
1228 Specialia EXPERIENTIA 30/10 

In the cow in which the foetus was given cortisol, like 
those receiving Synacthen, foetal plasma TSH was 
greatly depressed during the period of treatment (Figure 
3). However the prenatal depression of TSH was not 
sufficient  to  inh ib i t  the  pos tna t a l  rise in T S H  which 
occurred wi th in  30 rain af ter  b i r t h  (Figure 3), a l though  
endogenous  cort isot  secret ion remained  ve ry  low, no t  
demons t r a t i ng  the  usual pos t -na t a l  rise in the  new b o rn  
calf 2. 

The p resen t  f indings in the  calf foetus under  chronic 
condi t ions  suggest  t h a t  the  p ronounced  fall in foetal  
p l a sma  thy rox ine  which occurs before b i r th  in th is  species 
is p receded  by  a drop in foetal  p lasma TSH.  These 
changes  con t r a s t  w i th  the  s i tua t ion  in the  foetal  l amb in 
which  the  p ic ture  is far  less clear cu t :  HOPKINS and  
THORBURN 4 r epo r t ed  a p rena t a l  falI in p l a sma  thy rox ine  
bu t  no  change  in p lasma  TSH,  whereas  s table  p lasma  
thy rox ine  levels were observed in foetal  l ambs  in th is  
l abora to ry  up to  the  t ime  of pa r tu r i t i on  3. 
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Fig. 3. Changes in plasma TSH and cortisol during initiation of par- 
turition with cortisoI (100 rag/day) for 5 days to a foetal calf. Delivery 
occurred at 258 days gestation. 

Rdsumd. On a mesur6 le t a u x  de t h y ro t ro p h i n e  (TSH), 
t hy rox ine  et  cortisol  dans  le p la sma  du foetus  du veau 
p e n d a n t  les 18 j ours pr6c6dant  la naissance.  La d iminu t ion  
du T S H  a pr6c6d6 de 6 jours et  s ' es t  poursuivie  en m4me 
t e m p s  que celle du t a u x  de thyroxine .  
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T H E O R I A  

Ligand-Leakage in Affinity Chromatography, a Mathematical Approach 

Al though  cel lulose-bound,  h ighly  specific subs t ra tes  
have  a l ready been used by  CAMPBELL and  LERMAN 1, 2 
abou t  20 years  ago, for the  isolat ion and  pur i f ica t ion  of 
biological macromolecules ,  the  large increase in the  
appl ica t ion  of th is  technique ,  n a m e d  aff in i ty  chromato-  
g raphy  3, only  s t a r t ed  in 1967. The in t roduc t ion  of the  
cyanogen bromide  ac t iva t ion  of insoluble poIysacchar ides  
for the  coupling wi th  l igand molecules by  Axl~N et  al. 4-6 
and the  use of beaded  agarose 7 as the  solid suppor t  s have  
cer ta in ly  been i m p o r t a n t  s t imuli  f o r  th is  overwhe lming  

A B M N 

Fig. i. Schematic representation of the detachment of a multiply 
bound ligand-molecule from a matrix. II, matrix; PI ,  ligand; h, 
detachment rate constant. 

deve lopmen t  s 12. A fur ther  i m p r o v e m e n t  of th is  tech-  
nique was ob ta ined  by  the  inser t ion  of spacer-molecules  
be tween  the  l igand and the  ma t r i x  3, s 

Several  a l t e rna t ives  for agarose as the  solid suppor t  
have  been proposed,  e.g. glass beads,  ny lon  fibres, 
po lyacry lamide ,  cel lulosederivat ives,  e thylene-male ic  

