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Certain generalisations can be made from these observations. 
i. Complexes formed by polyanions with cationic detergents are soluble in salt solutions 

at  concentrat ions which are characteristic 
and widely different, according to the struc- 1.0 
ture of the polymer, g 

2. Complexes of carboxylic polysaccha- 
rides are soluble in much lower concentra- k, 0"8 
tions of all types  cff salt than  those of the ~ m 
polysulphates, with DNA and RNA 2 in the ~ 
intermediary range. "~.9 0.6 

3. The solvent action of the anion on ~ ~ 
polysulphate complexes is inversely related ~,~ 
to its energy of hydra t ion;  the same applies "~ 0.4 
(up to a point) for the cation. Ionic s t rength  
seems to be of greater importance in the 
prevention of polycarboxylate and nucleic 0.2 
acid precipitation, especially when the density 
of charged groups is low, as in pectin. 

4. The bond between the qua te rnary  
a m m o n i u m  ion and ester sulphate groups 
differs considerably from tha t  derived from 
carboxylate,  and is probably  stronger. 

F rom the above and other experiments 
it is though t  tha t  two processes contr ibute 
to the formation of the precipitate. 

~. Organic cations associate with the 

/ / /  
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Fig. I. The optical densi ty was measured in IO 
m m  quartz  cells at  26o m/~. A reading of 0.20 
corresponds to complete precipitation, and 0.95 

to no precipitation. 

polyanion in solution displacing inorganic ions to some extent.  When the energy of hydrat ion of 
the polymer is insufficient to hold the long paraffin chains of the associated cetylpyridinium in 
solution, a new phase is formed. 

2. Organic cations from solution exchange with inorganic ions remaining on the solid with 
release of energy, stabilising the precipitate. 

Equil ibrium in stage i, between solid and solution phases depends on the ratio of the concen- 
t ra t ions  of qua te rna ry  a m m o n i u m  and inorganic cations, their  respective affinities for the anionic 
groups  and on the hydra t ion  energy of the polymer, i.e. on its structure.  The cation-anion affinity 
decreases wi th  increasing salvation of both, i.e. is roughly proport ional  to the size, charge re- 
maining cons tant  (for review on ionic salvation see Ref. 3). This is probably  because the s t rongest  
bond between cation and anion is an ion-pair, or a closely allied s t ructure  which can only be 
formed subsequent  to the loss of water  of solvation. 

The affinity of COO-, PO4-, SOa-, for a given cation seems to increase in tha t  order; of 
cations for an anion, Li < Na < K; the order of increasing size. The hydrogen ion occupies a 
special place in such series because of its ability to form covalent bonds with anions. 

The applications of these findings to biological materials, together  with detailed inter- 
pretat ions and experimental  data, will short ly be submit ted  for publication. 
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Effect of salt concentration and pH on the rate of virus neutralization 
by purified fractions of specific antiserum 

JERNE 1 and JERNE AND SKOVSTED 2 first reported tha t  the rate of neutralization of bacterio- 
phage by specific ant iserum is considerably faster  at low than  at high salt concentration. This 
effect of salt concentrat ion on the rate of virus neutralization has been confirmed by others3, 4. 
"The purpose  of the present  communicat ion is to make a prel iminary report  of studies dealing 
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w i t h  t i le  e f fec t  of  s a l t  c o n c e n t r a t i o n  a n d  p H  o n  t h e  k i n e t i c s  of  n e u t r a l i z a i i ~ m  ~}I I m c t e r i o p h a ~ e  
T e r  r- b y  p u r i f i e d  f r a c t i o n s  of  spec i f ic  a n t i s e r u m .  

