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SUMMARY 

I. The exchangeabili ty of t roponin-bound ~Ca 2+ with various cations was in- 
vestigated, using a gel filtration technique. 

2. Bound 45Ca 2+ was completely exchangeable with non-radioactive Ca 2+ and 
partially exchangeable with Cd 2+, Sr 2+, Pb 2+, and Mn z+, in the order given, There 
was no significant exchange with Mg 2+, Ba 2+, Ni 2+, Zn 2+, and Co 2+. The affinity of 
divalent cations for the receptor site of troponin was closely related to ionic radius, 
with i A (Ca e+) providing the most  favorable fit. 

3- The trivalent lanthanide ions, La 3+, Ce 3+, Nd  3+, Sm 8+, and Dy  3+ could par- 
tially displace 4~Ca2+ from troponin but  the affinity of these ions for the receptor site 
of troponin was nevertheless lower than tha t  of Ca 2+ despite their similarity to Ca ~+ 
in size and chemical properties. 

4. Elevation of the ionic strength to 0. 5 with KC1 or NaC1 caused no dissociation 
of Ca 2+ from troponin. 

INTRODUCTION 

There is now considerable evidence in support  of the hypothesis tha t  the initial 
reaction in the mechanochemical  t ransduction mechanism in striated muscle is the 
binding of Ca 2+ to troponin (see refs. I -3 ,  for reviews). Troponin is localized on the 
actin filament 4 where, in conjunction with tropomyosin,  it confers Ca 2+ sensitivity 
on the actomyosin system 5. From the studies of WEBER AND HERZ 6 which established 
the essential role of Ca 2+ as the act ivator  of myofibrillar contraction it could be in- 
ferred that  Ca 2+ should bind to the myofibril with an apparent  stability constant  of 
about  I .  io  6 M -1. The subsequent investigations of FUCHS AND BRIGGS 7 and EBASHI 
e! al. s with purified troponin provided values for the CaZ+-troponin stability constant  
ranging from 0. 9.106-2.4 • 106 M -1. Troponin appears to be the only myofibrillar pro- 
tein which binds Ca z+ so strongly:. 

If troponin is indeed the physiological Ca 2+ receptor it must  be capable of 
discriminating between Ca 2+ and a number  of other cations, such as Mg 2+ and the 
alkali metal  ions, which are present in the muscle cell in much higher concentration.  
In  a recent communication,  FUCHS et al2 reported that  several divalent cations, 

• The publication of this article was affected by delays due to the ]British poslal strike. 
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including Mg -o+, Zn -o+, and Mn -o+, had little or no ability to exchange with ~SCa2+ 
bound to troponin. With regard to non-biological cations it had previously been shown 
that Sr 2+ could activate the contractile system 2° and bind to troponin ~, although with 
lower a:'finity than Ca -°+. 

BIRNBAUM el (d. 11 have recently suggested that the trivalent lanthanide ions 
should be useful as probes of Ca -o+ binding sites on proteins. The rationale for this 
proposal was that, (I) the ionic radii of the lanthanides (o.85-1.o6 A) fall in the same 
range as that of Ca 2+ (o.99 A) and, (2) both the alkaline earth and lanthanide ions 
bind electrostatically to the same types of ligands. FUCHS et al. 9 had noted that La 3+ 
had relatively little effect on Ca 2+ binding to troponin but not enough data were 
obtained to draw any quantitative conclusions. A preference for Ca 2+ over La 3+ 
would imply that simple electrostatic factors are not of primary importance in deter- 
mining the cation selectivity of troponin. In view of our experimental results and the 
proposal of BIRNBAUM el al. 11 it appeared worthwhile to extend these investigations 
of ion exchange properties in an attempt to gain further information about the physico- 
chemical features of the Ca -o+ receptor site. 