1 D. H. CAMPBELL, E. L. LUESCHER and L. S. LERMAN, Proc. natn. 
Acad. Sei., USA 37, 575 (1951). 
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Aead. Sei., USA 67, 636 (1968). 
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a n h y d r i d e  c o p o l y m e r s .  R e c e n t l y  TURKOVX e t  al. la 
i n t r o d u c e d  a h y d r o x y a l k y l m e t h a c r y l a t e  gel  w h i c h  is 
c l a i m e d  t o  c o m b i n e  t h e  o u t s t a n d i n g  p r o p e r t i e s  of  a g a r o s e  
w i t h  a h i g h  c h e m i c a l  a n d  m e c h a n i c a l  s t a b i l i t y .  F i n a l l y  
BROMMER 14 h a s  r e - i n t r o d u c e d  ce l lu lose .  A h i g h  d e g r e e  of  
s u b s t i t u t i o n  w i t h  l i g a n d  m o l e c u l e s ,  a n d  a m u c h  i m p r o v e d  
m e c h a n i c a l  s t a b i l i t y  in  c o m p a r i s o n  w i t h  a g a r o s e ,  a r e  
s a id  t o  be  t h e  a d v a n t a g e s  of  t h i s  m a t e r i a l .  A t  p r e s e n t ,  
however- ,  c y a n o g e n  b r o m i d e - a c t i v a t e d  a g a r o s e  r e m a i n s  
t h e  m o s t  f r e q u e n t l y  u s e d  s u p p o r t  in  a f f i n i t y  c h r o m a t o -  
g r a p h y .  

B e s i d e s  m a n y  s u c c e s f u l  p u r i f i c a t i o n s  r e a l i z e d  in  t h i s  
w a y ,  t h e r e  is n o w  a g r o w i n g  n u m b e r  of  a u t h o r s  w h o  
r e p o r t  d i f f i c u l t i e s  in  a p p l y i n g  t h i s  m e t h o d ,  as  a c o n -  
s e q u e n c e  o f  l i g a n d - l e a k a g e .  TESSER e t  a l . l~ f o u n d  t h a t  a 
d e r i v a t i v e  of  c - A M P ,  c o u p l e d  b y  c y a n o g e n  b r o m i d e  
a c t i v a t i o n  t o  a g a r o s e ,  c o u l d  be  d e t e c t e d  in  t h e  c o l u m n -  
e l n a t e  e v e n  a f t e r  t h o r o u g h l y  w a s h i n g .  LUDENS e t  al.16 
r e p o r t e d  l e a k a g e  of  d e o x y c o r t i c o s t e r o n e  a n d  e s t r i o l  f r o m  
a g a r o s e  c o n j u g a t e s  b y  w a s h i n g  w i t h  c y t o s o l .  WILCHEK 17 
e s t a b l i s h e d  t h a t  e - D N P - l y s i n e ,  c o u p l e d  d i r e c t l y  t o  
c y a n o g e n  b r o m i d e  a c t i v a t e d  a g a r o s e ,  w a s  d e t a c h e d  f r o m  
t h e  m a t r i x  a t  a r a t e  of  1 5 %  in  3 m o n t h s  ( p H  8, r o o m  
t e m p e r a t u r e ) .  I)AVIDSON e t  al.  is m e n t i o n e d  a s l o w  b u t  
c o n t i n u o u s  l e a k a g e  of i n s u l i n  f r o m  a g a r o s e - i n s u l i n  
p r e p a r a t i o n s .  F i n a l l y ,  a l so  SICA e t  a1.19 p o i n t e d  o u t  t h a t  
t h e  b a s i c  l i n k a g e  b e t w e e n  c y a n o g e n  b r o m i d e - a c t i v a t e d  
a g a r o s e  a n d  a p r i m a r y  a m i n e  is  c l e a v e d  a t  a f i n i t e  a n d  
s i g n i f i c a n t  r a t e .  

O n e  of u s  s u g g e s t e d  t h e  u s e  of  p o l y v a l e n t l y  b o u n d  
I i gands ,  to  a r r i v e  a t  a h i g h e r  s t a b i l i t y  of  t h e  l i g a n d -  
m a t r i x  f i x a t i o n ,  w h i c h  w a s  f e l t  a s  e s s e n t i a l .  M o s t  r e l e v a n t  
e x p e r i m e n t s  h a v e  b e e n  c a r r i e d  o u t  i n d e p e n d e n t l y  b y  
WILCHEK 17, w h o  f o u n d  in  f a c t  a m u c h  i n c r e a s e d  s t a b i l i t y .  

I 2 3 4 S k t  

I n  c o n n e c t i o n  h e r e w i t h  we  d e s i g n e d  a m a t h e m a t i c a l  
m o d e l  for  t h e  h y d r o l y t i c  d e t a c h m e n t  of  p o l y v a l e n t l y  
b o u n d  l i g a n d s  f r o m  a so l id  s u p p o r t .  T h e  m a i n  r e s u l t s  a r e  
p r e s e n t e d  s c h e m a t i c a l l y  in  t h i s  p a p e r ,  a n d  wil l  be  u s e d  in  
f u r t h e r  i n v e s t i g a t i o n s  i n t o  a l t e r n a t i v e s  for  t h e  c y a n o g e n  
b r o m i d e  a c t i v a t i o n .  