.\  p o o l e d ,  r a b b i t  an t i -T - ,  s e r u m  w a s  s e p a r a t e d  i n t o  e i g h t  f r a c t i o n s  ~,f d i l t e r e n t  m e a n  iso 
e l e c t r i c  p o i n t s  b y  t h e  m e t h o d  . f  e l e c t r o p h o r e s i s - c o n v e c t i o n  '~. T h e  m a t e r i a l  t a k e n  f rom ti le b o t t o m  
r e s e r v o i r  of  t i le  electrophoresis-c~mvectitm cell a f t e r  t i le  l a s t  s t a g e  of  f r a c t i ( , n a t i o n  x~as f u r t h e r  
s e p a r a t e d  i n t o  a g l o t m l i n  a n d  a l l m m i n  f i ' a c t i o n  l)y s a l t i n g - o u t  w i t h  a n l l n o n i u n l  s u l f a t e . . \ 1 1  e x c e p t  
t h e  a l b u m i n  f r a c t i o n  s h o w e d  g o o d  v i r u s  n e u t r a l i z i n g  a c t i v i t y  u n d e r  t /hys ioh~gicnl  c o n d i t i o n s  of 
p H  a n d  s a l t  c o n c e n t r a t i o n .  

T h e  k i n e t i c s  of  v i r u s - n e u t r a l i z a t i o n  b v  t h e  v a r i o u s  s e r u n l  f r a c t i o u s  indi~ a t e  l]talt t he  e t i ec t  
of s a l t  c o n c e n t r a t i o n  a n d  p l f  o n  t h e  r a t e  of  t i le  n e u t r a l i z a t i o n  r e a c t i o n  c a n  be  u n d e r s t o o d  in 
t e r m s  of  c h a n g e s  in t h e  e l e c t r o s t a t i c  i n t e r a c t i o n s  b e t w e e n  spec i t ic  a n t i g e n  a n d  a n t i b ( ) d v  s i t es ,  
m o d i f i e d  b y  c h a n g e s  ill co l l i s ion  f r e q u e n c y  l / e t w e e n  v i r u s  p a r t i c l e s  a n d  a n t i b o d y  mo lecu l e s .  T h e  
f i r s t - o r d e r  r a t e  of  n e u t r a l i z a t i o n  o f T 2  b y  t t l e u n f r a c t i o n a t e d  s e r u m  a t  p H  7 is s t r o n g l y  d e p e n d e n t  
o n  t h e  s a l t  c o n c e n t r a t i o n  of  t h e  r e a c t i o n  m i x t u r e .  T h u s ,  t i le r a t e  of  n e u t r a l i z a t i o n  in 3 " [ o  a . i i  
N a C I  w a s  a p p r o x i m a t e l y  3 o t i m e s  as  f a s t  a s  ill o. J5 31 NaC1. \ V h e r e a s  s o n n '  of  l he  s e r u l n  f r ac t i (mb  
a l so  s h o w e d  a m a r k e d  i n c r e a s e  ill r a t e  o f  n e u t r a l i z a t i o n  1)i1 lo~xering tilt, szdt c(mcentr~l t i l )n  a t  
p H  7, o t h e r s  s h o w e d  n o  i n c r e a s e  ill r a t e ,  w h i l e  w i t h  stil l  ()tilers, t h e  r e a c t i o n  xx.s s t r o n g l y  i n h i b i t e d  
a t  l ow s a l t  c o n c e n t r a t i o n s . . \  c o r r e l a t i o n  w a s  f o u n d  b e t w e e n  till '  m e a n  i s o e l e c t r i (  p( , in t  of the  
s e r u m  f r a c t i o n  a n d  t l /e  e i tec t  of  sa l t  c ( m t e n t r a t i o n  on  t h e i r  r a t e s  of n e u t r a l i z a t i ( m  ill n e u t r a l  
s o l u t i o n :  t h e  m o r e  ac id  t h e  i soe l ec t r i c  p o i n t ,  t h e  less t h e  r a t e  is i n c r e a s e d  ~)n l o ~ e r i n g  l h e  sa l t  
c ( m c e n t r a t i o n ,  n e u t r a l i z a t i o n  I)y t i le  m o s t  a c i d i c  f r a c t i o n s  b e i n g  i n h i b i t e d  a t  low s a l t  c o n c e n t r a t i ( m .  
. \ t  p H  v a l u e s  a l k a l i n e  to  t h e  i soe l ec t r i c  p o i n t  (~f t i le  s e r u m  f r a c t i o n s ,  tilt '  ne t  ( , lec t r ica l  c h a r g e  
c a r r i e d  b y  t h e  v i r u s e s  a n d  t h e  ant i l : )o( ly n l o l e c u l e s  a r e  of  t h e  s a m e  s ign .  It a p p e a r s  t h a t  if thes( ,  
n e t  c h a r g e s  b e c o m e  s u f f i c i e n t l y  la rge ,  t h e n  t h e  u n i o n  of v i r u s  a n d  a n t i b o d y  is i n h i b i t e d  a t  I(,w 
s a l t  c o n c e n t r a t i o n  as  a r e s u l t  (*1" d e c r e a s e d  co l l i s ion  f i ' e q u e n c y  r e s u l t i n g  f r o m  e l e c t r o s t a t i c  r e p u l s i ( m  
l / e t w e e n  t i le  p a r t i c l e s .  T h i s  e x p l a n a t i o n  is s u p p o r t e d  b y  t h e  o b s e r v a t i o n  t h a l  f r a c t i o n s  sh(~wing  
i n h i b i t e d  o r  o n l y  s l i g h t l y  i n c r e a s e d  r a t e s  of  n e u t r a l i z a t i o n  ill 3" Io a .1I N~l('l a t  p H  7, s h . w  
g r e a t l y  e n h a n c e d  r a t e s  a t  p H  5.4 5-% w h i c h  is a c id  t o  t h e  i soe l ec t r i c  p l l .  "l'he ( l u a n t i t a t i \ ' c  
r e l a t i o n s h i p  b e t w e e n  r a t e  of n e u t r a l i z a t i o n  a n d  s a l t  c o n c e n t r a t i t m ,  o v e r  t i le r a n g e  o .15  h~ 3 '  Io a 31 
N a C ] ,  h a s  b e e n  d e t e r n l i n e d  for  o n e  of tilt: f r a c t i o n s  a t  p i t  v a l u e s  ac id  t(, i ts  i soe l ec t r i (  p o i n t  
\ n a l y s i s  (if t h e s e  r e s u l t s  ill t e r m s  (if t h e  I~;R(:)NSTI'2D-CHRISTIANSEN-~CATCHARI) t h e ( ) r \  ()f t he  

