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ABSTRACT 

A high a f f i n i t y  antibody, s p e c i f i c  t o  t h e  calcium-free form af  cal-  
modulin, which had previously been developed using N-acetyl-muramyl- 
L-alanyl-D-isoglutamine-calmodulin conjugate a s  an immunogen, w a s  
t e s t e d  f o r  c ross - reac t iv i ty  with t r y p t i c  fragments of calmodulin 
(CaM1-77, CaM1-go, CaM78-149, and CaM106-149) as  w e l l  a s  with synthe- 
t i c  pept ides  corresponding t o  t h e  lst,  2nd. and 3rd calcium binding 
loop of calmodulin. The r e s u l t s  showed t h a t  the  an t igenic  determi- 
n a n t  involves a spec ia l  conformation of amino acid residues 90-106 
i n  the 3rd calcium-binding domain. 

(KEY WORDS: calmodulin, antibody s p e c i f i c i t y )  

INTRODUCTION 

In  r e f .  1 w e  have described preparat ion of a high a f f i n i t y  antibody 

t h a t  w a s  s p e c i f i c  t o  the  calcium-free form of calmodulin. In o ther  

words, the an t igenic  determinant reac t ing  with t h e  antibody changes 

i t s  conformation when binding calcium t o  such an e x t e n t  t h a t  i t  is 

not  recognized by the  binding sites of t h e  antibody. The s p e c i f i c i t y  
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200 SLANINOVA, BRZESKA, AND THORN 

of the  antiserum is  therefore  d i f f e r e n t  from t h a t  descr ibed by van 

Eldik e t  a l .  ( 2 )  and by Harper ( 3 ) .  I n  t h i s  paper w e  studied the  a n t i -  

genic  determinant of calmodulin reac t ing  with the  antibody using 4 

proteo ly t ic  fragments of calmodulin and 4 s y n t h e t i c  pept ides  corre- 

sponding t o  d i f f e r e n t  p a r t s  of t h e  calmodulin molecule. 

MATERIALS AND METHODS 

Calmodulin w a s  prepared by t h e  method of Gopalakrishna and Anderson 

(4) w i t h  modifications described i n  r e f .  (51 .  Trypt ic  calmodulin 

fragments were i s o l a t e d  a s  described i n  r e f .  ( 5 )  and t h e  d iges t ion  

was performed according t o  Drabikowski e t  al. (6)  and Walsh e t  a l .  

( 7 ) .  The p u r i t y  of fragments was checked by overloaded urea poly- 

acrylamide g e l  e lectrophoresis  (not  shown), amino a c i d  ana lys i s  and 

addi t iona l ly  t?~ CAMP phosphodiesterase (PDE) assay. Newton e t  a l .  

( 8 )  have demonstrated t h a t  none of the  calmodulin fragments could ac- 

t i v a t e  PDE. Consequently, i f  there  was any a c t i v a t i o n  of PDE by a 

fragment preparat ion,  it should be due t o  calmodulin contamination. 

We have observed only s l i g h t  ac t iva t ion  of PDE by CaM1-77 and CaM78-149 

fragments a t  concentrations 400 times higher  than t h e  concentrat ions 

Of calmodulin causing half  maximal ac t iva t ion .  Fragment CaM1-90 d i d  not 

cause any PDE ac t iva t ion  when used a t  t h e  same concentrat ion.  However, 

according t o  urea g e l  e lec t rophores i s  and amino a c i d  ana lys i s  the  pre- 

parat ion of CaM1-77 w a s  s l i g h t l y  contaminated with fragment CaM78-149 

(5 2 % ) .  

Synthet ic  pept ide corresponding t o  the  1st binding loop (CaM20-31) was 

kindly supplied by D r .  Boris and pept ides  corresponding t o  the 2nd 

(cahf54-69) and 3rd (CaMgl-106 l i n e a r  and CaMg1-106 c y c l i c )  binding loops 

by D r s .  Buchta, Bondi and Friedkin. Their q u a l i t i e s  were t h e  same as de- 
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CALMODULIN ANTISERUM 201 

scr ibed i n  (9)  and (10) respec t ive ly .  1251-Calmodulin (128 UCi/pg w a s  

purchased from New Engl. Nuclear. Anti-calmodulin serum w a s  t h a t  descr ibed 

i n  (1). 

