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INTRO1)UCTION 

Basic polypeptides which agglutinate bacteria and inhibit their growth and res- 
piration have been isolated from various natural sources - fungi, bacteria, and higher 
plants and animalsL ~. Synthetic basic polyelectrolytes have been shown to haw, similar 
effects: thus ,qTAHMANN el al.  and BUR(;ER .\ND ~q'I'AH.~IANN a found that polylysine de- 
creases the virulence of tobacco mosaic virus; and I~;UR(iER AND STAHMANN "1 and E. 
IKATCHALSKI el al. '~ found that polylysine agglutinates bacteria and inhibits their 
growth. These effects were reversible a, *, a. RUBINI el al.  6 observed that polylysine agglu- 
tinates chicken red blood cells, and DE VR~ES el aid found that it agglutinates as well 
as hemolyses human red blood cells. 

Clearly, these effects are due to the binding of the polyele'Arolyte to the cell. How- 
ever, there has been little investigation of the mechanism involved. Experiments were 
therefore carried out to clarify the reaction by which positively charged polyeleetrolytes 
combine with cell surfaces. For this purpose synthetic basic polyamino acids were 
chosen because their structure has been defined and their t)hysicochenfical properties arc 
known ; red blood cells were used because their structure is simpler than that of most cells. 

The first part of this study is devoted to the interaction by the basic polypeptide, 
polylysine, with single red blood cells. The second part, to be published subsequently, 
deals with the mechanism of agglutination of red blood cells by polybases. 

I".X PF. R I l~I t,2 N T. \ L 

(a) lb'epare~li(m o~ red blood cell suspe~zsioJzs 

I so ton ic ,  bu f f e r ed  NaC1 s o l u t i o n s  of p H  7 .x a n d  ion ic  s t r e n g t h  o.15 were  p r e p a r e d  b y  m i x i n g  
~oo v o l m n e s  of a o . 9 %  NaC1 s o l u t i o n  ( a n a l y t i c a l  g rade)  w i t h  4 v o l u m e s  of ve rona l  HC1 buffer.  
p r e p a r e d  a c c o r d i n g  to  }~RITTON ~. 

9 v o l u m e s  of h u m a n  blood,  o b t a i n e d  b y  v e n i p u n c t u r e ,  were  m i x e d  w i t h  1 v o l u m e  of o . i  m o l a r  
s o d i m n  o x a l a t e .  The  ce l l s  were  s e p a r a t e d  f r o m  the  p l a s m a  b y  c e n t r i f u g i n g  for 15 m i n u t e s  a t  15oo 
r .p .m. ,  a n d  w e r e  t h e n  w a s h e d  4 t i m e s  w i t h  6 v o l u m e s  of t he  buf fe red  NaC1 s o l u t i o n  a n d  r e s u s p e n d e d  
in t h i s  m e d i u m .  

All  e x p e r i m e n t s  were  p e r f o r m e d  w i t h  cell  s u s p e n s i o n s  less  t h a n  8 h o u r s  old. 

* P a r t  of a t he s i s  s u b m i t t e d  by A. N~-'\,o to  t h e  H e b r e w  17nivers i ty ,  J e r u s a l e m ,  in p a r t i a l  f u l f i l lmen t  
of r e q u i r e m e n t s  for I'h. 1). degree .  

Rc/crem-e.~ 15. 547- 
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(b) Preparatim~ o~ red cell "ghosts" 
5 voh lmes  of distilled water  were mixed  gen t ly  wi th  i vo lume  of packed  washed  cells, and  

allowed to s t and  for 3o minu te s .  The  suspens ion  was t hen  filtered t h r o u g h  loose co t ton  and  the  
f i l t rate was centr i fuged.  The  ghos t s  were separa ted  f rom the  hemo lysa t e  and  washed  4 t imes  wi th  
the  buffered NaC1 solut ion.  The  ghos t s  were still found to con ta in  i o - I 5 %  of the  to ta l  hemoglobin  
of the  blood cell. 

(c) Polya~H~w acids 
Poly-DL-lysine hyd rob romi de  (PL), of an  average  degree of po lymer iza t ion  ,~ 36 (de termined  

by  amino  end-g roup  analysis) ,  was prepared  according to KATCHALSKI el al. 9. \ s  the  m a g n i t u d e  of 
the  effects of the  po lym er  was found to va ry  s o m e w h a t  wi th  the  ba tch ,  all e x p e r i m e n t s  were carried 
ou t  wi th  l ' I ,  of a single ba tch .  

(d) 31icroscopic electrophoresis 
The e lect rophoret ic  m e a s u r e m e n t s  were carried ou t  according to ABRAMSON el al. TM, with  a 

Nor th rop  K u n i t z - t y p e  micro-e lect rophores is  appa ra t u s ,  equ ipped  wi th  reversible electrodes of copper  
in s a t u r a t e d  copper  sulfate.  The  s t r e n g t h  of the  electric field in the  cell was ca lcula ted  from the  
cu r r en t  s t r eng th ,  the  conduc t iv i t y  of t he  solut ion,  and  the  cross sect ion area  of the  cell. 