p r i m a r y  s a l t  e f f ec t  (m r e a c t i o n  k i n e t i c s  ill s o l u t i o n ,  s u g g e s t s  t h a t  t h e  i n c r e a s e  in r a t e  ,~f n e u t r a l i -  
z a t i o n  o n  l o w e r i n g  t h e  s a l t  c o n c e n t r a t i o n  r e s u l t s  f r o m  inc rease ( l  c o u h m l b i c  a t t r a c t i o n  b e t w e e n  
speci f ic  a n t i g e n  an t i  a n t i l ) o d v  s i tes ,  i.e., local  a r e a s  on  t h e  r e s p e c t i v e  p a r t i ( l e s  w h e r e  tilt: spec i i i c  
r e a c t i o n  o c c u r s .  : \ t  t h e s e  p H  Va]lles t i le  n e t  c h a r g e s  o n  t i le  v i r u s  p a r t i c l e s  a n d  a n t i b o d y  n /o l ecu l e  s 
a r e  a l so  o t l p o s i t e  ill s i g n :  h o w e v e r ,  t im i n c r e a s e d  co l l i s ion  f r e q u e n c y  a t  hm- s a l t  c o n c e n t r a t i o n  
r e s u l t i n g  f r o m  i n c r e a s e d  c (mlonl l ) ic  n t t r a c t i ( m  b e t w e e n  t i le  n e t  c h a r g e s  seen /s  to  be  . s e c o n d  
~*rder effect .  