T h e  h y d r o l y t i c  d e t a c h m e n t  of  a m u l t i p l y  b o u n d  
l i g a n d  m o l e c u l e  f r o m  a m a t r i x  c a n  be  d e s c r i b e d  as  a 
c o n s e c u t i v e  r e a c t i o n  ( F i g u r e  1). W i t h  t h e  a s s u m p t i o n s  
of p s e u d o - f i r s t - o r d e r  k i n e t i c s ,  w h i c h  is c o m p a t i b l e  w i t h  
t h e  p r o p o s e d  d e t a c h m e n t  m e c h a n i s m  e~ a n d  of  r e a c t i o n  
c o n s t a n t s  of  t h e  s a m e  m a g n i t u d e  a t  a l l  s t e p s ,  a n  e x p r e s -  
s i o n  for  t h e  c o n c e n t r a t i o n  of  f ree  l i g a n d s  (CN) c a n  be  
d e r i v e d .  I f  t h e  c o n c e n t r a t i o n  of  t o t a l l y  f i x e d  l i g a n d  is 
g i v e n  b y  a ( t~mole/nl l  w e t  gel) t h e n  : a = CA + CB + .. + 
CN (1). T h e  r u p t u r e  of  t h e  f i r s t  b o n d  (A -+ B) is  d e s c r i b e d  
b y  t h e  f o l l o w i n g  e q u a t i o n s :  

- d C A / d t  = k �9 CA -+  f d C A / C .  = - k  f d t  --~ CA = a �9 e -let. (1) 

R u p t u r e  of  t h e  s e c o n d  b o n d  (B -+ C) : 

d C B / d t - k  �9 C A - k  �9 CB= k �9 a �9 e - ~ t _ k  �9 CB 

or  : 

(dCB/dt)  + k . C B = k  �9 a �9 e -let 

S o l u t i o n  of  t h i s  d i f f e r e n t i a l  e q u a t i o n ,  a n d  of a n a l o g o u s  
e q u a t i o n s  for  t h e  r e a c t i o n s  C -~  D,  D -+ E ,  e tc . ,  b y  t h e  
m e t h o d  of  TEORELL 21 l e a d s  t o :  

CA ~ a " g-~ t (k t )~ "e k t  

(k t) l 
�9 ~ ! .  . g - k t  

(kt) ~ . e - ~ t  

= a .  ( k t ) . ~  . e - ~  
( n - l )  I 

CB = a . k t . e - ~ t  = a  

1 
Cc : ~ '  a -  (kt) 2 " e -]ct 

1 1 
CM . . . . . .  a ' ( k t ) n - l ' e  - le t  

2 ( n - l )  

C o m b i n a t i o n  of  t h e s e  e q u a t i o n s  w i t h  eq.  (1), l e a d s  t o  
t h e  e x p r e s s i o n  : 

n - 1  (kt) 
C N = a - a ' e - ~ t "  Z (2) 

p = 0  P! 

F o r  e a c h  v a l u e  of  n a c u r v e  c a n  be  c o n s t r u c t e d  fo r  CN/a  

as  a f u n c t i o n  o f  kt .  R e s u l t s  for  n = 1 . . . .  6 a r e  r e p r e s e n t e d  
in  F i g u r e  2. I t  is  c l ea r  t h a t  a t i m e - l a g  e x i s t s  b e t w e e n  t h e  
s t a r t  of  t h e  d e t a c h m e n t  r e a c t i o n s  a n d  t h e  a p p e a r a n c e  of 
t h e  f i r s t  f ree  l i g a n d  m o l e c u l e s ,  i n  t h e  c a s e  of  n > 1. T h i s  
i n t e r v a l  i n c r e a s e s  w i t h  i n c r e a s i n g  v a l u e s  of  n a n d  w i t h  

Fig. 2. Graphic representation of C~/a as a function of kt, t o r n  = 1, 
. . ,  6. (of. equation (2)). 

