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SUMMARY 

I. The dependence of  Michaelis constant  (Kin) and the molecular act ivi ty (k0) 
on the degree of polymerization (n) of  maltooligosaccharides for the hydrolysis 
catalyzed by glucoamylase of Rhizopus de&mar (a-I ,4 : I ,6-glucan 4:6-glucohydrolase,  
EC 3.2.1.3) was studied at pH 4.50 and 25 °C, for a range of n from 2 to 15. 5. 

2. The iesults were analyzed to evaluate the subsite affinities (Ai) and the 
intrinsic rate constant  of hydrolysis of substrate linkage in a productive complex 
(kint) according to tile theory  I formerly developed by  one of  the authors (Hiromi, K. 
(i97o) Biochem. Biophys. Res. Commun. 4 o, I-6) ,  which assumed the independency of 
kint on ~z and the addi t iv i ty  of Ai. 

3. The values of Km and k 0 calculated with the above determined values of Ai 
and kint were in excellent agreement with the experimental ly obtained ones for 
J, = 2-  7, which confirmed the val idi ty of  the theory. 

INTRODUCTION 

The success of X- ray  analysis of lysozyme and its complex with tr i-N-acetyl-  
glucosamine provided us with a detailed picture of the active site of the enzyme and 
the mode of  interaction between the enzyme ai~d the substrate 2-4. The active site, 
which forms a cleft capable of  accommodat ing  six N-acetylglucosamine residues, may  
be regarded as consisting of  six "subsites" (termed A-F) ,  each of which interacts 
specifically with a substrate residue through hydrogen bonds and hydrophobic  bonds. 
The catalyt ic  site, the two carboxyl  groups of  Glu-35 and Asp-52, is s i tuated in the 
cleft between the fourth and the fifth subsites (D and F) count ing from the terminal 
for the nonreducing end residue of the substrate. In  the stable enzyme-subs t ra te  
complex studied by  X- ray  analysis, the tr i-N-acetylglucosamine molecule is bound in 
a nonproduct ive  form away from the catalytic site, occupying the first three subsites 

* Present address: Laboratory of Enzyme Chemistry, Department of Food Science and 
Technology, Faculty of Agriculture, Kyoto University, Kyoto (Japan). 
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(A-C). However, the fact that  tri-N-acetylglucosamine is hydrolyzed by lysozyme, 
even although very slowly, indicates that the substrate can be bound also in a 
productive form upon the catalytic site, although the binding probability may be 
low. This provides evidence for the existence of multiple binding modes of substrates 
with the enzyme. 

It  is reasonable to suppose that a similar situation will hold also for other 
homopolymer-degrading glycoside hydrolases such as amylases and cellulases. For 
these enzymes which act on linear homopolymer substrates, the specific interaction 
between a certain subsite and a substrate residue (glucose residue) may be considered 
to be the same, regardless of the chain length and the binding mode of the substrate. 
Therefore, we may assign a definite subsite affinity for a given subsite to represent 
the strength of interaction with which the subsite in question would bind a substrate 
residue1, 5. The subsite affinity of the ith subsite ~ will be denoted by Ai (keal/mole), 
which is equal to the decrease in the unitary part6, 7 of free energy caused by the 
binding of a substrate residue with the subsite 1. 

One of the most important manifestations of the substrate specificity of 
amylases resides in their action patterns, by which we mean: (I) the dependence of 
rate of hydrolysis on the degree of polymerization, n, of linear substrates, and (2) the 
mode of cleavage of oligosaccharides 8. We shall focus our attention particularly on 
the n-dependence of the hydrolysis rate, or more precisely, the Michaelis constant 
Km and the molecular activity k 0 (the maximum velocity V divided by the molar 
concentration of enzyme e0). In many glycoside hydrolase-catalyzed reactions, it has 
been noticed that k0, as well as I /Km,  increases with n for linear substrates within 
a given range of n 9 12. Since the rate of acid-catalyzed hydrolyses of these substrates 
is scarcely dependent on n 13, such an n-dependence of k 0 seems to be characteristic 
for enzyme catalysis. However, how such an n-dependency of k 0 arises cannot readily 
be explained, in so far as k 0 is simply regarded as a true rate constant for the hydro- 
lysis of a substrate linkage in an E S  complex according to the Michaelis-Menten 
mechanism : 

h+l k ~  
E +  S ~--~- ES E +  P (I) 

k -  1 

where k+2 is equal to k 0. 
There are two alternative ways of interpreting the observed n-dependency of 

k0, according to the following concepts: (I) In enzyme catalysis, the true rate con- 
stant of hydrolysis of substrate linkage, kint, is dependent on n. (2) The true rate 
constant kint is independent of n, but the observed n-dependency of k 0 arises merely 
from the multiplicity of the binding modes of substrate to the enzyme. 

