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ABSTRACT Binding of 45Ca by live Paramecium caudatum was determined 
under various external ionie conditions. It  was found that calcium uptake was 
separable into at least two components, a rapid and a slow one. The rapid 
component was influenced by the presence of certain other ions in a manner 
which agrees with the law of mass action. It  appears that an ion exchange 
system may be involved in a binding equilibrium established between Para- 
mecium, Ca ++, and certain other ions. K +, Rb +, and Ba ++ in the equilibrium 
medium are among those ions which inhibit calcium uptake. It  is proposed that 
liberation of Ca ++ from binding sites on Paramecium by an exchange reaction 
with competing ions is the first step in the mechanism of ciliary reversal in the 
response to external application of these ions. 

I N T R O D U C T I O N  

A t e m p o r a r y  change  in bea t  d i rec t ion  of cilia (ciliary reversal  or  reversal  
response of cilia) occurs  in Paramecium caudatum and  m a n y  o the r  ci l ia ted 
p ro tozoans  in response to var ious st imuli  (1). T h e  impor t ance  of  a ccumula t ed  
Ca ions in the cell to the cil iary response was first emphas ized  by  K a m a d a  
(2, 3). J a h n  (4) ana lyzed  the da t a  of  K a m a d a  and  Kinos i ta  (5) and  sug- 
gested the appl icabi l i ty  of  G ibbs -Donnan ' s  rule  to the d is t r ibut ion  of  Ca  
ions on  the cell surface of Paramecium, and  emphas ized  the impor t ance  of the 
surface ca lc ium to the response. In  fact,  du ra t ion  of  the ci l iary response to a 
K s t imula t ion  is found  to be ident ical  be tween  di f ferent  organisms equil i -  
b r a t ed  in d i f ferent  med i a  respect ively w h e n  the ra t io  of  the potass ium con-  

cen t ra t ion  to the square  root  of  ca lc ium concen t ra t ion ,  [K+] /%/[Ca++] ,  of 
these med ia  was held constant ,  regardless of thei r  ionic concen t ra t ions  (4). 1 
This  s t rongly suggests tha t  the response is closely cor re la ted  wi th  the a m o u n t  
of  Ca  ions b o u n d  at  the cell surface in acco rdance  wi th  the G i b b s - D o n n a n  
rule  or  the law of  mass action.  

I on  exchange  type  b ind ing  systems have  been  demons t r a t ed  in a n u m b e r  of  

1 y. Naitoh. 1967. Ionic control of reversal response of cilia in Paramecium: A Ca-hypothesis. Manu- 
script in preparation. 
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cel lular  consti tuents,  such as l iver microsomes (6), muscle microsomes (7, 8), 
red  cell ghost  (9), and  also artificial phosphol ip id  m e m b r a n e  (8). 

Binding  of Ca  ++ by  m e m b r a n e  fractions of various cells has been  found  
to obey  the law of  mass action.  Moreover ,  it  is clear  tha t  Ca  ions p l ay  an  
i m p o r t a n t  role in m e m b r a n e  exci ta t ion (10). 

In  the present  exper iments ,  we used 46Ca to examine  the kinetics of  Ca  ++ 
b ind ing  by  live Paramecium. T h e  results show tha t  one  kinet ic  c o m p o n e n t  of 
Ca  ++ uptake ,  which  reaches  equ i l ib r ium relat ively rapidly ,  does so in compe -  
t i t ion wi th  cer ta in  o the r  ions, and  obeys the law of mass action.  

M A T E R I A L  AND M E T H O D S  

Specimens of Paramecium caudatum reared in hay infusion were washed well with a 
solution containing 20 mM KC1 and 0.1 nna CaC12 (pH 7.2) 2 to minimize the amount  
of bound Ca ions in the organism a and reduce bacterial contamination. Then, the 
organisms were suspended in the solution (1-mg organisms in dry weight/ml) for 30 
min or more prior to experimentation. 

A 1-ml aliquot of the suspension was pipetted into a filtrating glass vessel at the 
bottom of which a sheet of Millipore filter was mounted (Millipore Filter Corp., 
Bedford, Mass.). Then, 10 ml of radioactive solution containing adequate amounts of 
46Ca4 and other ions were pipetted into the vessel and mixed well with the organism 
suspension. After an adequate equilibration time, the mixed suspension medium in 
the vessel was sucked out through the Millipore filter rapidly (1 ml/sec) by a vacuum 
pump. Then, in order to wash out the 45Ca remaining in the filter, 10 ml of an un- 
labeled mixture having the same ionic composition as the labeled suspension medium 
was poured into the vessel at a rate of about 1 ml/sec while the suction was main- 
tained. 