METHODS 

The relative affinity of various cations for troponin was measured by means 
of the gel filtration technique used in the previous study 9. This method is similar in 
principle to that used by other workers 12,13 for studying ion binding and ion exchange. 
Disposable columns (o.7 cm × I5 cm) obtained from Bio-Rad Laboratories were 
filled with Bio-Gel P-Io which had been previously equilibrated with a solution 
containing 5 ° mM KC1, IO mM imidazole (pH 7.o) and added cation as indicated. 
o.5 ml of ~Ca2+-labelled troponin (2- 4 mg protein) was applied to the column and 
eluted with the same solvent with which the gel had been equilibrated. The appear- 
ance of 4~Ca2+ in the void volume with the protein was taken as evidence of a Ca 2+- 
troponin complex whereas a retardation of 45Ca2+ was considered to be indicative of 
an exchange between troponin-bound Ca 2+ and added cation. In general it took 
about IO min for the protein to pass through the column. The percent Ca 2+ which 
exchanged was estimated on the basis of the amount of radioactivity in the void 
volume relative to the total amount of radioactivity eluted from the column. Elutions 
were carried out at room temperature. 

No attempt was made beforehand to remove the intrinsic Ca 2+ of troponin 
(25-30 nmoles/mg), virtually all of which is exchangeable with tracerT, s. However, 
to minimize contamination with unlabelled Ca 2+ the gels, columns, and all glassware 
used for preparing solutions were exhaustively washed with EDTA and deionized 
water. Only plastic disposable pipets were used for transfer of protein and eluant 
solutions. 

The divalent cations were added as chlorides (except for Pb (NOa)2) and were 
reagent grade products obtained from Fisher Scientific Co. The lanthanides were 
obtained as chloride salts from K and K laboratories, Plainview, New York. 

Protein was determined by the method of LowRY el al.  14 and radioactivity was 
measured with a Beckman LS-Ioo liquid scintillation spectrometer. 

Troponin was prepared from rabbit muscle essentially as described by YasuI 
el al. 15, with I mM dithiothreitol being present in all preparative solutions. 
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RESULTS 

EGect of divalent cations 
As shown in Fig. I, if ~SCa2+-labelled troponin was passed through a column 

equilibrated with the standard buffer solution but without added polyvalent cation 
essentially all of the radioactivity appeared in the void volume with the protein. 
In addition to illustrating the tight binding of Ca 2+ to troponin this result showed that 
the 4°Ca2+ contamination in the column was too low to displace any 45Ca2+ from the 
troponin and could be safely disregarded. 

The ability of the alkaline earth cations, at 0.I mM concentration, to exchange 
with bound 45Ca2+ is illustrated in Fig. 2. In the presence of ~°CaZ+ virtually all of the 
4~Ca2+ was displaced from the troponin whereas in the presence of Sr 2+ slightly less 
than half of the added ¢5Ca2+ remained bound to the protein in its passage through 
the column. Both Mg ~+ and Ba 2+ failed to displace any significant amount of ~sCa 2+. 
Thus the observed affinity sequence obtained with this method, Ca 2+ > Sr 2+ > Mg 2+, 
Ba 2+, is consistent with other results based on enzymatic activity x° and ion bindingS, 9, 

The results of a typical series of measurements with I0 divalent cations are 
shown in Table I. In addition to Ca ~+ and Sr z+, only Cd 2+, Pb 2+, and, to a 
lesser extent, Mn 2+, could displace significant amounts of *~Ca 2+ from troponin. It  
might be supposed that the effects of heavy metal cations such as Cd 2+ and Pb 2+ 
were due to denaturation of the troponin. However, if these cations were removed 
from the troponin by binding to EDTA followed by dialysis the protein exhibited 
normal Ca 2+ sensitizing activity. Hence, it is assumed that the results in Table I 
represent a true ion exchange rather than a structural modification of the troponin. 
The ineffectiveness of Mg 2+, Co 2+, Ni 2+, and Zn 2+ is in accord with previous results 
from this laboratory 9. 

