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PRODUCTION OF A HIGH AFFINITY ANTIBODY 
SPECIFIC TO THE CALCIUM-FREE-FORM OF CALMODULIN, USING 
N-ACETYL-MURAMYL-L-ALANYL-D-ISOGLUTAMINE-CALMODULIN 

CON JUGATE 

J. Slaninovd and N.A. Thorn 

Institute of Organic Chemistry and Biochemistry, Czecho- 
slovak Academy of Sciences, 166 10 Prague 6 and 
Institute of Medical Physiology C, University of Copen- 
hagen, Blegdamsvej 3c, Copenhagen. 

ABSTRACT 

Covalent coupling of N-acetyl-muramyl-L-alanyl-D- 
-isoglutamine (MDP) to calmodulin was used in order to 
enhance its immunogenicity. Rabbit antibodies against 
calmodulin were obtained, interacting with the calcium- 
-free-form of calmodulin. The radioimmunoassay was de- 
veloped using the whole sera (titre 1:20,000) having a 
sensitivity of 20 pg per tube ( 5 0 %  displacement 500 pg/ 
assay tube). The radioimmunoassay shows the same con- 
centrations of calmodulin in rat brain homogenate 
(4.9 f 0.86 pg/mg protein), bovine neurosecretosomes 
(0.77 f 0.10 pg/mg protein), and bovine neurohypophysial 
secretory vesicles (0 .05 f 0.01 ug/mg protein) as the 
phosphodiesterase activation method. 
(KEY WORDS: calmodulin, MDP, radioimmunoassay) 

IXl'RODUCT ION 

Ca lmoc"u l i r !  - by far t h e  most wicely distributed c n l -  

ciproteir, is consilecec? to he 5 poor antigen, sayhe because 
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396 SLANINOVA AND THORN 

of jts structural and functional conservotivenpss throug- 
hout molecular evolution. There c r c  in the literature se- 
veral reports (1-7) describing preparation of antiboPies 
against calrnodulin and development of ra6io- or enzyme-lin- 
ked immunoassays. However, there i? a neeri for antisera 
with higher titres an2 greater affinity. 

In this report we describe a preparation of antibodies 
to calmodulin using a new type of antigen f o r  immunization, 
i.e. a conjugate of N-acetyl-muramyl-1,-alanyl-D-isogluta- 
mine and calnodulin, and the development of a sensitive 
radioimmunoassay, as well as eata about calmodulin content 
in secretory vesicles and neurosecretosomes from ox neuro- 
hypophyses. 

MATEGIALS AND METHOGS 

Calmorlulin was purifieB according to ref. (8) frcm 
bovine brain. The purification was checker! by tbe phospho- 
diesterase activation method (9). The final product user' 
for immunization showed about 5 %  contcmination by a low 
molecular weight component on SDS-electrophoresis. For the 
booster jnjpctions calmoc'ulin was purified usinq IiPLC. As e 

standard for radioimmunoassay we used calmoc3ulin purchases 
from Fluka. 1251-calmodulin was either the preparation inacle 
by us, iodinated using the IoCogen method (lo), or a COF- 

mercial product from New England Nuclear. l'roponin an: 
Thyroglobulin were from Sigwn. N-acetyl-muraryl-alany1-D- 
-isoglutamine (MDP) was a generous gift from K.Flege1, L6- 
Fiva , Prague. 

Preparation of three types of antigen 
i) Peroxi?ized calmoc'ulin was prepare6 according to 

( 7 )  starting from 2 0  mg of calmodulin. After Freeze-crying 
the peroxidizrd compound was c!issolved in 2 ml of p1:ysia- 
logical s a l i n e  and stored at - 2 0 ' ~ .  

i i) T~:yroglobul in-calmodulin conjugate was prepared 
using carboc-iimide (II), with 11.5 ng of thyroglobulin anci 
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CALCIUM-FREE-FORM OF CALMODULIN 397 

3 . 7  mg o f  c a l m o d u l i n  c o u p l e d .  A f t e r  d i a l y s i s  t h e  s o l u t i o n  
was s t o r e d  a t  - 2 0 ' ~ .  

i i i )  KDP-calmodulin c o n j u q a t e  was p r e p a r e d  a l s o  u s i n g  
c a r b o d i i m i r ? e .  2 mg of MDP i n  0 .1  m l  of wster r e a c t e d  w i t h  2 

mg of c a r b o d i i m i d e  f o r  30 min. Then  8 .9  mg of c a l m o d u l i n  i n  
0 . 5  m l  o f  a q u e o u s  s o l u t i o n ,  pH 8.5,  was a d d e d .  T h i s  m i x t u r e  
was s t i r r e d  a t  room t e m p e r a t u r e  f o r  2 4  h ,  t h e n  d i a l y z e d  
a g a i n s t  water ,  pH 8 ( a 2 j u s t e d  u s i n g  N a H C 0 3 ) .  A f t e r  d i a l y s i s  
t h e  c o n j u g a t e  was s t o r e d  f r o z e n  a t  -2OOC. T h e  c o n j u g a t e  of 
MPLC-purif ied ca lmodul  i n  v i  t h  PlDP was p r e p a r e d  s i n ! i l a r l y  
u s i n g  t h e  same r a t i o s  o f  r e a g e n t s .  