Table I. Numerical results of the solution of equation (3), for n = 1, 
. .~6 

n kT n 

1 0.69 
2 1.68 
3 2.67 
4 3.67 
5 4.67 
6 5.67 

13 j .  TURKOVJ% O. HUBJtLKOV~., M. KI~IV~.KOV.~ and J. COUPEK, 
Biochim. biophys. Acta 322, i (1973). 

l~ W. BROMMER, Merck Kontakte 1/74, p. 23-29. 
15 G. I. TESSER, H. U. FlscI~ and R. SCHWVZER, FEBS Lett. 23, 56 

(1972). 
16 j .  H. LUDENS, J. R. DE VRIES and D. D. FANESTIL, J. biol. Chem. 

247, 7533 (1972). 
17 M. WILCI{EK, FEBS Lett. 33, 70 (1973). 
is 1V[. B. DAVlDSON and A. J. VAN HERLE, N. Engl. J. Med. 289, 695 

(1973). 
19 V. SICA, E. NOL*, I. PARIKH, G. A. PUc* and P. CUATRECASAS, 

Nature New Biol. 244, 36 (1973); J. biol. Chem. 248, 6543 (1973). 
2o G. I. TESSER, H. U. Flscn, R. SCHWYZER, Helv. claim. Acta, to be 

published; see also ref 12 
21 T. TEORELL, Archs Int. Pharmacodyn.  Th6r. 57, 205 and 226 

(1937). - A. GOLDSTEIN, L. ARONOW and S. M. KALMAN, Principles 
o] Drug Action (Harper & Row, Publishers, New York, Evanston,  
London 1969), p. 318. 
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Table II. Values of ht at varying values of n and CN/a, as the result of computer-calculation 

EXPERIENTIA 30/10 

C~/a 10 -2 10 -a 10 -6 10 -6 10 -lo 10 -1~ 

n =  1 0.10 x 10 -x 0.10 x 10 -a 0.10 x 10 5 0.10 x 10 -7 0.10 • 10 -9 0.10 x 10 -11 
n =  2 0.15 x 10 ~ 0.14 • 10 ~ 0.14 • 10 -2 0.14 • 10 -a 0.14 x 10 -4 0.14 • 10 -5 
n =  5 0.13 x 101 0.44 x 10 ~ 0.17 • i0 ~ 0.66 • 10 -1 0.26 • 10 -1 0.10 x 10 -1 
n=10 0.41 • 101 0.22 • 10 ~ 0.13 x 10 ~ 0.77 • 10 ~ 0.47 • 100 0.29 x 100 

kt kt kt kt kt kt 

decreas ing values of k. F rom equa t ion  (2) a leakage- 
ha l f t ime  (T) can be calculated by  se t t ing  C~ equal  to  a/2: 

n-1 (hT)P 1 
e - ~ -  Z p! - - 2  (3) 

p = 0  

Because th is  equa t ion  is t r anscenden ta l ,  no exac t  
analy t ica l  solut ion can be given. Graphic  solution, 
however ,  leads to the  resul ts  p resen ted  in Table  I. A less 
t ime-consuming  and  more  general ly  useful solut ion can 
be a t t a ined  by  appl ica t ion  of the  N e w t o n - R a p h s o n  
procedure,  wi th  the  assis tance of an appropr ia te  comp u t e r  
p rog ram (copies of th is  p rog ram are avai lable upon 
request) .  A p p a r e n t l y  t he  following general iza t ion is 
al lowed : 

z ~ { ( n  1) + ln2}/k.  (4) 

I t  is also possible to  calculate a value for the  t ime-lag,  
men t ioned  before. By  subs t i t u t ing  chosen values  of 
CN/a and  n, t he  same Computer  p rog ram provides  t he  
accessory values of kt (Table II).  In  accordance  wi th  
expec ta t ions ,  there  is a decrease of kt a t  decreas ing  
values of C~/a and  cons t an t  n, and  an increase of ht at  
increasing values of n and  cons t an t  CN/a. A remarkab le  
result  is t h a t  for increasing values of n the  difference 
be tween  the  values of ht at  the  ex t r ema  of C~r/a (first and  
last  column) diminishes.  R e p l a c e m e n t  of a monova l en t l y  
by  a b iva len t ty  coupled l igand gives m u c h  more  prof i t  
than ,  for example ,  the  change  f rom n = 5 to n = 10. F r o m  
the  expe r imen ta l  resul ts  of TESSER et  al. ~5 a value can be 
compu ted  for t he  d e t a c h m e n t  ra te  cons tan t .  In  the i r  
expe r imen t s  a t  p H  8 and  room t empera tu re ,  th is  cons t an t  
appears  to  be 0.25 •  -4 min  -~. This  value combined  
wi th  da t a  f rom Table I I  leads to  t he  resul t  t h a t  af ter  
2-3 sec (!) the  concen t ra t ion  of free l igand molecules will 
reach a value of 2 p icomoles /ml  wet  gel, when  originally 