There is no apparent relationship between the chemical properties of the divalent 
cation and the ability to exchange with the troponin-bound 45Ca2+. Thus Ca 2+ and 
Sr 2+ on the one hand, and Cd 2+ and Pb 2+ on the other, are quite different in terms of 
ligand affinities and the types of bonds they form. More suggestive is the relation 
obtained when the data are plotted as a function of ionic radius (Fig. 3). I t  would 
appear that the receptor site of troponin can accommodate divalent cations having 
radii between o.o8 and ~.20 A, with I A providing the most favorable fit. 
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Fig. i, Elut ion of 45Ca2+ and t roponin  from Bio-Gel P- io  column equilibrated wi th  5 ° mM KC1, 
io mM imidazole (pH 7.0). See text  for experimental  details. 
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Egect of lanthanide ions 
In the light of the above results, the recent paper of BIRNBAUM et al. 11 suggesting 

the use of lanthanides as Ca 2+ subst i tutes at electrostat ic  binding sites of proteins 

was of great  interest.  The lanthanide  ions bind strongly to the same anionic ligands 

(e.g. -COO-)  as Ca 2+ and are very  similar to Ca 2+ in size. Thus, Nd 3+, with an ionic 

radius (0.995 2~) almost identical  to tha t  of Ca 2+ but a higher charge density, might  
be expected to bind to the receptor  site of t roponin even more strongly than Ca 2+. 

Fig. 4 i l lustrates the results of a series of measurements  made with 5 lanthanides 

ranging in ionic radius from 0.908 A (Dy a+) to I.o6 A (Laa+). In these exper iments  the 

added cation was at a concentrat ion of 0.02 mM since it was found tha t  the lanthani-  

des tended to cause precipi tat ion of protein when present at concentrat ions of o . I - I  

mM. Also shown for comparison are the amounts  of 45Ca~+ displaced by equivalent  
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Fig. 2. Elution of ~5Ca2+ and troponin from Bio-Gel P-io columns equilibrated with 5 ° mM I(CL 
IO mM imidazole (pH 7.o) and o.t miX.f alkaline earth cation, as indicated. See text for experi- 
mental details. 

TABLE I 

E X C H A N G E  O F  T R O P O N I N - B O U N D  4 5 C a  2+ I N  T H E  P R E S E N C E  O F  D I V A L E N T  C A T I O N S ,  A L L  A T  C O N C E N  

T R A T I O N  O F  O . I  i l lS,f 

See text for additional experimental details. 

Calion 45Ca2+- exchanged 
(%) 

C a  2 -  9 8  

Cd 2~ 72 
Sr2+ 57 
Pb2+ 45 
Mn2+ 35 
C o  2+ I 2 

Ni 2~ IO 
Ba 2+ to 
Mg a+ 
Zn 2+ 6 
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concentration of Ca 2+, Cd ~+, and Sr 2+. The lanthanides could displace about 25-35 % 
of the bound 45Ca2+ from troponin. There did not appear to be any significant dif- 
ferences among the cations tested. The same concentrations of Cd 2+ and Sr 2+ could 
displace 40 and 29 % of the bound 4~Ca2+, respectively. Although more data are needed 
for quantitative conclusions it appears that the lanthanide ions lie somewhere 
between Cd 2+ and Sr 2+ in their affinity for the Ca ~+ receptor site. There is no evidence 
that they surpass Ca ~+ in affinity, despite their high charge-to-radius ratio. 