\ V h e r e a s ,  t h e  r a t e  (if v i r u s  n e u t r a l i z a t i ( m  m O.l 5 31 NaCI is i n s e n s i t i v e  t,~ t h e  h y d r o g e n  ion 
c o n c e n t r a t i o n  o v e r  at r a t h e r  u i d e  r a n g e  of  p i t ,  t h e  r a t e  is e x t r e m e l y  s e n s i t i v e  t,~ hy ' ( l rogen  ion 
c o n c e n t r a t i o n  in 3" Io  a 3 l  NaCI .  Igor e x a m p l e ,  a t  h )w s a l t  c o n c e n t r a t i o n  t h e  i'~t(~ of n e u t r a l i z a t i o n  
b y  o n e  of  t i le  f r a c t i o n s  i n c r e a s e s  as  m u c h  as  45 - fo ld  o n  g o i n g  f ron l  p l [  7 tt, 5 . 5 . . \ t  l o w e r  p l l  
xa lue s ,  h o w e v e r ,  t h e  n e u t r a l i z a t i o n  r e a c t i o n  is s t r o n g l y  i n h i b i t e d ,  t h e  r a t e  ( l e c r e a s i n g  45 fohl on  
g o i n g  f r o m  p H  5.5 to  4-5. T h e  i n c r e a s e  ill r a t e  o n  g o i n g  f r o m  p H  7 to  5.5 ap t~ears  t(, l*e d u e  t~  
i n c r e a s e d  c o u l o m l ) i c  a t t r a c t i o n  b e t w e e n  speci f ic  a n t i g e n  a u d  a n t i b o d y  s i t e s  as  a r e s u l t  (ff b i n d i n g  
o f  p r o t o n s  b y  s o m e  g r ( m p  o r  g r o u p s ,  p r e s u m a b l y  i m i d a z o l e ,  in t h e  i m m e d i a t e  v i c i n i t y  ,~t' o n e  ~1 
t h e  s i tes .  T h a t  b i n d i n g  of  p r o t o n s  b y  t h e s e  g r o u p s  is no t ,  in i tself ,  e s sen t i a l  l o t  t h e  reac l i~m i~ 
i n d i c a t e d  t) 3 , t i le  f a c t  s t h a t  t i le  r a t e  (~f n e u t r a l i z a t i o n  a t  h i g h  s a h  c (mcen t r~ l t i on  is i n s e n s i t i v e  
t o  p H  o v e r  t h e  r a n g e  5 to  Io. l n h i l f i t i o n  of t i le n e u t r a l i z a t i o n  r e a c t i o n  a t  p H  beh~w 5-5 is a t t r i b u t e d  
to  t h e  b i n d i n g  of p r o t o n s  b y  (hie (~r i ra)re  c a r b o x y l a t e  g r o u p s  in o n e  o r  b o t h  of t h e  si tes.  T l m t  
i o n i z a t i o n  of  t h e s e  c a r l l o x y l  g r ( m p s  is e s s e n t i a l  [or  t h e  a n t i g e n - a n t i l o o ( l y  r e a c t i o n  is i n d i c a t e d  1)\ 
t i le  f a c t  ~ t h a t  n e u t r a l i z a t i o n  is a l so  i n h i b i t e d  b e l o w  p H  5 a t  h i g h  s a l t  c o n c e n t r a t i o n .  

C o n t r o l  e x p e r i m e n t s  h a v e  s h o w n  t h a t  t i le  a n t i b o d y  does  n o t  lose i t s  s p e c i l i c i t y  u n d e r  c o n -  
d i t i o n s  of s a l t  c o n c e n t r a t i o n  a n d  p H  w h i c h  y i e ld  m a x i m u m  r a t e s  of T-'  n e u t r a l i z n t i o n ,  a n d  t h n t  
n o r m a l  s e r u m  p r o t e i n s  d o  n o t  n e u t r a l i z e  t i le  v i r u s  u n d e r  t h e s e  c o n d i t i o n s .  