Peptides were tes ted  i n  t h e  concentrat ion range 10-9 - l o o  m g / m l .  The ra- 

dioimmunoassay system was the  same a s  described i n  (1). I n  b r i e f :  0.1 ml 

of the  re levant  peptide o r  calmodulin so lu t ion  was added t o  0.25 m l  of the  

antiserum so lu t ion  (1:lO 000) . Fina l ly ,  0 . 1  m l  of 1251-Calmodulin was add- 

ed (appr. 5000 cpm). 0.1 K T r i s  buf fer ,  pH 7.8 containing 0.1 mM EGTA and 

0.2% BSA were used f o r  making so lu t ions  of a l l  substances. However, the 

extremely hydrophobic pept ide CaMgl-106 was f i r s t  dissolved i n  dimethyl- 

solfoxide and then f u r t h e r  i n  the above mentioned buf fer .  The 40 hour in- 

cubation w a s  followed by a 16 h incubation with the  second antibody. A f -  

t e r  reca lcu la t ion  of the concentrat ions i n  mol per  l i t r e ,  t h e  r e l a t i v e  

displacement f a c t o r  (RDF) w a s  enumerated f o r  a l l  the substances as 100 x 

c50%/c50%. 
CaM x 

RESULTS AND DISCUSSION 

The r e s u l t s  axe  summarized i n  Table I and i l l u s t r a t e d  i n  Fig.1. F ig ,  

2 shows the regions of the  calmodulin molecule corresponding t o  t h e  

d i f f e r e n t  fragments and s y n t h e t i c  pept ides  tes ted .  A s  can be seen 

from Table I ,  only two fragments t e s t e d  d isp lay  Some degree of c ross  

- r e a c t i v i t y ,  i.e. the  t r y p t i c  fragments obtained by l imi ted  d iges t ion  

i n  the  presence of calcium. The C-terminal fragment CaM7~-~49 d i s -  

plays f u l l  c ross - reac t iv i ty  and the N-terminal fragment CaM1-77 d i s -  

plays 0.86% of the  immunoreactivity of calmodulin. The two fragments 

obtained by t r y p t i c  d iges t ion  i n  the absence of calcium (CaM1-go and 

CaM107-149) showed no cross - reac t iv i ty .  These f a c t s  would poin t  t o  the  

amino acid sequence 90-106 i n  the 3rd calcium binding domain being an 
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FIGURE 1. 
Curves showing i n h i b i t i o n  o f  i o d i n a t e d  calmodulin binding t o  calmo- 
dulin-antibody by the fol lowing pep t ides :@ca lmodu l in ,O  CaM1-,7, 

0 caM78-149 r 0 CaM107-149' 8 '%!0-31 and CaMl-90- 

a n t i g e n i c  determinant  i n  our  case. I t  a l s o  p o i n t s  t o  t h e  importance of 

t h e  conformational c h a r a c t e r i s t i c s  of the  a n t i g e n i c  determinant .  T o  sup- 

p o r t  t h i s  f i nd ing ,  knowledge of t h e  c r o s s - r e a c t i v i t y  of o t h e r  f ragments  

(e .g .  CaM78-125) might c o n t r i b u t e .  However, such fragments cannot  b e  ob- 

t a i n e d  by t r y p t i c  d i g e s t i o n  and s y n t h e s i s  of  such long p e p t i d e s  is  no t  

an easy  matter. 

The experiments concerning the t r y p t i c  d i g e s t i o n  of calmodulin (7 )  i n  

the  presence or absence of  calcium i o n s  sugges t  t h a t  t h e  t h i r d  calcium 

binding domain is exposed $0 t h e  environment i n  t h e  absence of  calcium 

ions  and hidden i n  t h e i r  presence.  
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Calmodulin 

13 

2 

N"2 

Ca M 1-77 c 

CaM91 -106 linear 

CaM91-106 cyclic 

FIGURE 2. 
Survey of t h e  p a r t s  of calmodulin corresponding t o  t h e  re levant  pep- 
t i d e s  s tudied.  