The  e lect rophoret ic  mobil i t ies  of the  red cells in a n y  one suspens ion  var ied only  wi th in  the  
l imi ts  of expe r imen ta l  error. To secure a reliable mean ,  m e a s u r e m e n t s  on a t  least  io cells were taken  
for each mobi l i ty  de t e rmina t ion .  Reproducib i l i ty  of mobi l i ty  m e a s u r e m e n t s  was wi th in  ~: 2%.  
C o n s t a n t  and  reproducible  mobi l i ty  va lues  of red cells in polybase  solut ions  were ob ta ined  five 
m i n u t e s  af ter  su spend ing  the  blood cells in the  po lyamino  acid solution.  The  mobi l i ty  of the  cells 
in po lyamino  acid solut ion r ema i ned  u n c h a n g e d  for several  hours .  

I t  was found t h a t  red cell suspens ions  sui table  for e lec t rophoret ic  m e a s u r e m e n t s  m u s t  be fairly 
dilute,  p re ferab ly  con ta in ing  no t  more  t h a n  ro 7 cells per ml. \Vhen  mobi l i ty  de t e rmina t ions  were 
required on red cell suspens ions  too concen t ra t ed  for m e a s u r e m e n t ,  the  ceils were th rown  down 
a t  low speed cen t r i fuga t ion  unt i l  a suspens ion  sufficiently di lute  for e lec t rophoret ic  m e a s u r e r n e n t  
was obta ined .  \Vhere agg lu t ina t ion  occurred,  discrete  celis were a lways  found in addi t ion  to the  
aggregates .  The  mobil i t ies  of t he  discrete  ceils and  of the  cell aggrega tes  in the  s ame  suspens ion  
were found  to be equal  in all cases. Therefore  in de t e rmin ing  the  mobi l i ty  of red cells unde r  condi t ions  
of agglu t ina t ion ,  the  mobi l i ty  of the  discrete  cells m a y  be t aken  as r ep resen ta t ive  of the  suspens ions  
as a whole. 

I t  was  found t h a t  basic polyelec t ro ly tes  are i r revers ibly  adsorbed  on glass;  therefore  a glass 
surface  in con tac t  wi th  a polylys ine  solut ion is a lways  covered wi th  a concen t ra t ed  layer  of the  
polyelectrolyte .  In  the  microelec t rophores is  cell, where  the  rat io  of surface  area to w~lume is large, 
t he  adsorp t ion  of the  po lybase  by  the  glass wall m a y  decrease the  1'1, concen t ra t ion  s ignif icant ly 
in solut ions  of low concent ra t ion .  

If red blood cells are al lowed to set t le  on the  PL-coa ted  glass surface and  t hen  resnspended ,  
thei r  mobi l i ty  m a y  change  marked ly .  

\Vhen glass coated wi th  paraffin or wi th  plas t ics  (silicone, lucite) was used,  mobi l i ty  of the  
ceils was no t  affected, t towever ,  because  of the  difficulty and  inconvenience  of c leaning the  coated 
e lect rophoret ic  cell. m e a s u r e m e n t s  were m a d e  in t he  u n t r e a t e d  glass appa ra tu s .  Cons t an t  and  
reproducible  resu l t s  were ob ta ined  if the  following p recau t ions  were t aken :  

The  electrophoresis  a p p a r a t u s  was first r insed  wi th  the  solut ion of the  po lyamino  acid; ceils 
were no t  allowed to set t le  on the  glass walls of the  e lec t rophoret ic  a p p a r a t u s  and  of the  vessels, 
and  mobi l i ty  m e a s u r e m e n t s  were m a d e  i m m e d i a t e l y  af ter  in t roduc ing  the  blood cell suspens ions .  

Be tween  exper iments ,  the  adsorbed  polybase  was  r emoved  by  r ins ing the  microelec t rophore t ic  
cell and  the  glassware  wi th  I N N a O H ,  and  wash i ng  t h o r o u g h l y  wi th  disti l led water .  

RESULTS 

Pre l im inary  experiments  h a v e  s h o w n  t h a t  l o w  c o n c e n t r a t i o n s  o f  a l l  t h e  b a s i c  

p o l y e l e c t r o l y t e s  t e s t e d  a g g l u t i n a t e d  t h e  r e d  b l o o d  ce l l s  a n d  m a r k e d l y  r e d u c e d  t h e i r  

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

p o l y e l e c t r o l y t e s ,  o r  b y  a n y  o f  t h e  m o n o m e r s ,  w h e t h e r  a c i d ,  b a s i c  o r  n e u t r a l .  

S i n c e  b a s i c  p o l y e l e c t r o l y t e s  o f  v e r y  d i f f e r e n t  c h e m i c a l  g r o u p s  p r o d u c e  s i m i l a r  

e f f e c t s ,  i t  i s  c l e a r  t h a t  t h e  e f f e c t s  o f  t h e  v a r i o u s  p o l y b a s e s  a r e  d u e  t o  t h e i r  p o l y e l e c t r o l y t e  

c h a r a c t e r  a n d  n o t  t o  a n y  s p e c i f i c  c h e m i c a l  c o m p o s i t i o n .  T h e  f a c t  t h a t  o n l y  p o l y b a s e s ,  

b u t  n o t  t h e i r  m o n o m e r s ,  a f f e c t  t h e  ce l l s  i n d i c a t e s  t h a t  t h e  f a c t o r  c h i e f l y  r e s p o n s i b l e  f o r  

Re/ereuccs p. 547. 
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their interaction with the oppositely charged cell surfaces is the strong electrostatic 
field of the polyion, which is due to its high charge density. 

I. Electrophorelic behaviour el red blood cells in polylysi,ze solulions 

All experiments were performed in isotonic buffered NaC1 solutions of pH  7.2 and 
ionic s trength o.I  5 . 