I m m u n i z a t i o n  
A l t o g e t h e r  8 r a b l s i t s  were immunized i n  t h e  f o l l o w i n g  

vay: I. 3 r a b b i t s  (& C )  were immunized u s i n g  p e r o x i $ i -  
z e d  c a l m c r ? u l i n  ( a R t i g e n  ( i ) )  on  clays 1 ,  7 ,  9 ,  1 3 ,  1 5 ,  1 7 ,  
3 5 ,  4 9 ,  a n 2  !1DP-calmodulin HPLC c o n j u g a t e  ( a n t i g e n  ( i i  i ) )  
o n  clays 1 3 9  and  1 5 5 .  11. 2 r a b b i t s  (k E) were immunizec: 
u s i n g  thy rog lo t iu l in -ca l rnodu l in  c o n j u g a t e  ( a n t i g e n  ( i i )  ) o n  

d a y s  1 , 7 ,  1 3 ,  17, anr! PIDP-calmodulin-IIPLC c o n j u g a t e  o n  
d a y c  1 3 9  a n d  1 5 5 .  111. 3 r a b b i t s  ( F ,  G ,  €I) were immunized 
u s i n g  MDP-calmodulin c o n j u g a t e  ( a n t i g e n  ( i i i )  o n  f l a y s  1, 7 ,  

9 ,  13,  17, 3 5 ,  4 3 ,  a n d  u s i n g  KDP-calmoclulin-HPLC o n  d a y s  
139  a n d  155 .  A l l  a n t i g e n :  u s e 3  were d i l u t e d  i n  s u c h  a way 

t h a t  t h e  a n i m a l s  g o t  a b o u t  250 p g  o f  c a l m o d u l i n  per immu- 
n i z a t i o n .  The sera were h a r v e s t e d  o n  d a y s  28, 44, 5 8 ,  150, 
a n ?  167. 

Radio immunoassay  
The  a n t i b o c ? i e s  were E e t e c t e d  u s i n g  i o c l i n a t e d  ca lmodu-  

l i n  e i t h e r  p r e p a r e d  c o m m e r c i a l l y  o r  p r e p a r e d  b y  u s  u s i n g  
t h e  I o d o g e n  riiethocl. C o n d i t i o n s  f o r  t e s t i n g  t h e  preserice o f  
a n t i h o P i e s  a s  well a s  f o r  t h e  r a d i o i m m u n o a s s a y  were as f o l -  
lows: 0.3 m l  o f  a p p r o p r i a t e l y  c ? i l u t e d  a n t i s e r u m ,  0 . 1  m l  of 
1251-calmodul  i n  (4 ,000-10 ,000  c p n )  a n d  0 .2  m l  of s t a n d a r d  
c s l m o d u l i n  o r  b u f f e r  o r  unknown snnip le  were i n c u b a t e d  f o r  
4 8  h a t  4OC.  S e p a r a t i o n  of bound a n d  f r e e  c a l m o d u l i n  was 
d o n e  u s i n g  t h e  d o u b l e  a n t i b o d y  t e c h n i q u e .  A f t e r  16-24 11 i n -  
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398 SLANINOVA AND THORN 

cuhation with the second antibody the tubes were centrifu- 
ged at 3,000 rpm for 25 min at 4OC. Supernatant aspi- 
rated and the sediment was counted for radioactivity. For 
diluting the antibody and 1251-calmodulin the following 
buffer was used: 0.1 M Tris-HC1, 1 mbl 

ethylene-glycol-bis(ci-aminoethyl ether) N , N1 -tetraace t ic 
acid (EGTA) , 0.2% bovine serumalbumin (RSA), pH 7.8. The 
standard calmodulin and samples were diluted in 20 mb1 

N-T r is (Hyd r oxyme thy1 ) methyl- 2-am inoe thane Ac id 
(TES), 0.2% BSA, pH 7.0. In some experiments CaC12 was ad- 
Ped to a final free concentration of. 0.1 ma. 