The  Millipore filter was dried by infrared illumination, and the radioactivity of 
the filter due to accumulated 45Ca by Paramecium was counted by a G-M counter. 
The same procedure without Paramecium proved that residual 45Ca in the filter was 
almost negligible. 

At least three measurements were made to determine each point presented in the 
figures of the present paper. Fluctuations of measured values were so small that the 
standard errors did not exceed the diameter of circles presenting the mean values. 

All the experiments were performed at room temperatures of 19-21 °C. 

R E S U L T S  A N D  D I S C U S S I O N  

A. Time Course of 45Ca Binding and Effect of Coexisting K Ions 

T o  examine  the kinetics of  4~Ca accumula t i on  by  Paramecium and  the in- 
f luence of coexisting K ions, e ight  al iquots of the Paramecium suspension were  

2 T h e  p H  of  all the  exper imenta l  med ia  in  these exper iments  was ad jus ted  to 7.2 by 1 n ~  (in final 
concent ra t ion)  Tr is  buffer.  
s I t  is desirable to r emove  all C a  ions f rom the  cell surface, however,  wash ing  the  o rgan i sms  wi th  a 
Ca-free po tass ium solution rapidly  killed the  organisms.  
4 R a d i o e a l c i u m  solut ion was p repared  by mix ing  1 me  4~la wi th  1 ml  of  0.1 M CaClz solution.  
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equilibrated in two kinds of radioactive media with identical Ca concentra- 
tions (1 rn~ in final concentration; the amount  of 45Ca was I0 #c /ml)  bu t  
varied K concentrations (20.4 and 2.4 rnM in final concentration) for periods 
of 1, 5, 10, and 20 rain. Then, the radioactivities of each aliquot were de- 
tern-fined. 

The  results shown in Fig. 1 indicate that a much greater amount  of 4"Ca 
was accumulated within 1 min equilibration in the presence of low-potassium 
than in high-potassium concentration. This rapid uptake was followed by  a 
rather slow phase, radioactivity reaching a plateau about  20 min after the 
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FIoLmE 1. Time course of ~Ca ++ binding by live Paramedura eaudatum and the effect of 
coexisting K ions in the equilibrium medium on the binding (open circles, 2.4 nm 
K+; solid circles, 20.4 nm K+). Ca ++ concentration in the media was 1 mM (~Ca ++, 
10 pc/ml). Notice the rapid binding of 4r~a'V+ within 1 rain from the start of equilibra- 
tion (dotted lines). See text for discussion. 

start of the equilibration. The  slow-uptake component  exhibits a time course 
which is independent  of the potassium concentration. 

It  is proposed that the rapid initial component  of 45Ca uptake is due to 
binding of ~Ca  by anionic sites on Paramecium, and the K ions compete for 
the same binding sites. The slow increase in radioactivity, which seems to be 
unaffected by the presence of K ions, may  be due to a diffusion of 46Ca into 
the cell, passive exchange of 45Ca with preexisting Ca ions in the cell, or active 
Ca accumulation by the cell. 

B. The Initial Rapid Binding of '~Ca and the Effect of Coexisting K Ions 

If  an ion exchange type system is involved in the initial rapid binding of Ca 
ions by  Paramecium, the equilibrium between the binding sites of Paramecium, 
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Ca ions, and K ions may be formulated according to the law of mass action as: 

PCa½ + K + ~ P K +  ½Ca ++ (1)  

[PKI [K+] 
- k ( 2 )  ~ 

[PCa½] ~/[Ca++] 

in which P represents the binding site of Paramecium; [PCa½] represents the 
concentration of Ca bound by Paramecium; [PK] represents the concentration 
of K bound by Paramecium; [K +] and [Ca ++] represent the concentrations of 
K and Ca ions in the equilibrium medium; and k represents the equilibrium 
constant. 