Polylysine tends to change the normally negative mobility of red blood cells to 
positive*; i.e. with increasing PL concentration tile negative mobili ty of the cells 
decreases to o, thereafter it becomes positive until, at high PL concentrations, it ap- 
proaches asymptot ical ly  a max imum value (Fig. 2). 

Clearly these changes in mobil i ty are due to adsorption of the positively charged 
PL on the negatively charged surface of the red blood cell. Their magni tude depends 
both on the PL concentrat ion and on the number  of ceils per ml. 

(a) Reversibililv o~ polylysine adsorptio,t on the red blood cell 

It  has been shown tha t  the adsoption of PL on tile red cell is a reversible reaction; 
it rapidly reaches a state of equilibrium which is dependent only on the final composition 
of the system. The electrokineHc potential of the red blood cell in PL  solutions, at a given 
ionic strength and pH, is consequently a single valued/unction, o~ the equilibrium eoneen- 
lraHon o~/ree P L  in lhe soh#ion. 

The reversibility of the reaction is proved by the following typical experiment :  
A series of suspensions of 2" Io  7 cells per ml was prepared in buffered NaC1 solutions 

containing the following amounts  of polylysine hydrobromide (PL) (a) o micrograms 
per ml, (b) 2 micrograms per ml, (c) IO micrograms per ml; (d) same final composition 
as (b), prepared by mixing 4 parts  of suspension (a) with I part  of suspension (c). The 
mobilities of the cells in the suspensions are given in Table I. 

TABI,E I 

M O B I L I T Y  O F  R E D  B L O O D  C E L L S  S U S P E N D E D  IN S O L U T I O N S  (IF [)I~ IN B U F F E R E D  X~LCI, 

O F  I O N I C  S T R E N G T H  O . I  5 A N D  p H - 7 . 2  

All tile suspensions contained 2. Io 7 cells/ml. The preparation of the suspensions is described in the 
experimental part. 

)41tspensi(m P o l y l v s i n c  H B r  31ohl l i t y  
m icrogra m s ,  In I /¢/sec ' 7',)11 'rc~ 

a O 1 . 0  S 

1) 2 ¢).0(/  

c I O  I i . t 8  

d 2 / I . 0 / /  

I t  will be observed tha t  cells of suspensions (b) and suspension (d) have the same 
mobility. Moreover, suspension (d) was electrophoretically homogenous all cells had 
the same m o b i l i t y -  proving a homogenous redistribution of PL  over all the cells. 

* "Negative" and "positive" are used to denote the mobilities of negatively charged and of 
positively charged particles, respectively. 

Re/erences p. 547. 
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(b) Variation o/ electrophoretic mobility o/ red blood cells with number o/ cells at constant 
PL concentration 

The mobility of red blood cells was determined in a series of suspensions at equal 
PL concentrations but at different cell- 
concentrations. The results are given 
in Fig. I. 

The mobility increases with increa- 
sing dilution of the cell suspension, 
reaching an upper limiting value at 
very high dilution. On the other hand, 
when the number of cells per ml is very 
great, mobility approaches that  of cells 
in a solution free of polylysine. 

The curves may be explained as 
follows : as the red cells adsorb PL, the 
concentration of free PL in solution 
at equilibrium is less than the total 
PL concentration. Increasing the num- 
ber of cells per ml decreases the  
equilibrium concentration of free PL 
and hence decreases the potential of 

. 1 5  
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F i g .  I .  D e p e n d e n c e  o f  r e d  b l o o d  cel l  m o b i l i t y  on  
n u m b e r  o f  ce l l s  p e r  m l  (n) a t  c o n s t a n t  1 ' I .  c o n c e n -  

t r a t i o n .  

the red cells. At sufficiently high cell-concentrations, practically all the polyamino acid 
is adsorbed by the cells, and the concentration of free PL approaches zero. Correspon- 
dingly, the amount adsorbed per cell is so small that  the potential of the cell does not 
differ significantly from that  of the cell in a solution free of polylysine. 

On the other hand, at sufficiently low cell-concentrations, the total amount of 
polybase adsorbed is negligible, and the free PL concentration does not differ significantly 
from the total  PL concentration. Hence the mobility of the red cell reaches a maximum 
which is characteristic of the total PL concentration ; this will henceforth be termed the 
"limiting mobility" for that  concentration. 

(c) Variation o/ electrophoretic mobility o/ red blood cells with PL concentration, at constant 
number o~ cells 

A curve representing red cell mobility as a function of equilibrium concentration of 
free PL, is obtained by plotting the limiting mobility versus PL concentration (Fig. 2 
curve a). Curves b and c (Fig. 2) represent the mobilities of red cells in suspensions, 
containing lO 7 and lO 8 cells respectively, versus total PL concentration. 

All mobility curves approach, asymptotically, the same maximum mobility value 
( +  1.9o tz/sec/volt/cm). However, the PL concentration at which maximum mobility is 
approached is dependent on cell concentration. Thus the limiting mobility curve (5" IO~ 
cells/ml) approaches maximum mobility at approximately 6o ~g/ml, while at 2"IO v 
eells/ml it is approached at approximately IOO tzg/ml. 

