
Volume 263, number 2, 381-384 FEBS 08378 April 1990 

Diverse actions of cadmium on the smooth muscle myosin 
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The effects of  cadmium (Cd) on smooth  muscle myosin phosphorylation have been investigated using an in vitro system comprising myosin fila- 
ments containing endogenous calmodulin (CM) and myosin light chain kinase (MLCKase),  In the absence of calcium (Ca), Cd as well as some 
other divalent cations caused no activation ofphosphorylat ion.  However, when at least one (or possibly two) Ca 2 + were bound per CM, the addition 
of  10/~M to 4 0 / t M  Cd 2+ resulted in a 2 to 3 fold acceleration of the phosphorylation rate. Higher Cd concentrations caused inhibition of  the 
system independent of  Ca 2 + concentration through the formation of  Cd-ATP complexes. These results explain some previously controversial data 

on the complex effects of  Cd in intact smooth muscles. 
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1. I N T R O D U C T I O N  

For over a century it has been known that Cd intox- 
ication is implicated in several diseases. More recently, 
it has been suggested that chronic subtoxic exposure to 
cadmium plays a role in some cardiovascular dysfunc- 
tions [1]. The mechanism of  Cd action on smooth 
muscles is as yet poorly understood. Since smooth 
muscles exhibit a high degree of  sensitivity to agents 
which inhibit Ca influx [2,3] and cadmium is a Ca 
channel blocker in cardiac cells [4], it may be expected 
that Cd influences smooth muscle activity via a similar 
route. However,  current data indicate that the in vitro 
effects of  Cd on smooth muscle tissues are highly 
concentration-dependent.  High concentrations of  Cd 
cause a dose-dependent inhibition of agonist induced 
contractions [5-7]. In contrast,  Cd at low concentra- 
tion can enhance the reaction of vascular smooth mus- 
cle to different agonists [8,9]. Such observations 
suggest that the effect of  Cd ions on smooth muscle 
contractions is complex and may involve Ca channel 
blockage [10] as well as other processes. 

The similarity of  Cd and Ca ions suggests that cad- 
mium can interact with CaZ+-binding sites and in this 
way disturb the processes which, physiologically, are 
regulated by calcium. One potential target for cad- 
mium, found in all eukaryotic cells is the metal binding 
protein, calmodulin (CM), which contains four 
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Ca2+-binding domains. Cadmium can occupy these 
four CaZ+-binding sites causing similar CM conforma-  
tional changes to those induced by Ca 2+ [I1]. In 
smooth muscles, Ca~+-CM (and possibly CaZ+-CM) 
complexes activate MLCKase [12]. It is still controver- 
sial whether replacement of  C a  2+ b y  C d  2+ in these com- 
plexes produces similar active states. 

We therefore found it necessary to reexamine the ac- 
tivation of  MLCKase by Cd and other divalent cations. 
The results obtained, using a filamentous myosin 
system that may be taken to closely resemble the in vivo 
situation, appear to explain some of  the controversial 
observations described previously. 

2. MATERIALS AND M E T H O D S  

Myosin phosphorylat ion assays were carried out in a buffer  con- 
taining (in mM): 60 KC1, 2 MgCI2, 0.5 DTE, 20 Tris. In our ex- 
periments EGTA could not be used to buffer free Ca z+ concentration 
because of  its high affinity for Cd z+ (about 104 that for Ca2+). 
Calcium was therefore removed by storing all buffers in plastic con- 
tainers over Chelex-100 (Bio-Rad, Richmond,  USA) resin. The resin 
was prepared as described by the manufacturer .  Before use the pH of 
the buffers were adjusted to 7.2 with HCI. 

A fi lamentous myosin system containing endogenous calmodulin 
(CM) and myosin light chain kinase (MLCKinase) was prepared from 
turkey gizzard as previously described [13]. It was established earlier 
[14] that the molar ratio of  C M a n d  MLCKase to myosin in such 
preparations is below 1 : 100, the CM to kinase ratio being approx- 
imately stoichiometric. 

The system (suspension of  myosin filaments) was freed of Ca 2+ 
ions by the addition of  EGTA at a final concentration 0.1 mM. After 
pelleting by centrifugation, the supernatant  was removed and the 
pellet was resuspended in the Ca2+-free buffer  described above. The 
procedure was repeated twice. 
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The influence of divalent cations on phosphorylation was in- 
vestigated in two different sets of experiments: In the first set the ca- 
tions were added to the myosin system freed of Ca. In the second set 
calcium was added to the Ca2+-free myosin system to give the re- 
quired final concentration and the effects of the other cations were 
investigated. Phosphorylation assays were carried out as described 
previously [13]. Curves illustrating the phosphorylation dependence 
on the cation concentration were obtained from a number of separate 
incubations containing different cation concentrations. 

