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Summary 

Theoretical considerations on the determining the binding constants (u) of 
ligands to proteins were carried out. Whereas for a one-subunit protein the rela- 
tionship between thermal inactivation rates and ligand concentration there is a 
simple linear function, for a protein with two subunits, a second-order relation- 
ship is derived. If  the theory for one-subunit proteins is applied to multi-sub- 
unit proteins, the derived values of u tend to be lower than the real binding 
constants. A method of determining the ligand binding constant for a two- 
subunit protein is described. 

Introduction 

The protection of enzymes by ligands against thermal inactivation can be 
used in determining the ligand binding constants. Theoretical considerations on 
this kind of determination have been published by several authors [1--6]. In 
all cases the basic assumption was the same: one protecting ligand is bound to 
one protein molecule. However, because most enzymes are composed of sub- 
units and thus have several binding sites, the theory formed for one-ligand 
binding is not  necessarily valid generally. Citri et al. [7] suggested a Hill-equa- 
tion-type equation for the multi-ligand case. Its strict assumptions make, how- 
ever, its applications to most cases of multi-ligand binding impossible. The case 
of protection in which two different ligands are bound to the protein, was con- 
sidered by Siidi [3] and Baykov and Avaeva [6]. 

In this paper the protection of  a two-subunit enzyme against thermal inac- 
tivation is examined, and the binding constants derived by using the simple 
theory are proved to be apparently incorrect. 
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Theory 

Let us assume that on a two-subunit  enzyme each subunit  has a binding site 
for a ligand and that no co-operativity exists in the ligand binding (neither posi- 
tive nor negative). The case is described by Scheme 1, from which Eqn. 1 fol- 
lows: 

XAA' 
"x. _ 

, 7[ " - ~  , 

S c h e m e  1 

[AA' ] [X]  _ [AA' ] [X]  _ [AA'X][X]  (1) 
~ =  [AA'X] [XAA'] [XAA'X] 

where AA' is the protein with two subunits, X is the ligand and ~ is the bind- 
ing constant. Eqns. 2 and 3 are derived for the rate of inactivation, v, and from 
these, Eqns. 4 and 5 are further derived: 

v = k o [ A A ' l  + 2 k , X [ A A  '1 +k2 [AA'I (2) 

where x = [X] and ki represents the reaction velocity constant of  the inactiva- 
tion of  the complex (AA') Xi. 

v = k([AA']  + 2X[AA '1 + [AA'])  (3) 

where k is the apparent velocity constant  of  inactivation for the total enzyme. 

k - (4) 

2(k0--  kl) + ( k o - - k 2 )  2MX-+N 
k o - - k  = = T: (5) (1 
where M = k o - - k , ,  and N = ko--k2 

A consideration based on a similar principle gives the equation (6) for a 
four-subunit enzyme: 

k= 

and generally: 

(6) 
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In mos t  cases the  analysis of  p ro t ec t i on  o f  individual en zy m es  has been car- 
r ied o u t  by  using the  express ions  1 / ( ko - - k )  = f (1 /x )  [3 ,5] ,  ( k o - - k ) / x  = f (x)  
[4 ,6]  or  (ko- -k )  = f ( k o - - k ) / x )  [5] .  These  give a straight  line ina one-subuni t  
case, whereas  a second-order  p lo t  is derived in a two-subuni t  case. In the  fol- 
lowing cons idera t ions  the  general fo rm of  second-order  equa t ions  was used:  

A X  a + 2 B X Y  + C Y :  + 2 D X  + 2 E Y  + F = 0 (8) 

The  tangent  o f  the  curve at po in t  (X0, Y0) is then  

A X o  + B Yo + D 
( Y - -  Yo)  = - - B X o  + CYo  + E ( X - - X o )  (9) 

The  a sympto t e s  o f  a h y p e r b o l a  are parallel with the  pair  o f  lines: A X  2 + 2 B X Y  

+ CY: = 0 and the in te rcep t  o f  the  a sympto t e s  then  coincides  with tha t  o f  the 
lines A X  + B Y  + D = 0 a n d B X  + C Y  + E = O. 

(a) D o u b l e  rec iprocal  p lo t ,  

,(1) 
k0 - - k  

1 _ y and 1 = X eqn. (5) gives: By set t ing k0 --  k x 

r 2 X :  - -  2 M T r X Y  + 2 ~ X  - -  N Y  + 1 = 0 (10) 

This represents  an hyperbo la ,  with an in t e rcep t  on  the  Y-axis at  Y = 1 / N  and 

with an a s y m p t o t e :  

~r 4 M - - N  (11)  
Y = -2--~ X + - -  

4 M  ~ 

By set t ing k0 - -  k = Y a n d  ko - -  k _ X 
x 

the  fo l lowing equa t ion  is derived:  

~r2X 2 + 2 1 r X Y  + y2 _ 2 M T T X _ N Y =  0 (12) 

This represents  a parabola  with in te rcepts  on X-axis at  X = 2M/Tr and on  Y- 
axis at  Y = N.  The  slope of  the  axis o f  the  parabola  is ---m The  slope o f  the  
t angen t  at  po in t  ((2M + N ) / 4 ~ ,  (2M + N) /4) ,  where  x = 7r, is NTr/2M. 

ko - - k  
( c )  - -  - f(k) 

x 
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By sett ing kO - -  k 
X 

= Y Eqn. 4 becomes:  

k : - -  27rkY + lr2Y : -  (ko + k:)k + 27rk, Y +  kok: = 0 (13)  

This represents a parabola with an axis slope of --1/Tr. 