I I .  Determination o/ the amount o/ polybase adsorbed on red blood cells/rom mobility data 

At the low PL concentrations with which most of this work is concerned, the well 
known methods of polyamino acid assay, ninhydrin colorimetric method and microbio- 

Re[erences p..547. 
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logical assay, are not sufficiently accurate for our purposes, as well as time consmnin~. 
Attempts to develop a general method for the determination of polyeleetrolytes, 

based on titration with polyelectrolytes of opposite sign and using the turbidity of the, 

eo 

1 . . . .  ~ . . . .  T . . . . . . . .  F . . . .  T ~  

+ 2 0 < 5 x l O  s c e l l s l m l )  - + . . . . . . . . . . . . .  ~ ' l  

i 
A B I 

+ 1 0  [ I 

, I 

°7i 
- 1 . 0  al i 

0 2O 
I I . . . . . . . .  ~ A _  

40 6 0  80 100 
polylysine ~tg/ml 

Fig.  2. R e d  b l o o d  cell  m o b i l i t y  ve r sus  t o t a l  19, c o n c e n t r a t i o n  for c o n s t a n t  n u m b e r  of cel ls  pe r  ml .  

product of their interaction as indicator, were promising for pure polyelectrolyte solu- 
tions; but in the presence of traces of hemoglobin, usually encountered in red blood cell 
suspensions, no reliably reproducible results could be obtained. 

Electrophoretic mobility data, however, can be used as sensitive indicators from 
which both tile concentration of polybase in solution and the amount adsorbed on the 
cells can be readily evaluated. 

As was shown above, equal red cell mobilities correspond to equal free PL concen- 
trations, regardless of the total PL and cell concentrations. In tile case of the limiting 
mobility tile concentration of free PL is known, being equal to the total given PL con- 
centration. Therefore, the limiting mobility curve may be used for the evaluation of free 
PL concentration. Thus in Fig. 2, points A, B and C, not only represent the same 
mobility, but express the same free PL concentration, which is equal to that at point A 
on the limiting mobility curve. Hence, the amount of PL adsorbed on the cells at points 
B and C is obtained by subtracting the free PL concentration ~,t from the total PL 
concentration D or c. 

Verification of our assumptions is obtained from further analysis of ICig. 2. The 
amount of PL adsorbed per red blood celt should be the same in all suspensions in which 
the cells have the same mobility, hence the amount adsorbed per cell at points A, B 
and C should be the same and equal to 

/ , _  a c i a 
i o  I i o  ~ 

It will be seen from the data in "fable II  that the correspondence is satisfactory. 
Additional verification of the validity of the method is derived from the following 

typical experiment : 
A red blood cell suspension, represented e.g., by point 13 Fig. 2, was centrifuged, and 

l?eirre~ces p. 547. 
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T A B L E  I I  

THE AMOUNT O1F l ' l~ ADSORBED PER RED CELL IN SUSPENSIONS OF VARYING RED CELL CONCENTRATIONS 
AT EQUAL RED CELL MOBILITIES 

Poi~ls on Total P L  No. o/cells Red cell mobility Free P L  I>L ~ adsorbed 
cun,es o/Fi~. 3 f~g/ml per ml i~ /sec/voll/cm l*g/ml fief cell, /t~ 

• \ 3 ~o ~ ~ I . o  3 
]~ 7"5 2" iO 7 @ I .O 3 2 . 2 5 '  IO -7 
C 2<). 5 8" tO ~ 4 1.O 3 2 . - ' O ' ~ O  7 
A" 1. 4 t o.O 1. 4 
t 2;' Jr.O 2"107  & O . 6  i .  4 1 .3 .  xo 7 
C '  I I . o  8 " I 0  7 ~ o . 6  I .  4 1.2" Io  v 

* T h e  f i g u r e s  in  t h i s  c o l u m n  r e p r e s e n t  t h e  a m o u n t  of  p o l y l y s i n e  h y d r o b r o m i d e  ( P L )  e q u i v a l e n t  
to  t h e  a m o u n t  o f  p o l y i o n  a d s o r b e d .  

the clear supernatant was separated from the cells. According to previous reasoning, the 
PL concentration in the supernatant should equal a and therefore the limiting mobility 
in the supernatant should equal the mo- 
bility of the red cells at B. The limiting 
mobilities in the supernatants of se- 
veral suspensions were determined by 
introducing a small number of cells 
(5" IO'~/ml) and measuring their mobili- 
ties. The mobilities of the cells in the 
suspensions and the limiting mobilities 
in the supernatants were found to be 
equal in all cases. 

From the mobility data given above 
for different PL concentrations and 
numbers of red cells a single adsorption 
isotherm has been constructed (Fig. 3). 

Fig. 3 represents the amount of PL 
adsorbed per cell as a function of the 
equilibriuln concentration of free PL. 
The isotherm is a parabola of the 
Freundlieh type. I t  reaches a saturation 

; 7 - -  J - -  ! 
I0.0 

,~ 7 s  

l:l 

E s 0  

1 
% 

t _ _ .  I _ _  r __f  
io 2 0  30 40 

Free Dolylysine ~g[ml 

F i g .  3- A m o u n t  o f  p o l y l y s i n e  a d s o r b e d  p e r  r e d  b l o o d  
ce l l  v e r s u s  f r e e  p o l y l y s i n e  c o n c e n t r a t i o n .  O r e d  b l o o d  

c e l l s ;  ~ " g h o s t s " .  

1 

value of approximately io -6/xg per red blood cell. This adsorption isotherm is charac- 
teristic of the interaction of PL with the red blood cell in physiological saline solution 
of ionic strength o.15 and pH 7.2. 