Higher concentrations of lanthanide could cause further displacement of Ca 2+ 
from troponin but this effect could not be readily demonstrated by the gel filtration 
technique since, as noted above, the solubility of troponin was reduced by lanthanide 
concentrations in excess of approx, o.I mM. If sufficient LaC13 (2 mM) was added to 
a solution of 45Ca~+-labelled troponin to precipitate most of the troponin over 9 ° % 
of the 4~Ca~+ was found in the soluble phase (Table II). This result is consistent with 
the assumption at La ~+ can exchange with tightly bound Ca ~+ provided the [La3+!/ 
ICa2+! ratio is sufficiently high. Denaturation of the protein was considered unlikely 
since the troponin re-dissolved without loss of biological activity upon removal of 
the La a+ with EDTA. Several divalent heavy metals can also precipitate troponin, 
in some cases even more effectively than the lanthanides. As an example, also shown 
in Table II, 2 mM ZnC12 caused almost complete precipitation of troponin. However, 
in contrast to La ~+ precipitation, about 8o }o of the ~5Ca2+ remained bound to the 
protein. Precipitation most likely results from cation binding at non-specific anionic 
sites. 

Effect of rnonovalent cations 
Small increases in ionic strength close to the physiological level are known to 

cause an increase in the Ca 2+ concentration required for activation of myofibrillar 
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Fig. 3. The pe rcen t  bound  45Ca2+ exchanged  as a func t ion  of ionic  rad ius  of d i v a l e n t  cat ion.  
Values of ionic  radi i  were t a k e n  from ref. 16. (O be tween  Sr and  Ba  is Pb.) 

Fig. 4. The percen t  bound  4SCae+ exchanged  as a func t ion  of ionic  rad ius  for 5 l a n t h a n i d e  ions ( © ) 
and  3 d iva l en t  ca t ions  (O),  as ind ica ted ,  al l  a t  o.o2 mM. E x p e r i m e n t a l  cond i t i ons  o therwise  as 
in Fig. I. Each  po in t  is mean  of 3 exper imen t s ,  w i t h  ve r t i ca l  bars  i nd ica t ing  s t a n d a r d  error  of 
mean.  See t e x t  for o ther  e x p e r i m e n t a l  deta i ls .  
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ATPase  G. In p re l iminary  exper iments  17 designed to test  whether  this effect is med ia t ed  
th rough  the Ca e+ receptor  site of t roponin  i t  was found tha t  s imilar  small  increases 
in ionic s t rength  had  no effect on the Ca2+-troponin s tab i l i ty  constant .  In an extension 
of this  work the results  in Fig. 5 show tha t  a io-fold  increase in ionic s t rength  pro- 
duced with ei ther  KC1 or NaC1 had no evident  effect on the s t rength  of the Ca2+-tro - 
ponin bonds. Thus, there  do not  appear  to be significant e lect ros ta t ic  in terac t ions  
between anionic sites which bind Ca 2+ and monovalen t  cations, even when the size 
of the monova len t  ion (Na + radius,  o.95 ,~) is ve ry  close to tha t  of Ca 2+. 

DISCUSSION 

At  neu t ra l  p H  t roponin  binds  Ca 2+ with  an appa ren t  s t ab i l i ty  cons tan t  of about  
I .  I@ M -~. F r o m  observat ions  on the  effect of p H  on Ca 2+ binding 9 i t  can be inferred 
t ha t  the  absolute  s t ab i l i ty  cons tan t  mus t  be at  least  i .  io  7 M -~. Values of this magni-  
tude  a lmost  cer ta in ly  require  t ha t  the  Ca 2+ binds  to t roponin  th rough  some form of 
po lyden ta t e  chelat ion 18. Since the alkal ine ear th  cat ions  are a t t r ac t ed  to h ighly  
e lect ronegat ive  l igands it seems reasonable  to assume tha t  the  chelat ion of Ca 2~ to 
t roponin  is effected through carboxyl  groups of g lu tamic  and aspar t ic  acid. However ,  
there  is a considerable increase in Ca2+-troponin s t ab i l i ty  in a p H  range (7.o-8.5) 
where all ca rboxyl  groups are p re sumab ly  in the  dissocia ted form 9. Therefore, it seems 

T A B L E  I I  

E F F E C T  OF E X C E S S  C a  3~ A N D  Z n  2+ ON S O L U B I L I T Y  A N D  B O U N D  45Cai~+ O F  T R O P O N I N  

Solut ions  con t a ined  2.2o mg/ml  t roponin ,  io  mM imidazole  (pH 7.o), o .2 / ,C /ml  45Ca2+, in vo lume  
of 2 ml. Fo l lowing  add i t i ons  as ind ica ted  p rec ip i t a t e s  were r emoved  by  cen t r i fuga t ion  and super-  
n a t a n t s  ana lyzed  for p ro te in  and  45Ca2-. 