If it can be assumed that all the binding sites are filled with Ca and K, 
the total binding capacity of Paramecium, Pt, can be represented as: 

Pt = [PK] + [PCa{] (3) 

and the following expression for the amount  of bound calcium can be derived 
from Equations 2 and 3: 

Pt (4) 
[PCa½] - kJa + 1 

in which Ja ° represents the ratio [K +]/x/[Ca ++] in the equilibrium medium. 
By rearranging, Equation 4 can be put  in the form of a straight line as: 

1 k 1 ( 5 )  
[P~a½] - ~ J a  +~ 

Equation 4 (or Equation 5) shows that if Ja in the equilibrium medium is 
kept constant, the amount  of Ca bound by Paramecium should remain constant, 
regardless of the ionic concentration in the equilibrium medium. In order to 
test this prediction, three aliquots of the Paramecium suspension were equili- 
brated for 1 rain in three different radioactive media having the same Ja 
value (1.41) and different ionic concentrations [1, 1 mM KC1 + 0.5 rnM 
CaCI~ (5 uc/ml) ;  2, 2 rnM KC1 + 2 mM CaCI~ (20 #c/ml) ;  3, 4 mM KCI + 
8 mM CaCI2 (80/~c/ml) all in final concentration] respectively; then, radio- 
activities were determined on each aliquot. 

Results shown in Fig. 2 clearly indicate that 45Ca uptake by Paramecium 
during 1 rain equilibration was almost identical in each of the aliquots in 

5 Activi ty coefficients a re  neglected in  all the  equat ions  in  the  present  pape r  because  of low ionic 
concent ra t ions  employed  in these exper iments .  
e I n  honor  of  Dr.  T .  L. J a h n  who  suggested first the  impor t ance  of the  ratio to the  b ind ing  of  Ca  in 
Paramecium and  its ciliary reversal.  T h e  concent ra t ions  of each  ion species in the  solutions employed  
in these exper iments  a re  all expressed in  mill imoles per liter. 
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spite of differences in the total concentration (1.5-12 mM) and the amount  
of 45Ca (5-80 #c/ml)  between three equilibrium media. 

Equat ion 5 implies that the reciprocal value of the amount  of bound Ca 
by  Paramecium must have a linear relationship with Ja in the equil ibrium 
medium. To  ascertain this, radioactivities were determined on aliquots of 
the Paramecium suspension equilibrated in various media having various 
K concentrations and the same Ca concentration (1 mM, 10 /~c/ml). The  
reciprocal values of each radioactivity plotted against the Ja value were 
found to form a straight line as shown in Fig. 3 (open circles). 
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FIGURE 2. Amount of 4sCa++ bound by live P. caudatum during 1 rain of equilibration 
inthree kinds of solutions having the same ratio, [K+]/-~v/[C-C--a-a~ -- 1.41. Concentration 
of K + and Ca "H- and the amount of ~6Ca ++ are represented in abscissa. The amounts of 
45Ca++ bound by P. caudatum are equal between the three ionic conditions of the equilib- 
rium media, in spite of large differences in the ionic concentrations and amounts of 
4~Ca++. 

These observations provide strong evidence for the applicability of the law 
of mass action to the uptake equilibrium between Paramecium, Ca ions, and 
K ions, and saturation of the assumed binding sites of Paramecium with Ca and 
K ions, at least under  the conditions employed. 

C. Concentration Effect of Various Ions on the Initial Rapid Binding of 4"Ca 

I t  is interesting to know whether ions other than K+, for example Na  +, R b  +, 
Mg ++, and Ba ++, act to compete for the same calcium-potassium binding sites 
on Paramecium, since these ions (exception of Mg ++) are known to induce 
ciliary reversal in Paramecium (1 1). 1 Aliquots of the Paramecium suspension 
were equilibrated for 1 rain in several different media, each of which con- 
sisted of 1 mM CaCI~ (10 #c/ml)  plus one of the test ions in one of several 
concentrations. The  radioactivities due to the bound 4~Ca were determined 
in each case, and the reciprocal values of the radioactivities were plotted 
against the Ja value of each medium. The  Ja value, in the present cases, 
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were calculated as [monovalent ion] /~ / [Ca  ++] or x/[bivalent  ion]/  

~v/[Ca++].' 
As is clearly shown in Fig. 3, all the data  showed linear relationships with 

the Ja values, and each ion species gave a line with a different slope. All the 
lines crossed the ordinate at  a point which corresponds to 1/Pt, as is expected 
from Equat ion 5. These findings indicate that the law of mass action is also 
applicable to the equilibrium established between the proposed binding sites, 
Ca ++ , and the other ions used in the present experiments. 
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FIout~ 3. EffEt~ of various coexisting ions in the equilibrium medium (O, K+; A, 
Rb+; 0, Na+; O, Ba++; l ,  Mg ++) on the binding of °Ca++ by live P. caudatum. Ab- 
scissa represents the ratio, [monovalent i o n ] / ~ / ~ - ~  or %/[bivalent iou]/%/[Ca++J. 
Ordinate represents the reciprocal value of the counts per minute from the 4~a++ 
bound by I nag dry weight of Paramecium. See text for discussion. 