Preliminary experiments have shown that  the run of the absorption isotherms is 
dependent on both ionic strength and pH. 

I I I .  Location o/ the site o~ PL adsorptio~a in the red blood cell 

In order to ascertain whether the membrane alone or both membrane and interior 
of the cell participate in the binding of PL, experiments on red cell ghosts were carried 
out. I t  has been shown by TEORELL n and others that  the membrane 's  eleetrophoretic 
behavior and permeabili ty properties are unaltered in the ghost, which may be con- 
sidered therefore as a practically intact red cell membrane. 

I t  was reasoned that  if the PL does not penetrate into the interior of the cell, whole 
R e [ e r e , 2 c e s  p .  5 4 7 .  
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cells and ghosts should adsorb equal amounts of PL. On the other hand, its additional 
experiments have shown that hemoglobin hinds considerable quantities of PL, with 
penetration of the PL tile whole cells should adsorb markedly more than the ghosts. 

Using tile same technique as described for red blood cells, it was found that both 
the limiting mobility curves and adsorption isotherms for ghosts were identical with 
those obtained for whole cells, within ttLe limits of experimental error (see Fig. 3)- It 
may be concluded therefore that the PL does not penetrate into the cell. 

Supporting evidence for this conclusion may be obtained as follows. If tile adsorp- 
tion is in the membrane only, then hemolysing a suspension of red cells in PL solution 
should cause additional adsorption of PL from tile solution by the liberated hemoglobin. 
Consequently, the mobility of tile ghosts and the limiting mobility of the supernatant 
hemolysate should be lower than that of the unhemolysed cells. On tile other hand, if 
PL penetrates tile membrane and combines with the hemoglobin, the amount of ad- 
sorbed PL should be approximately the same for the unhemolysed cells and for tile 
hemolysed cells plus tile hemolysate. The results of several experiments with different 
PL concentrations are given in Tahle III .  

T . \  B I . E  1 l l  

C H A N G E  I N  M O B I L I T Y  O F  RI~;I)  C E L L S  I N  l ) I .  S O L U T I O N  I ) U E  T O  H E M O L Y S I S  

All s u s p e n s i o n s  c o n t a i n e d  2. 5- ~o v ee l l s /mI .  T h e  h e m o l y s a t e  w a s  p r e p a r e d  b y  h e m o l y s i n g  ~ w ) l u m e  
of  a 2o o{, r e d  cell  s u s p e n s i o n  w i t h  S v o l u m e s  of  w a t e r ,  a f t e r  w h i c h  i t  w a s  b r o u g h t  t o  t h e  f ina l  c o m -  

p o s i t i o n  of  2. 5 .  Io ~ ce l l s /ml ,  o. 15 m o l a r  NaC1, a n d  t h e  g i v e n  P l .  c o n c e n t r a t i o n .  

Total t 'L com. Mobility ~;r ~cd cel ls  Limiling mobility in 
&'fore hemolysis supernatanl ajter hemolysis 

ft~' tnl I* '~;cc/Po#,t :m l I ',s-go/villi,era 

I O  . - -  1 . 0 2  ! 0 . 2 0  

15 " J.3 8 } o.71 
20 ~ t . 54  ~ o .9o  

It  will be seen from Table I I I  that the hemoglobin liberated from the cells into tile 
bulk of the solution pronouncedly lowers the mobility of tile red cells, i.e. it binds con- 
siderable amounts of PL. This indicates, as did the previous experiments, that the 
polylysine does not penetrate into the cell. 

I! ~. Adsorption o~ PL  on glass 

It was of interest to compare the adsorption of PL on the dynamic structure of the 
erythrocyte membrane with that on static surfaces of solids such as glass or quartz. 

The specific sur/ace area o/powdered glass was determined by comparing the amount 
of methylene blue required to cover the glass powder with a monomolecular layer with 
the amount required to provide a monomolecular layer on I cm 2 surface of glass beads. 
Glass beads of known diameter were immersed in a series of methylene blue solutions of 
various concentrations, and the concentration in the supernatant was determined 
eolorimetrieally at 2 -  66ooA. The amount adsorbed was plotted against the total 
concentration (Fig. 4). 

The horizontal part of the curve represents a complete monomolecular layer. The 
adsorption of methylene bhle per mg of powdered glass was determined and plotted in a 
similar manner. The specific area of the glass powder was calculated from the two sets 
of figures obtained. 
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Determina t ion  of the specific area of powdered glass by this method should be more 
accurate than  the a l ternat ive  method  of calculat ing the surface area from the number  of 
molecules in a monomolecular  layer and  
from the area of the molecule. Comparison -% 
of both  methods  in a few control experi- 

0A0 
ments  showed good agreement.  

The amount o/ P L  adsorbed per unit  
area o~ glass sur/ace was determined as § ao~ 
follows : 

Suspensions of glass particles, con- 
ta in ing  I mg of glass powder per ml, were o 

prepared in PL solut ions of various con- 
centrat ions.  After IO minutes  the suspen- 
sions were centrifuged and  the concentra-  
t ion of the PL in the superna tan t  was 
determined by the l imit ing mobi l i ty  tech- 

I [ I I I 

n 

amount absorbed per crn2 
in monomolecular layer / 

i I I I I 

I 2 3 4 5 

total concentration of methylene blue /.~g/ml 

Fig. 4- Amount of methylene blue adsorbed per 
cm 2 surface of glass beads versus total methy- 

lene blue concentration. 

nique with a small  n u m b e r  of red cells. The mobili t ies of the glass particles in the 
suspensions were measured as well. The results are given in Table IV. 