2 amoles /ml  wet  gel were coupled,  monova len t ly .  This  
order  of magn i tude  is in ag reemen t  w i th  l igand-leakage 
ra tes  found  by  the  au thors  men t ioned  before 16-19: At  t he  
same value of h the  2-3 sec, men t ioned  above, will 
change  in 1 h ( n =2 ) ,  5 days  ( n = 5 )  and  5-6 weeks  
(n=10) .  This  t r end  cor responds  wi th  t h e  f indings  of 
WILCHEK 17 

In  m a n y  cases, this  r a the r  min imal  leakage will no t  be 
prohib i t ive  for the  isolat ion of biological macromolecules  
by  aff in i ty  ch roma tography .  However ,  i t  will be disa- 
s t rous  in the  case of isolat ion of m i n u t e  amo u n t s  of 
mater ia l  out  of large volumes,  or in receptor  locali- 
za t ion 16. In  th is  con tex t  we feel t h a t  the  given ma the -  
mat ica l  approach  to  the  p rob lem of l igand-leakage m a y  
be useful in the  i n t e rp re t a t i on  of expe r imen ta l  resul ts  
and in t he  deve lopmen t  of new coupl ing-procedures ,  
which  is the  subjec t  of our cu r ren t  invest igat ions .  

Zusammen/assung. Es wird  ein theore t i sches  Modell  
beschr ieben  ftir die Abspa l tung  po lyva len t  gebundener  
L iganden  yon  einem, wasserunl6sl ichen Tr~ger. Die 
A n n a h m e  einer konseku t iven  Reak t i o n  f i ihrt  zu einer  
Absch/ i tzung der  zu e rwar t enden  Zei tverz6gerung.  

T. C. J. GRIBNAU and  G. I. TESSER 22 

Department o/ Organic Chemistry, Faculty o/ Sciences, 
Catholic University, Toernooiveld, Nijmegen 
(The Netherlands), 72 Apri l  1974. 

22 Acknowledgment. The authors are indebted to Dr. B. TH. BE- 
RENDTS for the graphic solution of equation (3), and to IR. J. L. 
HENDRIKSE and Dr. IR. J. H. KASPERSMA for their ready co- 
operation in writing the computer program. 

P R O  E X P E R I M E N T I S  

L a n t h a n u m  Staining  of the Intermediate  Region  of the Cell Wall in Escherichia colt 

The cell wall of g ram-nega t ive  bacter ia  basical ly  
consists  of an outer  double  t r ack  m e m b r a n e  (wall mem-  
brane) and an in t e rmed ia t e  region which  conta ins  t he  
mucopep t ide  (pept idoglycan)  layer  responsible  for wall 
r ig id i ty  1. This  region is diff icult  to see by  o rd inary  
e lectron microscopy  of t h in  sections,  its p rese rva t ion  
being grea t ly  af fec ted  by  the  na tu re  of t he  f ixa t ives  ~. In  
order  to  improve  its p rese rva t ion  and  preferent ia l  s taining,  
we t r ied several  expe r imen t s  wi th  alcian bleu, l a n t h a n u m  
salts  and  s imple f ixa t ives  in Escherichia colt. 

Methods. E. colt s t ra in  B, was used t h r o u g h o u t  th is  
s tudy.  I t  was grown in agar  Biolife med ium a t  37 ~ unti l  

the  late  logar i thmic  phase  of growth.  Various  combina t ions  
of a ldehyde  f ixat ives,  iris, 1-aziridynil  phosph ine  oxide, 
Polysciences (TAPO) and  osmium te t rox ide  were coupled 
wi th  l a n t h a n u m  ni t ra te ,  based on sl ight  modif ica t ions  of 
the  procedures  descr ibed elsewhere 3-5 the  following one 
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