Addi t ions  Soluble protein Soluble 45Ca 2+ Protein soluble 45Ca 2~ soluble 
(mg/ml) (counts~rain) ( ~J ,,) ('~ h ) 

N o u e  2 . 2 0  I 5 5  1 1 5  IOO i o o  
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Fig. 5. E lu t ion  of 45Ca2+ and  t ropon in  from Bio-Gel P - i o  co lumns  equ i l ib ra t ed  wi th  lo  mM 
imidazo le  (pH 7.o) and  o. 5 M KC1 or o. 5 3f NaC1, as ind ica ted .  See t e x t  for expe r i men t a l  deta i ls .  
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quite likely that  nitrogen ligands, perhaps imidazole and/or ~-amino groups is, are also 
present at the chelation site. More direct experimental evidence is needed to substan- 
tiate this point. 

On the basis of the present investigation divalent cations which can bind to the 
receptor site are Ca 2+ > Cd 2+ > Sr 2+ > Pb 2+ > Mn 2+, given in the apparent  order 
of affinity. Binding of Sr 2+ has been demonstrated in other studies s, 10. Mg2+ NiZ+, 
Co s+, Zn 2+, and Ba 2+ were essentially excluded from the receptor site. The cations 
which do bind to troponin have no obvious chemical similarities. Ca 2+, Sr 2+, and Mn 2+ 
are related in that  they prefer oxygen as an electron donor and tend to form bonds 
which are largely ionic in character 19. On the other hand Cd 2+ and Pb ~+ would be 
expected to prefer nitrogen and sulfur as election donors and form bonds with a 
larger covalent component. I t  is conceivable that  although several cations can bind 
at the same site they do not all form the same type complex 19. The Sr2+-troponin 
complex is known to have biological activity s, 10. I t  would be of interest to find out 
whether the Cd 2+, Pb 2+, and Mn 2+ complexes also exhibit activity*. 

The ability of a divalent cation to exchange with troponin-bound Ca 2+ is 
seemingly related to its ionic radius. The cations with the highest affinity for troponin, 
Ca 2+ and Cd 2+, have radii of o.99 and 0.97 A, respectively. Ca 2+ was also displaced by 
cations with slightly smaller (Mn ~+, 0.80 )t) or slightly larger radii (Sr 2+, 1.12 .~; 
Pb 2+, 1.20 A). A qualitatively similar pat tern has also been observed with another 
myofibrillar protein, G-actin 2°,21. I t  should be pointed out that  the actual values for 
Ca 2~ exchange are subject to some uncertainty since metal  ion hydrolysis and com- 
plexation with buffer were not taken into account. However, a more quantitative 
analysis of free cation concentrations would probably not invalidate the general 
relation observed between ionic radii and ability to bind to the receptor site of tro- 
ponin. 

In the absence of detailed structural information one can only speculate about 
the physicochemical basis of such size recognition. One possible approach may  be 
derived from BRIGHT'S 22 investigation of fl-methylaspartase, in which case affinity 
for divalent metals is also related a to certain optimal size. This author suggests that  
the reduced affinity for small cations (Mg 2+, Ni 2+) is due to repulsive forces between 
adjacent anionic ligands. On the other hand, the large cations (St2+), having a less 
ordered water of hydration would show a lower entropy difference on binding to the 
protein. Since entropy increase is the main driving force for chelation 23 any reduction 
in this parameter  would appear as a lower stability constant. While these factors 
may  be of importance it is likely, considering the greater selectivity of troponin 
compared to fl-methylaspartase, that  other factors, probably steric in nature, will 
have to be taken into account. 