TABLE IV 
AMOUNT OF PL ADSORBED PER cm 2 oF GLASS SURFACE 

P L  con& A dsorbed PL* Mobility oj 
T.la[ PL  conc. pg,'ml in supernatant Hg per cm 2 glass particles 

Hg/ml glass sur/ace iHsec/V/cm 

o - -  1.9o 
2 0.93 o.Io7 + 1.75 
4 3.05 0.095 + 1.78 
6 4.90 o. IiO + 1.76 

* The figures in this column represent the amount of polylysine hydrobromide (PL) equivalent 
to the amount of polyion adsorbed. 

+ 2 . 0  [ I I I / G I o s  S - 
i - - - o - - - -  N -c- 
I / _  

E * I0  ~ ~ e S  

g / ' b  
< .  o 

~k 

-10 
q I I I 

I 2 4 6 8 I0 

total PL concentration #.g/m! 

Fig. 5. Electrophoretic mobilities of glass particles 
and of erythrocytes in PL solutions. Surface area 
per ml of suspension in both cases equals 1o cm 2. 

0 4 0  
o 

~o3o 

~ 0 2 0  

8 o l o  

/ 

[ [ 

j /  

/ 

G l a s s  q 

1 L 
5 I0 
Free PL /xg/ml  

15 

Fig. 6. Amount of PL adsorbed per cm e surface 
area on erythrocytes and on glass particles, 

versus free PL concentration. 

When  glass particles and  red cells were compared with respect to mobi l i ty  and 
amoun t  of PL adsorbed (Figs. 5 and 6), the following points  were brought  out" 
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544 A. NEVO, A. 1)F, VRIES, A. I,LkTCHALSI,PF V,2}L. 17 (z955) 

(a) While the mobility of red cells increases gradually, approaching asymi)totically 
the maxinmm ( _  1.9o /x/see/V/era) at PL concentrations of 7o-8o /,g/ml, with glass 
t)articles, ~z constant maximnm mobility is reached at at PL-concentration of I t,g/ml 
or less. 

The maximum mobility of glass particles in PL solutions is somewhat less than that  
of crythrocytes, i.e. _a L76  /,/sec/V/cm for glass compared to -~ Lgo tz/sec/V:cm for 
rcd cAls. 

(b) With glass, maximum adsorption amounts to o.I ixg/'cm ~, while with red cells 
it is approximately 0.6 /,g/cm'-'. 

Adsorption of PL on glass is practically irreversible, as shown by the following 
observations: 

~.l)ilution or washing does not remove the PL from the glacs. 
2. At concentrations b~,qow saturation value, the mobilities of the glass t)articles in 

the sust)ension are not homogeneous. 

DISCUSSION 

i t  was concluded that  the PL bound by the red blood ceil is concentrated in the 
membrane only. That  at least part, if not all, of the bound PL is adsorbed on the exterior 

surface of the membrane, is proved by the changes 
in the potential of the erythroeytes in PL solutions. 

Under the experimental conditions, at pH 7.2 
and ionic strength o.;:5, the PL inolecule is flflly 
ionized, i.e. every ]},sine residue carries a positive 
charge, and the polypeptide chain is almost fully 
extended (Fig. 7). 

The fully extended chain is coplanar, with both 
the C O oxygen atoms and the N - H  hydrogen 
atoms in the plane of the chain. The side chains, 
at tached to the carbon atoms, point alternately to 
the left and upward from the plane of the chain, 
and to the right and downward. The distance along 
the chain corresponding to one amino acid residue 
is 3.6 7 A. 

Fig. 7-Model  of fully extended polylysine molecule (lo 
monomeric units). 

H H 0 H H 0 H H 0 

I I I i " 
x 

t 
(CHe) ~ (C tt2) i (Ctt~)~ 

i I I 
NH a ~ NH a ! NHa~ 

If the PL molecule lies fiat, with the side chains parallel to tile adsorbing surface, 
two arrangements of the molecules in a monomolecular layer are possible: 

I. The molecule may be considered to occupy the area of a rectangle whose long 
axis is formed by the polypeptide backbone and whose width is equal to twice the length 
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of the side chain, plus the projected width of tile central pcptide links, plus the Van der 
~Vaals distance between two neighboring molecules. 

2. Since tile thickness of the aliphatie side chain (3.4 A) is less than half the distanc~ 
b~tween successive residues on one 
side of the molecule (7.3 A), an inter- 
laced arrangement is possible, with 
each side chain of one molecule lying 
between two side chains of its neighbor 
(Fig. 8). The width of the rectangular 
area thus effectively covered by one 
molecule is equal to the length of the 
side chain, plus the Van der Waals 
distance between the spine and the 
amino group of the side chain, plus 
the projected width of the spine. 

The effective area covered per 
monomeric unit would be 59 A2 in 
case (I) and 36 A 2 in case (2), and the 
amount of PL required to cover I cm 2 
of surface area would be o.o59 /xg in 
the first case and o.096 txg in the 
second. 