was 

Su 1 f on ic 

Sample preparation 
The rat brain homogenate and extract were prepared as 

follows: rat brain was homogenized in 10 volumes of 190 mi4 

sucrosc, 25 mM EGTA and 20 mN TES, pH 7, by a teflon-to- 
glass homogenizer at 2,000 rprn, 6 strokes up and 6 strokes 
down. Part of the homogenate was stored frozen, part was 
centrifuged for 30 min at 100,000 gav. The supernatant was 
divided into two parts: the first was stored frozen as 
such, the second was quickly heated to 97OC, cooled, and 
centrifuged for 5 min. in a Beckman microfuge, and the su- 
pernatant was stored at -2OOC. Neurosecrctory vesicles were 
prepared by the method of Gratzl et al. (12). Neurohypop- 
hysial nerve endings were prepared by trypsinization fol- 
lowed by centrifugation at 700 C for 10 min. and further 
centrifugation of the supernatant at 1,700 C for 2 5  min. 
(13) 

RESULTS 

The results of ir@munization are given in Table 1. Rab- 
bits immunized initially using peroxisized calmodulin (A, 
B, C )  did not respond by antibody formation, nor after r7 

booster of: MDP-calmodulin conjugate. All other rabbits im- 
munized using MDP-calmodulin conjugate produced antibodies 
to calmodulin. The titres of the sera variec! from 1:40 to 
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1:20,000. However, t h e  h i g h e s t  t i t r e  was o b t a i n e d  a f t e r  a 
b o o s t e r  i n j e c t i o n  an? chang ing  t h e  t y p e  of a n t i g e n  i n  rat.- 
b i t  E. A l l  t h e  a n t i s e r a  ( i . e .  a n t i s e r a  from a l l  5 r a b b i t s  
(D-1;) from r l i f f e r e n t  b l e e d i n g s )  o b t a i n e d  had h i g h  a l f  i n i t y  
t o  t h e  c a l c i u m - f r e e  form of calmoc’ulin as C m o n s t r a t e d  i n  
F i g .  1 on t h e  examples of a n t i s e r a  from r a b b i t s  E an$ H. I n  
t h e  p r e s e n c e  of 0 . 1  m M  c a l c i u m  t h e r e  was a low d e g r e e  of 
b i n d i n g  o f  r a d i o a c t i v e  c a l m o d u l i n  t o  a n t i b o d i e s  anO t h i s  
b i r d i n g  vas c ’ i f f i c u l t  t o  d i s p l a c e  u s i n g  c o l d  ca1moc:ulin. 
C r o s s - r e a c t i v i t y  wi th  t r o p o n i n  was v e r y  lob - 4,500-5 ,000  

- 

- 

- 

- 

*Ie Binding 

I I I I I 

lo2 lo3 lo1 lo5 lo6 
Reciprocal antiserum dilution 

FIGURE 1 

Effect of Ca2+ on 1251-calmodulin binding to  antibodies  i n  the 
sera of rabbits  E and H from the 4th and 2nd harvest resp.  

A , 0 binding to  E-IV and H-I1 serum (see tab le  I ) ,  resp . ,  i n  the 
absence of calcium (1 mM EGTA), 

~ o - ~ M  Ca2+. 
4 , 0 binding to E-IV and H-I1 serum, resp. ,  i n  the  presence of 
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CALCIUM-FREE-FORM OF CALMODULIN 401 

t i m e s  more t r o p o n i n  ( b y  w e i g h t )  was n e c e s s a r y  t o  o h t a i n  t h e  
same clegree of d i s p l a c e w e n t ,  b u t  t h e  d i s p l a c e m e n t  c u r v e  was 
p a r a l l e l  t o  t h a t  of c a l m c d u l i n  ( F i g .  2 ) .  The d i s p l a c e m e n t  
c u r v e s  u s i n g  r a t  b r a i n  e x t r a c t  b o i l e d  and u n h o i l e d  and r a t  
b r a i n  homogenate were p a r a l l e l  t o  t h a t  of s t a n d a r d  c a l m -  
P u l i n  as w e l l  ( F i g .  2 ) .  The s e n s i t i v i t y  r e g i o n  of a ra-  
dioimmunoassay u s i n g  a n t i s e r a  from S i f f c r e n t  t l e e i i n g s  o f  
r a b b i t s  E ,  F, G ,  and €1 v a s  0.2-100 ng per t u b e  ( 5 0 %  Gis- 
p lacemen t  of 1 2 5 ~ - c a ~ . m o c ~ u l i n  t)y n o n - r a d i o a c t  i v e  c a l m o d u l i n  
was 18-60 ng p e r  t u b e )  i n  a v e r a g e .  The s e n s i t i v i t y  r e g i o n  
of a raZioimmunoassay u s j n g  serum E - I V ,  hav ing  t h e  t i t r e  
1 :20 ,000 ,  tias 5-10 t i m e s  lower ,  i.e. 20-10 ,000  pg p e r  t u b e  
(50% 2 i s p l a c e m e n t  500 pg p e r  t u b e ) .  