At this point it is of interest to consider the results with the trivalent lanthanide 
ions. The five lanthanides tested all had about the same capacity to exchange with 
troponin-bound Ca 2+. Their relative affinity for the receptor site was apparently less 
than that  of Ca 2+, being in the same approximate range as that  of Cd 2+ and Sr ~+. 
Here again, some uncertainty arises from the possibility of lanthanide hydrolysis, 
although it would appear from the literature z4' 25 that  the lanthanides are coordinated 
mainly to water  at neutral pH. In any case, it is well known 26 tha t  carboxyl groups 

* D .  J .  t{ARTSHORNE (personal  commun i ca t i on )  ha s  ob ta ined  d a t a  showing  t h a t  Cd 2+, b u t  not  
bin  -°+, can  ac t iva te  the  ATPase  ac t iv i ty  of " n a t u r a l "  ac tomyos in .  
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wh ich  can  fo rm che la te  r ings c o m p e t e  v e r y  f a v o r a b l y  w i t h  so lven t  l igands  (H20  , 

O H - )  in t he  coo rd ina t ion  sphere  of t he  l a n t h a n i d e  ion. S imple  che la t ing  agen t s  in-  

v a r i a b l y  b ind  l a n t h a n i d e s  more  s t rong ly  t h a n  Ca 2+. Consider ing ,  as an  example ,  

ca t ions  of i den t i ca l  size, Ca ~+ a n d  N d  ~+, t he  E D T A  complexes  h a v e  log K va lues  ot 

lO.6 a n d  16.6, r e s p e c t i v e l y  (ref. 23, p. 572). This  gene ra l  p a t t e r n  has  also been  obse rved  
in some biological  sy s t ems  as well. MELA 27 has  shown  t h a t  even  at  e x t r e m e l y  low con- 

c e n t r a t i o n s  ( I .  IO s M) l a n t h a n i d e s  i n t e r a c t  s t r ong ly  wi th  t he  Ca 2+ t r a n s p o r t  s y s t e m  

of m i t o c h o n d r i a .  More r e c e n t l y  DARNALL AND BIR~BAUM 2s d e m o n s t r a t e d  t h a t  I mM 

NdC13 was  more  t h a n  twice  as e f fec t ive  as i o  mM CaC12 in a c t i v a t i n g  the  conve r s ion  

of t r y p s i n o g e n  to  t r yps in  a t  neu t r a l  pH .  The  ev idence  p r e s e n t e d  in th is  r e p o r t  sug-  

gests  t h a t  t h e  phys io log ica l  r e cep to r  s i te  of t r o p o n i n  differs f rom the  sys t ems  ju s t  

m e n t i o n e d  in t h a t  Ca 2+ is b o u n d  more  s t rong ly  t h a n  the  h igh ly  cha rged  l a n t h a n i d e s  

desp i te  close s imi la r i t ies  in ionic  rad i i  a n d  l igand  affinity.  Such ev idence  wou ld  suppo r t  

t h e  v i ew t h a t  in a d d i t i o n  to charge  and  rad ius  cons ide ra t ions  m o r e  sub t le  s t r u c t u r a l  

f ac to rs  m u s t  also be i n v o l v e d  in t he  ca t ion  s e l e c t i v i t y  of t ropon in .  

F u r t h e r  s tud ies  a long  these  l ines m a y  p r o v e  r e w a r d i n g  w i t h  r ega rd  to t he  

func t i on  of t ropon in .  Cor re la t ion  of p h y s i c o c h e m i c a l  p roper t i e s  and  bio logica l  a c t i v i t y  

of a v a r i e t y  of m e t a l - t r o p o n i n  c o m p l e x e s  m i g h t  p r o v i d e  va luab l e  i n f o r m a t i o n  abou t  

t h e  t y p e  of s t r u c t u r a l  change  wh ich  t r iggers  musc le  con t r ac t ion .  
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