The actual amount adsorbed on 
glass has been found to be o.Io4 ± 
o.o 5 t~g/cm 2 which is in good agree- 
ment with the calculated amount for ........................................................... 
the interlaced arrangement in (2). lqg. 8. Model of section of two poly lys ine  molecules  

in " i n t e r l a ced"  a r r angemen t .  
Since it was found that glass binds 

PL strongly and almost irreversibly we may well imagine that this strong attraction 
forces the molecule to acquire the entropically less probable flattened out arrangement. 

It was found that the amount of PL adsorbed per cm 2 surface area of the erythrocyte 
was o.6 /xg, which is equivalent to about six monomolecular layers of the type described. 
This discrepancy may be due to any one o r  a l l - -o f  several causes: 

(a) A different orientation of the PL molecules on the surface may permit closer 
packing, as shown for example, in Fig. 9. 

This arrangement would be accompanied by a smaller decrease in configurational 
entropy. 

(b) Adsorption may take place not only on the exterior of the cell membrane but 
inside the structure as well, particularly on the fibrillar protein constituents, it should 
be noted, in this connection, that fibrillar proteins have been found to bind about a 
hundred times more PL than do globular proteins x2, a phenomenon analogous to the 
fact that dyes are more strongly bound by stretched or partially coagulated proteins 
than by the native globular form ~3. 

The likelihood of intramembrane adsorption is supported by the observation that 
PL causes hemolysis, when present in comparatively large concentrations. These per- 
meability changes are reversible,--when the cells are washed free of PL further hemo- 
lysis ceases. Recent electron microscopy of ghosts 14 has demonstrated that the red cell 
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m e m b r a n e  is c o m p o s e d  of a s u p p o r t i n g  w eb  of f ib r i l l a r  p r o t e i n  ( s t r o m a t i n )  c o v e r e d  b y  

a m o s a i c  of p l aques ,  w h i c h  a re  p r o b a b l y  l i p o p r o t e i n  in  n a t u r e ,  w i t h  l ip ids  in b e t w e e n .  

T h e  w a t e r  c h a n n e l s  ( " p o r e s " )  a re  l o c a t e d  b e t w e e n  t h e  p l acques .  HH, UER sugges t s  t h a t  

h e m o l y s i s  is d u e  to  o p e n i n g  u p  of t h e  po re s  b y  a c h a n g e  in t h e  r e l a t i v e  pos i t i on  of t h e  

® 

Fig. 9. Schematic representation of adsorption of polylysine-HBr on the surface of the erythrocyte. 
The Pl, molecules are depicted by the branched lines. The circles at  the ends of the branches are 

NHa* groups; tile free circles represent bromide ions. 

p l a c q u e s .  I t  c a n  be  t h o u g h t  t h a t  t h e  P L  m a y  well  p r o d u c e  such  a n  effect  b y  b r i d g i n g  

t h e  f ibr i ls  a n d / o r  t h e  p l a c q u e s  a n d  d i s t o r t i n g  t h e i r  r e g u l a r  a r r a n g e m e n t .  

I f  t h e  a m o u n t  of a d s o r b e d  P L  is c a l c u l a t e d  f r o m  e l e c t r o p h o r e t i c  d a t a ,  on t h e  as- 

s u m p t i o n  t h a t  al l  t h e  p o s i t i v e  c h a r g e s  of t h e  a d s o r b e d  P L  c o n t r i b u t e  to  t h e  e l ec t ro -  

k i n e t i c  p o t e n t i a l ,  a l a rge  d i s c r e p a n c y  is f o u n d  b e t w e e n  t h e  o b s e r v e d  a n d  c a l c u l a t e d  

a m o u n t s .  T h e  a c t u a l  a m o u n t  a d s o r b e d  on e r y t h r o c y t e s  is f o u n d  to be  g r e a t e r  t h a n  t h e  

c a l c u l a t e d  a m o u n t  b y  a f a c t o r  of a p p r o x .  75, a n d  on glass ,  b y  a f a c t o r  of ~o. W i t h  

b a c t e r i a ,  E.  K=\TCHAI.SKI el al. a h a v e  f o u n d  a s i m i l a r  b n t  evel~ g r e a t e r  d i s c r e p a n c y .  

T h e s e  d i s c r e p a n c i e s  m a y  be  d u e  to w t r i o u s  f ac to r s ,  ( f u r t h e r  i o n i z a t i o n  of t h e  su r face ,  

a d s o r p t i o n  of n e g a t i v e  ions ,  e x p u l s i o n  of p o s i t i v e  ions)  a n d  a re  n o w  b e i n g  i n v e s t i g a t e d .  

SISMMARY 

1. The interaction between negatively charged cells and positively charged (basic) poly- 
electrolytes is mainly due to non-specific electrostatic at t ract ive forces. 

z. Adsorption of polylysine {PL) on the red blood cell is a reversible reaction which rapidly 
at ta ins  a state of equilibrium; consequently the surface potential  of the erythrocyte in PL solutions 
is a single-valued function of the equilibrium concentration of free PL in solution. 

3- A method is described whereby mobility data  can be used to evaluate both the concentration 
of PL in solution and the amount  adsorbed on the cells. 

4. An a lsorpt ion  isotherm of the Freundlich type was obtained which is characteristic of the 
interaction of PL with the red blood cell at  p i t  7." and ionic strength o.15. 