This f i t s  with our f inding t h a t  the antibody r e a c t s  only with t h e  ca l -  

cium-free form of calmodulin (1). The r e s u l t s  using t h e  synthe t ic  

peptides (none of them, even the  CaMgl-106 showing any degree of 

c ross - reac t iv i ty)  fur ther  stress the  s igni f icance  of t h e  conforma- 

t ion .  Peptide fragments of synthe t ic  pept ides  a r e  invar iab ly  l a r g e l y  

unfolded. The "correct1y"folded form with which t h e  unfolded form 
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204 SLANINOVA, BRZESKA, AND THORN 

TABLE I 
Cross-react ivi ty  of  t r y p t i c  (t) and synthe t ic  (5 )  pept ides  with 
a calmodulin-antiserum. Peptides i n  the  (t) group were prepared 
by l imi ted  pro teo lys i s  i n  t h e  presence of Ca2+ (a) and EDTA (b) , 
respect ively.  

caM20-31 

caM54-69 
(Sl CaMgl-lOGlinear 

100 

0.86 

112.8 

< 0.04 

< 0.04 

< 0.002 
< 0.002 

< 0.002 

< 0.002 

is i n  equilibrium may represent  a s  l i t t l e  as 1 p a r t  i n  l o 4  o r  lo5 

of t h e  peptide. The assoc ia t ion  constant  f o r  antibody binding t o  t h e  

fragment is  therefore  a t tenuated by a c e r t a i n  f a c t o r  (11). The cross  

- reac t iv i ty  of  the cyc l ic  pept ide Cabtgl-106 c y c l i c  i s ,  however, only 

a rough approximation because of t h e  extreme hydrophobicity of t h i s  

pept ide.  No check w a s  made of the real concentrat ion of  t h e  compound 

i n  the  t e s t e d  so lu t ions .  The 0.86% inmunoreactivity of t h e  N-fragment 

CaM1-77 prepared i n  t h e  presence of calcium may be explained by tra- 

ces of caM78-149 fragment contaminating t h e  preparat ion (see Materi- 

a l s  and Methods). 

Van Eldik e t  a l .  ( 2 )  reported on an antibody s p e c i f i c  t o  t h e  137- 

143 amino acid sequence obtained using performic a c i d  oxidized calmo- 
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CALMODULIN ANTISERUM 205 

d u l i n .  The conformation of  t h e  a n t i g e n i c  determinant  w a s  n o t  impor- 

t a n t  i n  t h e i r  ca se  as t h e  an t ibody  r e a c t e d  with t h e  calcium-bound and 

calcium-free forms as w e l l  as with t h e  s y n t h e t i c  p e p t i d e s  correspond- 

i n g  t o  t h e  r e l e v a n t  amino a c i d  sequence. K a t a j i m a  e t  a l .  ( 1 2 )  showed 

t h a t  a n t i b o d i e s  produced us ing  performic acid-oxidized calmodulin or 

d in i t ropheny la t ed  calmodulin have less a f f i n i t y  t o  n a t i v e  calmodulin 

than t o  modified calmodulin.  They have ob ta ined  a n t i b o d i e s  of b e t t e r  

a f f i n i t y  us ing  n a t i v e  calmodulin t o g e t h e r  w i th  methylated albumin as 

immunogen. Biber  e t  a l .  (13) r e c e n t l y  found t h a t  a n t i s e r a  e l i c i t e d  

i n  r a b b i t s  by performic acid-oxidized calmodulin on ly  b ind  t o  t h e  

chloramin-treated calmodulin or pe r fo rmic  acid-oxidized calmodulin 

b u t  no t  t o  u n t r e a t e d  calmodulin.  The f a c t  t h a t  one can o b t a i n  a n t i -  

sera which recognize only t h e  calcium-bound form of  calmodulin has  

been shown by Harper ( 3 ) .  Two classes of such a n t i s e r a  were found, 

d i s t i n g u i s h a b l e  by t h e  concen t r a t ion  of  calcium needed f o r  the h a l f  

-maximal binding.  The development of  a n t i b o d i e s  a g a i n s t  d i f f e r e n t  

regions of t h e  calmodulin molecule and wi th  o t h e r  d i f f e r e n c e s  i n  t h e i r  

p r o p e r t i e s  may be of  value i n  s t u d i e s  of r e l a t i o n s  between t h e  s t r u c -  

t u r e  of  calmodulin and its f u n c t i o n s  (14 ) .  

We conclude from our  s t u d i e s  t h a t  u s ing  CaM-MDP con juga te  a very 

s p e c i f i c  and high a f f i n i t y  ant ibody w a s  ob ta ined  demanding t h e  un- 

d i s t u r b e d  calmodulin molecule,  w i th  no calcium bound, f o r  i ts  bind- 

i n g  and s e e i n g  t h e  r eg ion  invo lv ing  amino a c i d  r e s i d u e s  90-106 

i n  t h e  calmodulin molecule. 
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