X 

(d) ko -- k - f (x)  

Also this express ion gives a straight l ine in the  one-subuni t  case according to 
the  fo l lowing  equat ion:  

x 1 lr 
ko - -  k - ko - -  k, x + ko - -  k, (14)  

In the two- subuni t  case Eqn. (5)  becomes  

X ~ - -  N X Y  + 2 ~ X  - -  2 M r Y  + ~2 = 0 (15)  

where X = x and Y = x/(ko--k). This represents an hyperbola with an intercept 
on Y-axis at Y = 7r/2M and with an asymptote 

1 27r(N -- M) 
Y = ~ X  +- (16)  

N: 
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F i g .  1 .  T h e o r e t i c a l  p l o t s  f o r  d i f f e r e n t i a l  t h e r m a l  i n a c t i v a t i o n  o f  a n  e n z y m e  c o n s i s t i n g  o f  t w o  s u b u n i t s .  T h e  

e a q u a t i o n s  f o r  e a c h  p l o t  a r e  d i s c u s s e d  i n  t h e  t e x t .  ( a ) - - ( d ) :  T h e  v a l u e s  o f  t h e  p a r a m e t e r s  u s e d  i n  c o m p u -  

t a t i o n s  w e r e  as  f o l l o w s :  ~r = 2 a n d  k 0 = 0 . 1  in  e a c h  c u r v e  a n d  k I = 0 . 0 1  a n d  k 2 = 0 . 0 0 1 (  ) ; k  I = 

0 . 0 1  a n d  k 2 = 0 . 0 1  ( . . . . . .  ) ;  k I = 0 . 0 5  a n d  k 2 = 0 . 0 0 1  ( . . . . . .  ) .  ( e )  C u r v e  k 0 - - k  = f ( k 0 - - - k ) / x  f o r  a f o u r -  

s u b u n i t  c a s e .  T h e  p a r a m e t e r s  w e r e  as  f o l l o w s :  ~r = 2 ,  k 0 = 0 . 1 ,  k I = 0 . 0 1 ,  k 2 = k 3 = k 4 = 0 . 0 0 1 .  
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Fig. 1 presents theoretical  curves for all four cases with three sets of  ki val- 
ues. k0 = 0.1, kl = 0.01, k2 = 0.001 represents a case where the first ligand al- 
ready causes a good protect ion which is further  improved by the second. When 
k0 = 0.1, kl = 0.01 and k: = 0.01 the second ligand does not  increase the pro- 
tect ion caused by the first, and when k0 = 0.1, kl = 0.05 and k2 = 0.001, a good 
protect ion is attained only with the second bound ligand. In all cases the curves 
greatly resemble a straight line; consequently it is in practice hard to distinguish 
between cases of one bound ligand and of  two ligands. In addition, it is tempt- 
ing to use straight lines (or a one-subunit theory)  in interpreting the results. In 
practice the measurements are normally carried out  with ligand concentrat ions 
near u, in which case the tangent at the point  x = ~ may represent such a 
straight line. If already the first bound ligand gives a good protect ion,  the value 
of  ~app derived from the tangent is in cases (a) - -  (d) ~PP = ~/2. 

In case (a) the r~PP based on the asymptote  of  the hyperbola  is r~PP = 2/3~, 
and in case (d), from the asymptote ,  r~PP -~ 0 if M -~ N. Thus in all the cases 
presented the uapp value is lower than the real 7r. However, if a good protect ion 
is not  attained before the second bound ligand, r~PP = u. In the case of  four  
subunits (e) the corresponding slope of the tangent gives rapp = ~/5 with the 
ki values used. 