5. \Vith red blood cells, PL is bound by the membrane only. 
6. PL adsorption on the surface of glass particles and their electrophoretic mobilities were 

measnred. 
7- The orientation, and the hemolytic effect, of PL molecules adsorbed on the red cell membrane 

are discussed. 
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t. L ' interact ion entre des cellules ndgat ivement  chargdes et des polydlectrolytes posi t ivement  
chargds (basiques) est due pr incipalement  il des forces a t t ract ives  61ectrostatiques non spdcifiques. 

2. 12adsorption d 'une polylysine (l'I,) sur  les globules rouges est une rdaction rdversible (lui 
a t te in t  rapidement  un 6tat d'dquilibre; par consdquent le potentiel  de surface des 6rythrocytes  dans 
des solutions de I)L est une fonction ~'1 une seule variable de la concentrat ion ~L I'dquilibre de la I'1, 
libre dans la solution. 

3. ITne mdthode permet tan t ,  it par t i r  de ddterminat ions de mobilitd, ddvaluer i / la  fois la concen- 
t rat ion ell P1, de la solution et la quanti t6 adsorbde sur  les cellules est ddcrite. 

4. Un isotherme d 'adsorpt ion  de Freundlich, caractdristique de l ' interaction de PL avec les 
globules rouges g pH 7.2 pour  une force ionique de o.15, a dt6 obtenu.  

5- Dans le cas des globules rouges, PI, est lid seulement A la membrane.  
6. 12adsorption de PL fi la surface de particules de verre et leur mobilit6 dlectrophordtique 

ont  6t6 mesurdes. 
7. L'orientat ion,  et l 'action hdmolytique, des moldcules de I 'L adsorbdes stir la membrane  des 

globules rouges sont  discutdes. 

ZUSAMMENFASSUNG 

I. Die Wechselwirknng zwischen negativ geladenen Zellen und positiv geladenen (basischen) 
Polyelektrolyten ist in der Hauptsache  spezifischen elektrostatischen Anziehnngskriiften zuzu- 
schreiben. 

2. Die Adsorption von Polylysin (PL) durch rote Blutk6rperchen ist eine reversible Reaktion, 
welche sctmell ein Gleichgewichtsstadium erreicht. Demzufolge ist das Obertt/ichenpotential des 
Ery th rocy ten  in PL-L6sungen eine von einer Unbekannten,  n~imlich der Gleichgewichtskonzentrat ion 
von freiem Pl,  in L6sung, abhgngige Funktion.  

3. Es wird eine Methode beschrieben, welche es ermOglicht, an Hand der Beweglichkeitsangaben, 
sowohl (tie Konzentra t ion des PL ill L6sung, als auch die auf den Zellen adsorbierten Mengen ab- 
zusch~itzen. 

4. Es wurde eine Adsorpt ionsisotherme Typ Freundlich erhalten, welche bei p H  7.2 und Ionen- 
stfirke o.15, charakteris t isch fiir die \Vechselwirkung zwischen I 'L  und den roten Blutk6rperchen ist. 

5- In roten Blutk6rperchen wird Pl,  nur  yon der Membran gebunden. 
6. Es wurden Messungen betreffend die Adsorption yon 1'1, auf der OberflS~che yon Glaspartikeln 

und deren elektrophoretische Beweglichkeit vorgenommen.  
7. Die Orientation und die hemolvtische \Virkung yon auf der Membran der roten Blutk6rper- 

chert adsorbierten l'i~-Molekiilen wird er6rtert.  

R E F E R E N C E S  

1 R. [,. M..qYNGE, Quart. Reviews (Ixmdon), 3 0949) 245. 
2 E. BRICAS AND CL. FROMAGEOT, .4dvances in Prolein Chem., 8 (I953). 
a M. A. STAH.X~ANN, L. H. GRAF, J. C. \VALKER .aND D. W. \VATSON, J. Biol. Ckem., tS9 (t95I) 45. 

XV.C. BURGER AND M. A. STAHMANN, J .  Biol. Ckem., t93 (1951) I3, 
4 W. C. BURGER AND M. A. STAHMANN, Arck. I3iochem. Biophys., 39 (I95 e) 27- 
5 E. KATCHALSKI, L. BICHOVSKY AND F. B. VoLeANI, Biochem..]., 55 (I953) 67I. 
6 j .  R. RUBtNI, M, A. STAHMANN .aND A. F. RASMUSSEN Jr., Proc. £'oc. Exp. Biol. Med., 76 (t95 I) 659. 
7 A. DE ~rRIES, Y. STEIN, O. ~TEIN, J. lgELDMAN, J. GUREVITCH AND E. KATCHALSK[, Proc. Fourth 

h2lernat. Congr. Inlernat. Soc. Hematol., 1"[1-8 (1954) 385 ` 
H. T. S. BRITTON, Hydrogen Ions, Chapman and Hall, London, 1932. 

o E. KATCHALSKI, I. GROSSEELD AND M. FRANKEL, . [ . . t in .  Ckem. Soc., 7o (~94 S) 2o94. 
10 H. A. ABRAMSON, L. S. MOYER AND M. H. GORIN, Fdeclropkoresis o/ Proteins, New York, Reinhold 

Publishing Corporation, t942. 
11 T. TVORELL, J. Geu. Physiol., 35 (1952) 009. 
12 Unpublished results. 
ta R. J. GOLDACRE, in International Review o/('ylologs, , Vol. l, p. 135. 
14 j .  HILLIER AND J. [;'. HOFFMAN, .]. C0m/5. Physiology, 42 (1953) 2o3. 

R e c e i v e d  . January ,  27 th ,  1955 