T h e  r e l i a b i l i t y  of the metho6 was t e s t e d  by measur ing  
the  q u a n t i t i e s  of ca lmodu l in  i n  r a t  b r a i n  homogenate,  bo- 
v i n e  n e u r o s e c r e t o s o a e s  and bov ine  n e u r o s e c r e t o r y  v e s i c l e s .  

1 I I I I I I 

0.1 1 10 lo2 lo3 loL lo5 
Protein conc. ( n g / m l  1 

F I G U R E  2 

Immunologica l  c r o s s - r e a c t i v i t y  of c a l m o d u l i n  (x-x) 
t r o p o n i n  (0-0), r a t  b r a i n  homogenate (A-A) and ex- 
t r ac t  ( 0 - 0 ) .  

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
2
:
2
6
 
1
6
 
J
a
n
u
a
r
y
 
2
0
1
1



402 SLANINOVA AND THORN 

TABLE 2 

CALMODULIN CONTENT IN SAMPLES measured using radio- 
immunoassay and phosphodiesterase activation method 
o(g/mg protein) 

R I A  PDE ................................................... 
(n=2) rat brain 4.90 f 0.86 (n=4) 5.96 homogenate 

secretory vesicles*) 0.05 f 0.01 (n=4) 0.09 3 0.01. (n=6) 

neurosecre- 0.77 f 0.10 (n=6) 0.82 f 0.01 (n=8) tosomes *) ................................................... 
*) from ox neurohypophyses 

The quantities cf calmodulin fount? by the radioimmunoassay 
an? the phosphodiesterase activation method are given in 
Table 2. 

DISCUSS I ON 

N-Acetyl -muramyl -L-a I anyl-D- i sog lu tam ine (MDP) ( 14) 
represents the minimal structure required for substitution 
of mycobacteria in Freunri's complete adjuvant. At the seme 
time it is non-immunogenic. IIowever, if it is coupled to a 
protein carrier, very high anticarrier titres can be ob- 
tained at the same time with high antiMDP-titres. The con- 
jugation proceeds through the amino groups of calmodulin. 
Thus the native structure of the calmodulin molecule is on- 
ly mildly modified. ?he modification is of the same kind as 
that obtained when calmodulin is iodinated using Bolton- 
Hunter reagent. 

All rabbits immunized initially or for a booster using 
MDP-calmo8ulin conjugate responded by antibody formation 
with the exception of rabbits initially immunized using 
peroxidize8 calmodulin. The failure of MDP-conjugate to in- 
duce antibody formation in these animals may be explained 
by some immunosuppressive mechanism of the previous doses 
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CALCIUM-FREE-FORM OF CALMODULIN 403 

of peroxidized cal-modulin. Our failure to induce antibody 
formation in the case of injections of peroxidized calmo- 
Pulin alone may be due to lower doses use6 for immunization 
thsn that used by van Eldik et al. (7). However, van Eldik 
et al. state that the amount of antigen administered should 
not be critical. 

The highest titre of antibodies was seen in rabbit E 
which receive? 4 injections of thyroglobulin-calmodulin 
conjugate before the 2 injections of MDP-HPLC-calmodulin 
conjugate. The small number of animals in each group makes 
it difficult to state whether this proceclure should be 
preferred. 

An average radioimmunoacsay sensitivity as we found it 
is about 10-300 times higher than that previously reported 
in the literature, with the exception of ref. (2) where a 
similar sensitivity was Pescribed. However, in this case a 
purified antibody was used. Most antisera reported do not 
or only partly distinguish between the Ca2+-bound and the 
Ca2+-free form of calmodulin. The antisera described in 
this paper require the calcium-free form for binding. In 
other words the immunoreactive site reacting with the an- 
tibody in the sera described changes when binding calcium 
to such an extent that it is not recognized by the binding 
sites of the antibody. It is described in the literature 
that the calmodulin molecule undergoes a conformational 
change after binding of calcium (i.e. it becomes more al- 
fa-helical). This would imply that our antibody is directed 
to that part of the calmodulin molecule that undergoes the 
maximal conformational change. Its specificity is therefore 
different from that described by van Elclik et al. ( 7 ) .  This 
question, however, would need further study. 

The fact that the antisera require the calcim-free 
form renders the assay complementary to the phosphodieste- 
rase activation method where the calcium-bound form is ac- 
tive. The values for calmodulin content in brain homogenate 
agree well with the data in the literature. In the samples 
tested, the radioimmunoassay is giving the same values as 

the phosphodiesterase activation methoc?. 
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404 SLANINOVA AND THORN 

This work confirmed the immunogenicity of N-ncetyl- 
-muramyl-L-alanyl-D-isoglutamine-calmodulin conjugate. The 
conjugation of POOK antigens to MDP seems therefore to be a 
method of choice for enhancing their immunogenicity. An ad- 
eitional advantage is that the use of mycohacteria in the 
adjuvant for immunization may be omitted. 
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