In a n  e a r l i e r  C ( l l n n l u n i c a t i o n  a t i le  a u t h o r s  r e p o r t e d  n l e a s u r e m e n t s  on  the  e l iec t  e l  s a l t  
c o n c e n t r a t i o n  on  t i le  r a t e  of  v i r u s  n e u t r a l i z a t i o n  b y  u n f r a c t i o n a t e d  a n t i s e r u m .  I t  w a s  f o u n d  t h a t  
u n d e r  c e r t a i n  c o n d i t i o n s  t i le  n e u t r a l i z i n g  a c t i v i t y  of  t h e  a n t i s e r u m  c h a n g e d  in a r a t h e r  c o m p l e x  
f a s h i o n  ( l u r i n g  i n c u b a t i o n  a t  low s a l t  c ( m c e n t r a t i o n s .  T h i s  led us  to  c o n c l u d e  t h a t  t i le  e f fec t  of 
s a l t  is o n  o n e  o r  n l o r e  of t i le  COl]]l,)onents of  t i le  a n t i s e r u n l  a n d  n o t  d i r e c t l y  on t h e  n e u t r a l i z a t i o n  
r e a c t i o n  i tself .  H o w e v e r ,  t h e  r e s u l t s  of  t i le  p r e s e n t  e x p e r i m e n t s  u s i n g  f r a c t i o n s  of a n t i s e r u m  s h o w  
q u i t e  c l e a r l y  t h a t  t h i s  is n o t  t i le  ca se .  T h e  p r i m a r y  e f fec t  of  s a l t  c o n c e n t r a t i o n  is on  t h e  n e u t r a l i  
z a t i o n  r e a c t i o n  i tself ,  a l t h o u g h  p r o l o n g e d  i n c u b a t i o n  of  t h e  s e r u m  f r a c t i o n s  ill m e d i a  of  low sa l t  
c o n c e n t r a t i o n  d o e s  r e s u l t  ill s~mle loss of  n e u t r a l i z i n g  a c t i v i t y .  E f f e c t s  s u c h  as  s l o u  d e s o r p t i o n  
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of bound  ions f rom the  an t i body  molecules m i gh t  accoun t  for the  slow increase in neut ra l iz ing  
ac t iv i ty  of un f r ac t i ona t ed  s e rum prev ious ly  observed du r ing  ear ly  s tages  of incuba t ion  a t  low 
salt  concent ra t ion .  

Finally,  the  differences in the  behavior  of t he  v i rus -neut ra l iz ing  ac t iv i ty  of t he  var ious  
se rum fract ions  wi th  respect  to changes  in sal t  concen t ra t ion  of the  an t i gen -an t i body  reac t ion  
m i x t u r e  a t  p H  7, shows t h a t  the  a n t i b o d y  molecules in the  different  f rac t ions  are different  phys ica l  
enti t ies.  This  resul t  is no t  surpris ing,  since e lec t rophores is -convect ion  separa tes  pro te ins  on the  
basis  of differences in thei r  e lectrophoret ic  proper t ies .  

This  inves t iga t ion  was suppor t ed  in pa r t  by  a research g r a n t  f rom the  Nat iona l  I n s t i t u t e  
of Ar thr i t i s  and  Metabolic Diseases  of the  Nat iona l  I n s t i t u t e s  of Hea l th ,  Public  Hea l t h  Service ; 
in pa r t  by  an  ins t i tu t iona l  g r a n t  f rom the  D a m o n  R u n y o n  F u n d  and  the  Amer ican  Cancer  
Society;  and  in pa r t  by  a d e p a r t m e n t a l  g r an t  f rom the  Division of Biology and  Medicine, Atomic  
E n e r g y  Commiss ion ,  Cont rac t  No. AT(I I - t ) -269 .  
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The assay of soluble hydrogenase 
CURTIS AND ORDAL 1 have  shown  t h a t  the  soluble h y d r o g e n a s e  f rom Micrococcus aerogenes 

is i nac t iva t ed  by  m e t h y l e n e  blue, which  is the  dye  m o s t  c o m m o n l y  used  as h y d r o g e n  acceptor  
in the  e n z y m e  assay.  Benzyl  viologen is less inhibi tory,  while m e t h y l  violet  p roved  leas t  in jur ious  
of the  dyes  tes ted .  