3. RESULTS 

Addi t ion  of  A T P  to f i lamentous myosin  that  had not  
been rinsed with E G T A  but  only resuspended in Ca- 
free solut ion resulted in phosphoryla t ion ,  indicat ing 
that  Ca was still present in the system prepared in this 
way. Concent ra t ions  of  Cd up to 4 x 10 -6 M had no 
inf luence on the myos in  phosphoryla t ion  under  these 
condi t ions .  In  the concent ra t ion  range 2 x 
10 -5 M - 1 0  -3 M Cd caused a gradual  inhib i t ion  of the 
phosphoryla t ion .  Under  the same condi t ions  Ba caused 
inh ib i t ion  of phosphory la t ion  at concentra t ions  higher 
than  1 0 - a M  (Fig. 1). A gradual  inhib i t ion  was also 
observed when the Ca concent ra t ion  exceeded 10 -4 M 
(see Fig. 2, high Ca concent ra t ion  range). 

After  r insing f i lamentous  myosin  with the E G T A  
conta in ing  buffer  the concent ra t ion  of Ca was reduced 
sufficiently to prevent measurable  phosphoryla t ion  in 
the Ca-free buffer .  Addi t ion  of Ca 2+ to the system then 
restored the react ion in a concent ra t ion  dependent  
m a n n e r  as expected (Fig. 2). Significantly,  under  
similar condi t ions  Ba, Cd and Co did not  induce 
phosphory la t ion  (Fig. 3). Sr caused phosphory la t ion  
which did not  exceed 30°70 of that  induced by Ca. 

The most  interesting effects were seen at unsa tura ted  
levels of Ca 2÷. As demonst ra ted  in Fig. 4, at 20/~M of 
Ca, increasing amount s  of  Cd, Co and  Sr (but not  Ba), 
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Fig. 1. Barium and cadmium influence on the myosin 
phosphorylation. The filamentous myosin system untreated with 
EGTA. The phosphorylation rate with no cation added was set as 
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Fig. 2. The concentration-phosphorylation curve for Ca on the 
filamentous myosin system washed with 0.1 mM EGTA. Maximal 

phosphorylation rate was set as 100o70. 

at concent ra t ions  2 0 / z M - 2 4 0 / z M ,  caused an increase 
of  phosphoryla t ion .  However,  when the Ca concentra-  
t ion  in the system equaled 100/~M, Cd at concentra-  
t ions higher than  40 / tM gradual ly  inhibi ted the 
phosphory la t ion .  Such inhib i t ion  was not  observed for 
the other  cations (Fig. 5). 
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Fig. 3. The influence of Ca, Ba, Co, and Sr on the myosin 
phosphorylation in the filamentous myosin system washed with 

0.1 mM EGTA. 
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Fig.  4. The effects of  Ba, Cd,  Co,  and Sr on the myosin 
phosphorylat ion in the presence of  20,uM Ca.  

Fig. 6 shows the myosin phosphorylation as a func- 
tion of  Cd 2÷ concentration for different concentrations 
of  Ca 2÷. In the presence of  Ca 2+, the response to in- 
creasing concentration of  Cd z÷ was biphasic. The in- 
itial gradual increase of  the phosphorylation to a 
certain maximum was followed by its inhibition. The 
elevation of  Ca caused a decrease of  the peak 
phosphorylation and shifted it towards the lower con- 
centrations of  cadmium. 
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Fig. 5. The effects of  Ba, Cd,  Co,  and Sr on the myosin 
phosphorylat ion in the presence of  100/~M Ca.  

• "O .  

0.6 ~ i ~  ~ ~ ,%.~ 

/ \ ~.. 

o51- i \ % 
• I I \ ".>. 

0.4 

0.3 

0.1 

0.1 

• 1 0 p M  Ca 

+ 1 5 / J M  Ca 

• 2 0 p M  Ca 

[ ]  25.u M Ca 

-+ 

I I I I I 
0 40  80  120 140 

[ C d ] t o t a  I ( / t iM) ,  

Fig. 6. The influence of  Cd on the myosin phosphorylation in the 
presence of  different concentrations of  Ca.  
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Fig. 7. The effects of  different concentrations of  Cd on the 
concentration-phosphorylation curves for Ca.  
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A dual  effect  o f  c a d m i u m  on the dependence  o f  
myos in  p h o s p h o r y l a t i o n  on calc ium was most  clearly 
d e m o n s t r a t e d  when the Ca concen t ra t ion  was var ied  
wi thin  the  whole ac t iva t ion  range (0 .5 /~M-100 /~M)  
(Fig.  7). In this case Cd (15-120 /~M)  was a d d e d  pr io r  
to Ca  admin i s t ra t ion .  A n  increasing Cd  concen t ra t ion  
resul ted in a g radua l  lowering o f  max ima l  p h o s p h o r y l a -  
t ion.  S imul taneous ly ,  the presence o f  Cd  (except 
120/~M) enhanced  p h o s p h o r y l a t i o n  caused by  concen-  
t ra t ions  o f  Ca  lower than  2 × 10 -5 M. Thus,  as before ,  
a pa r t i a l  s a tu ra t ion  o f  C M  by Ca z÷ was requi red  for  the 
ac t iva to ry  effect  o f  Cd a÷ ions. 