Application 

Based on the graphs above, it is possible to try a solution of  the real u, too. 
The measurements should be carried out  in two regions of  ligand concentra- 
tions: at very low concentrat ions,  from 0 to 7r/4, and at high concentrat ions,  
above u. If the expression x / ( k o - - k )  = f(x) (case (d)) is used, the following 
values should be measured: the slope of  the asymptote  (a), the intercept  of  
the curve and the Y-axis (/~) and the slope of  the tangent at point  x = 0 (7). 
Then:  

1 a = ~  

7T 

4M. - - N  (17) 
7 = 4M 2 

The solution of  7r f rom the equation is: 

- ( 1 8 )  

Another  possibility is to use the expression 1 / ( k o - - k )  = f(1/x),  and to mea- 
sure the slope of  the asymptote  (~), the intercept of  the curve and the Y-axis 
(a) and the slope of  the tangent at point  1 / x  = 1Dr (7). Then:  
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1 
N 

7r 

fl = 2M 

4N (19) 
")' = (2M + N): 

and 

\ c~7 \ c~T cP (20) 

Also other selections of  three measured quantities (~, fl and 7) can be used as 
starting points. The above methods appear, however, to be the best I have 
found. The parabolic expressions cannot  be used because the quanti ty (ko--k)/x 
has a very marked deviation at low x-values. A double reciprocal plot sharply 
curves near 1Ix = 0, and the slope of  its tangent at 1/x = 0 thus tends to give 
erroneous results. 

Example 

The determination of  the binding constant  of  oxalate to pantothenase is 
presented in Fig. 2. Pantothenase is a two-subunit  enzyme well protected 
against heat inactivation by oxalate, and showing hyperbolic kinetics (v vs. s 
and v vs. l / i )  [8]. The value of  7r, 2.36 mM, derived from Fig. 2 is still much 
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Fig. 2. D e t e r m i n a t i o n  of  the  b ind ing  c o n s t a n t  of  oxa ia te  to  p a n t o t h e n a s e .  The  assay was  carr ied ou t  as 
descr ibed  e l s e w h e r e  [8 ] .  T he  r eac t i on  m i x t u r e  c on ta in e d  25 pl of  p a n t o t h e n a s e  solut ion (180  jug/ml) 
c o n t a i n i n g  0.2% of  bov ine  s e rum a l b u m i n ,  25 ~1 of  100  m M  po ta s s ium p h o s p h a t e  p H  7 .00 ,  25 ~1 of  po-  
tass ium oxa ia te  so lu t ion  and 50 ~1 of  75 mM po t a s s ium [ 1 - 1 4 C ] p a n t o t h e n a t e .  The  inac t iva t ion  m i x t u r e  
con ta ined  the  th ree  first c o m p o n e n t s  of  the  list. The  du ra t i on  of  inac t iva t ion  at  36°C  was 20 min .  
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lower than the value of  the inhibition constant  by oxalate at 36°C, 6.3 mM. 
The inhibition constant  was measured between 20 and 30°C; the derived AH 
of oxalate binding was --60kJ/mol.  The inhibition constant at 36°C was cal- 
culated according to the van 't Hoff  equation. ~app derived from Fig. 2 is 1.19 
mM. 

Discussion 

It is very common that the binding constants derived with thermal inactiva- 
tion technique are lower than the corresponding kinetic constants [5,7,9,10].  
The application of the one-ligand theory to a multi-subunit enzyme is one 
source of  such differences, but  yet  other causes may exist. A very possible 
cause, suggested by Citri [11],  is for example the presence of  intermediate 
stages during thermal denaturation, when the ligand may be bound to the in- 
termediate stages with a different affinity. 

According to the theory a difference between measured and real binding 
constants will appear when a considerable protect ion is given already by the 
first bound ligand. Such a situation is very possible because a major change 
in the conformation of the protein molecule occurs in thermal denaturation, 
and also the subunits are bound to each other with several bonds. If one sub- 
unit is stabilized by a ligand, the stabilization may be transmitted to the other 
subunits of  the enzyme, too.  This does not  require any conformational  change 
on ligand binding; the increase of  rigidity of  the subunit caused by the ligand 
and its transmission to other subunits is sufficient. So the protect ion with the 
first bound ligand is possible without  any co-operativity in the binding of  the 
ligands. Co-operativity would make the theoretical considerations above much 
more complicated. 

References 

1 Burton, K. (1951) Biochem. J. 48, 458--467 
2 Zyk, N., Citri, N. and Moyed, H.S. (1969) Biochemistry 8, 2787--2794 
3 Siidi, J. (1970) Biochim. Biophys. Acta 212, 213--224 
4 TheoreU, H. and Tatemoto,  K. (1971) Arch. Biochem. Biophys. 143, 354--358 
5 Chuang, H.Y.K. and Bell, F.E. (1972) Arch. Biochem. Biophys. 152, 502--514 
6 Baykov, A.A. and Avaeva, S.M. (1974) Eur. J. Biochem. 47, 57--66 
7 Citri, N., Kitron, N. and Zyk, N. (1972) Biochemistry 11, 2110---2116 
6 Airas, R.K. (1976) Biochem. J. 157 ,415- -421  
9 Norris, R.D. and Fowden,  L. (1973) Biochim. Biophys. Acta 312, 695--707 

10 Tscheme, J.S., Lanks, K.W., Salim, P.D. and Grunberger, D. (1973) J. Biol. Chem. 248, 4052--  
4059 

11 Cirri) N. (1973) Adv. Enzymol.  37, 397---648 


