledge that  commercial saponin allows the 
elimination of erythrocytes from any natural cell mixture due to this com- 
pound's  selective lytic action. Thus, it seems obvious that  the lytic action of a 
given amphiphile on a given cell membrane depends on the agents's properties 
as well as on those of  the membrane. 

We believe that  the most interesting amphiphiles in the above respect must 
be those including naturally occuring groups and residues and, in the first stage 
of research along this line, the most  available compounds appear to be N-acyl 
derivatives of various amino acids, carbohydrates, etc. Synthesis and the study 
of the membrane-perturbing and lytic action of these compounds are in pro- 
gress in our laboratory at present. 
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