4. D I S C U S S I O N  

It  has been repor ted  that  Ca  2+ b ind ing  to C M  is not  
specific [15] and cat ions  differ  in their  abi l i ty  to induce 
c o n f o r m a t i o n a l  changes in CM.  Chao  et al. [16] in their  
s tudy  on phosphod ies t e rase  have d e m o n s t r a t e d  tha t  Cd 
and  Sr s t imula ted  C M - d e p e n d e n t  act ivi ty  o f  this en- 
zyme while Co and Ba were essent ial ly  ineffect ive.  I t  
has also been recent ly  conc luded  tha t  Cd  induces 
s imi lar  conforr r ia t ional  changes o f  C M  as Ca [11]. 

In  con t ras t  to  these results,  our  exper iments  on  the 
CaZ+-free f i l amentous  myos in  system indicate  tha t  Cd  
is unab le  to  subst i tu te  Ca  in the ac t iva t ion  o f  myos in  
p h o s p h o r y l a t i o n .  O f  the o ther  ca t ions  tested,  only  Sr 
s t imula ted  myos in  p h o s p h o r y l a t i o n  wi thout  Ca.  This 
d i sc repancy  is poss ib ly  expla ined  by  greater  specif ic i ty  
o f  the f i lamentous  myos in  system tha t  m a y  retain  a 
more  nat ive fo rm o f  the enzyme-subs t ra te  complex .  

The  da ta  presented  here,  however ,  indicate  tha t  while 
c a d m i u m  a lone  does not  s t imula te  myos in  
p h o s p h o r y l a t i o n ,  it can inf luence the p h o s p h o r y l a t i o n  
caused by calc ium.  The  effect  caused by  Cd was depen-  
dent  on  bo th  the Cd  as well as the Ca concen t ra t ion .  

One  poss ible  exp lana t ion  o f  the observed  effects o f  
Cd  on the myos in  p h o s p h o r y l a t i o n  is tha t  Cd  can cause 
ac t iva t ion  o f  M L C K i n a s e  in such cases when at  least  
one or  maybe  two Ca z+ ions are b o u n d  per  molecule  o f  
CM.  The  Cd4z+-CM complex  appears  to be unable  to  
ac t ivate  MLCKinase .  A s t imula t ion  o f  M L C K i n a s e  
resul t ing f rom increased free Ca z+ caused by  Cd 
d i sp lacement  is less p r o b a b l e  since under  the  condi t ions  
used in our  exper iments  the  concen t ra t ion  o f  C M  was 
in the  range o f  50 -200  nM.  Thus,  release o f  Ca  2+ f rom 
C M  upon  Cd  b inding ,  cou ld  not  increase the Ca  z+ level 
by  obse rved  2 0 - 4 0 / ~ M .  Myos in  as a m a j o r  p ro te in  
c o m p o n e n t  o f  the system could  also be cons idered  to 
p r o d u c e  a s imilar  Ca  pool .  However  we cons ider  this to 
be unl ikely ,  since its a f f in i ty  for  Ca  is cons ide rab ly  
lower  than  tha t  o f  C M  [14]. The inh ib i t ion  o f  the  
myos in  p h o s p h o r y l a t i o n  by  Cd  at concen t ra t ions  o f  
a b o u t  10 -4 M is, at least  par t ia l ly ,  caused  by  f o r m a t i o n  
o f  C d - A T P  complexes  in agreement  with the 4 × 

104 M -1 appa ren t  b ind ing  cons tan t  o f  Cd for  A T P  

[171. 
A b iphas ic  inf luence o f  Cd  on M L C K i n a s e  act ivi ty  

has been observed  also by  Mazzei  et al. [18]. However ,  
we did not  observe any Cd- induced  ac t iva t ion  o f  
M L C K a s e  in the CaZ+-free system. This d i f ference  m a y  
be re la ted  to  the fact  tha t  50/zM o f  E G T A ,  used by  
these au thors ,  could  be insuff ic ient  to r emove  all con- 
t amina t ing  calcium. This  in te rp re ta t ion  is consis tent  
wi th  our  obse rva t ion  o f  a p r o n o u n c e d  Cd z÷ ac t iva t ion  
occur r ing  at low ( 1 0 - 2 0 / t M )  Ca z÷ concen t ra t ion .  The 
a d d i t i o n  o f  Cd to the m e d i u m  conta in ing  C a - E G T A  
complexes  can also cause an increase  o f  free Ca 2÷ as 
has been discussed by  Verbos t  et al.  [19]. 

Studies  in vi t ro showed tha t  in the presence o f  exter- 
nal  Ca  (1.5 m M - 2  mM) ,  Cd  at concen t ra t ions  higher  
than  1 0 - 6 M  decreased isometr ic  con t rac t ions  o f  
s m o o t h  muscles  [18,20]. In  CaZ+-free condi t ions ,  
however ,  1 0 - S M  Cd con t rac ted  strips o f  h u m a n  
u ter ine  arter ies  [20]. The da t a  ob ta ined  here suggest 
tha t  the mechan i sm of  these 'Ca- f ree  con t rac t ions '  may  
involve  the  inf luence o f  Cd on  the myos in  p h o s p h o r y l a -  
t ion system. 
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