From the value of 1 ~It and the slope of each line, the value of  the equi- 
l ibrium constant, k, for each ion was calculated, and listed in Table  I. The  
equilibrium constant represents the ability of the given ion to prevent the 
binding of Ca ++ to the sites. In other words, those ions having the large 
equil ibrium constants as K +, R b  +, and Ba ++ bind comparatively easily to 
the sites in exchange with Ca ions, whereas those with small constants as 
the Mg ion have a low affinity for the site. 

The equilibrium between the binding sites, Ca ions, and bivalent ions can be formulatext as: 

PCa½ -F ½B ++ .~-PB½ + ½Ca ++ (1 ' )  

CP~½1 
[PCa½] ~ X/[C--~J (2 ' )  

in which B ++ represents bivalent ion and [PB½] represents the amount  of hound bivalent ions by 
Paramecium. Thus, in the case of bivalent ions, Ja = % / ~ ] / V ~ - ' ~ .  
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Reversal response of cilia in Paramecium can be elicited by the external 
application of certain monovalent  (K +, Rb +, Na +) and certain bivalent (Ba ++) 
ions. Magnesium ions, on the other hand, do not induce reversal (11). 1 The  
effectiveness of ions in eliciting the reversal response of cilia seems to be cor- 
related with their equilibrium constant of binding on Paramecium. Tha t  is, 
those ions having relatively large constants such as K +, Rb +, and Ba ++ in- 
duce prolonged responses, while the response to Na+ is significantly shorter 
in durat ion than that  to K +. Magnesium, which has a very small constant, 
does not  induce reversal? These correlations suggest that  the liberation of 
bound Ca ++ from the binding sites of Paramecium by exchange with other ions 
is directly concerned with the reversal response of cilia. 

T A B L E  I 

C A L C U L A T E D  E Q U I L I B R I U M  C O N S T A N T S  
IN T H E  E Q U I L I B R I U M  BETWEEN B I N D I N G  SITES OF 

PARAMECIUM, CA ++ , AND O T H E R  IONS 

The  equi l ib r ium between binding sites, Ca ++ , and  other ions is formulated 
in accordance with  the law of mass act ion as in  Equat ions  1, 1', 2, and  2'. 
Calculation was made from the da ta  in  Fig. 3. 

I o n  Bpeci~ Equilibrium c o m t a n t  

Sodium 0.19 
Potassium 0.35 
R u b i d i u m  0.28 
Magnes ium 0.033 
Bar ium 0.32 

Liberation of Ca ++ from the sarcoplasmic reticulum is thought to be con- 
cerned with the control of contraction in striated muscle fibers (12). Displace- 
ment  of bound calcium has also been proposed as a step underlying 
permeabili ty changes during membrane  excitation (10). In  the glycerol-ex- 
tracted Paramecium model, ciliary reversal occurs only in the presence of 
Ca ++ and ATP. '  All present evidence indicates that  ciliary reversal is de- 
pendent  on calcium? 

It  is proposed, on the basis of these observations, that Ca ++ liberated from 
cellular binding sites activates, directly or indirectly, a contractile system 
which is energized by ATP. Contraction of this proposed contractile com- 
ponent  in turn results in the reversal of effective beat  direction of the cilia. 
In  this model ciliary reversal is closely analogous in fundamental  mechanism 
and its control to contraction of muscle. 

The  locality of the binding sites is still unknown. However, it is highly 
probable that  the sites may  be on the surface or at least, near the surface of 

s y .  Naitoh. 1967. Reversal response of cilia in glycerol-extracted model of Paramecium. In  prepara- 
tion. 
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the organism because Ca binding reaches an equilibrium relatively rapidly 
and because the bound Ca is intimately concerned with the behavior of the 
cilia, which, of course, are located at the cell surface. 

Ciliary reversal of Paramecium is closely associated with the depolarization 
of the membrane,  regardless of whether depolarization is the result of applied 
current, application of KC1 (13, 14), or spontaneous (13, 14, 15). It  will be 
of great interest to our understanding of ciliary reversal to determine in sub- 
sequent studies the relationship between depolarization and the release of 
Ca ++ from binding sites on Paramecium. 
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