We  h a v e  ob ta ined  ana logous  resul ts  for two o ther  h y d r o g e n a t i o n  sys t ems .  W o r k i n g  wi th  
the  soluble h y d r o g e n a s e  f rom Desulphovibrio desulphurieans (SADANA AND JAGANNATHAN2), we 
find t h a t  di lute  so lu t ions  of t he  e n z y m e  do no t  t ake  up  hyd rogen  in t he  presence of m e t h y l e n e  
blue. Concen t ra t ed  solut ions  of t he  e n z y m e  will t r ans fe r  hyd rogen  to m e t h y l e n e  blue for several  
minu tes ,  followed usua l ly  by  a sha rp  decline in ac t iv i ty .  W i t h  benzyl  viologen or m e t h y l  violet  
3 B we have  observed  little or  no inac t iva t ion  of the  enzyme.  

For  compar i son  we h a v e  been s t u d y i n g  t he  t rans fe r  of h y d r o g e n  to acceptors  in t he  presence 
of one of the  re la t ive ly  s imple  organo-meta l l ic  complexes  which,  in aqueous  solut ion,  react  wi th  
molecular  hydrogen .  The  ca ta ly t ica l ly  act ive complex  is fo rmed  by  add i t ion  of a large excess  of 
p o t a s s i u m  cyanide  to cobal tous  chloride solut ion in t he  absence  of air (IGUCHID). We  find t h a t  
H 2 u p t a k e  is inh ib i ted  by  dyes  in the  increas ing  order  m e t h y l  violet,  benzyl  viologen, m e t h y l e n e  
blue (Fig. i). 

There  can  be lit t le d o u b t  t h a t  t he  exp lana t ion  of t he  inhib i t ion  is t he  s ame  for bo th  t he  
hyd rogenase  and  the  cyan ide  sys t ems .  I n  each the re  are two oppos ing  reac t ions :  

(i) reac t ion  of t he  ca t a l y s t  wi th  H~; 
(ii) reac t ion  of t he  ca t a lys t  w i th  oxidised dye. 
The  first is followed by  dona t ion  of hydrogen  to the  dye, t h u s  freeing t he  ca t a lys t  to unde rgo  

e i ther  (i) or  (ii). The  second leads to inac t iva t ion .  A l t hough  it  is a re la t ively  slow reaction,  it 
b r ings  abou t  a decline in t he  n u m b e r  of effective ca t a lys t  molecules.  The  degree of inhibi t ion  
b y  each dye  is a mea su re  of t he  ra te  a t  which  it  can  oxidise t he  ca t a lys t  and  is de t e rmined  no t  
on ly  by  redox  potent ia l ,  b u t  also by  t he  mode  of reaction.  

This  exp lana t ion  sugges t s  t h a t  the  site in soluble hyd rogenase  which  is capable  of reac t ing  
direct ly  wi th  H 2 is readi ly  accessible for collision not  only  wi th  H2, b u t  also wi th  a n y  o ther  solute.  
The  ac t ive  site is believed to consis t  of e i ther  one or two me ta l  a toms .  (The reasons  are discussed 
in a f o r t hcoming  review.) On  collision wi th  an  ox idan t ,  such  as m e t h y l e n e  blue, an  electron is 
t r ans fe r red  to the  dye,  while t h e  me t a l  a t o m  passes  to a h igher  ox ida t ion  s t a t e  (e.g. Co II - -+  ColII). 
In  the  cobal t  cyan ide  s y s t e m  t he  ox ida t ion  canno t  be .reversed, and  th is  m a y  well be t rue  for 
hydrogenase .  

W i t h  pa r t i cu la te  hydrogenase ,  dyes  have  no inac t iva t i ng  effect. I t  is conceivable  t h a t  t he  
ac t ive  site in pa r t i cu la te  h y d r o g e n a s e  is screened by  pro te in  or lipid which,  a l t hough  i t  is readi ly  
pe rmeab le  to d ia tomic  gases, h inde r s  t he  diffusion of larger molecules.  