In the first concept, which does not necessarily require the multiple binding 
modes, some special mechanism should be assumed, such as cooperativity of subsites 
which leads to an enhanced rate of hydrolysis of the substrate linkage in an ES 
complex depending on n. However, there is no a priori basis for predicting such 
cooperativity. The magnitude of this effect could only be taken as an adjustable 
parameter in a theoretical treatment. Therefore, we would not take this concept as 
a starting point for our theory. 

" The subsites are numbered counting from the terminal one for the binding of nonreducin~ 
end residue of substrate (see Fig. 3 below). 
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On the other hand, the second concept, which assumes that kint is independent 
of n as in the case of acid hydrolysis, is much more mechanical and does not require 
any special mechanism such as postulated in the first concept. In this case, the 
multiplicity of binding modes could lead to the n-dependency of k 0 through the 
statistical weights of productive and non-productive complexes, which are deter- 
mined by subsite affinities 1. 

Several attemps have been made to correlate subsite affinities with the rate 
parameters of linear n-mer substrates TM and with the mode of cleavage of malto- 
oligosaccharides 14. We proposed, by assuming the independency of kint with respect 
to n, a method for evaluating subsite affinities from the n-dependency of rate para- 
meters, and the method has been applied to several amylasesl,n, 15-18. On the other 
hand, Thoma et al. 14 evaluated the subsite affinities of Bacillus liquefacience a-amylase 
from the product distribution ratios with end-labeled oligosaccharides. In the latter 
case, however, the rate parameters calculated with the subsite affinities thus evaluated 
were not consistent with the experimentally obtained values, in so far as kint was 
assumed to be independent on n 1°. To account for this discrepancy, they claimed 
that kint should not be constant but must vary with n, as was considered in the first 
concept above. 

In this paper, we aimed to examine thoroughly the validity of the assumption 
for the constancy of kint, as based on the second concept. Glucoamylase, a typical 
exo-amylase which splits off glucose from nonreducing ends of substrates 19, was 
chosen as the best object for this purpose, because of the simplicity of its action 
pattern. 

The procedure involves : (i) The determination of Ai and kint from the observed 
rate parameters of n-mer substrates assuming that kint is independent of n. (ii) To 
calculate the rate parameters with these Ai and kint values and to compare them with 
the experimentally obtained rate parameters. I f  the theory is valid, we should have 
an agreement between the calculated and observed rate parameters for various 
values of n. 

The results clearly demonstrated that the assumption of independency of kint 
is actually valid for glucoamylase. 

THEORETICAL 

The detail of the theory which relates rate parameters for subsite affinities Ai 
and the intrinsic rate constant kint for the hydrolysis of substrate linkage in a pro- 
ductive complex(es) have been described elsewherel,n, 2°-2e. The outline of the 
theory will be mentioned briefly below. 

When an n-mer substrate Sn is bound with an enzyme E to give several pro- 
ductive and nonproductive complexes, represented by ESn,p and ESn,q, respectively, 
the reaction scheme may be written as follows: 

kin_~t E Av P 
E + S ~ E S n , q  

Kn,q (2) 

where it is assumed that kin t is constant irrespective of both the substrate chain 
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length n and the binding mode of productive complex(es) as was stated above*, 
Kn, p and Kn,q, which will be generally represented by Kn,j, are the association 
constants of the n-mer substrate in a binding mode specified by the subscript p 
(productive), q (nonproductive), or j (either productive and nonproductive). 

Kn , j  = [ E S n , j ] / [ E ]  [Sn] (3) 

The numbers of the subscripts p, q or j, specifying the binding mode, will be con- 
veniently taken as being equal to the number of the subsite at which the nonreducing 
end-residue of the substrate is situated (see Fig. 3 below). 

By assuming rapid equilibrium between E and Sn, a rate equation of the same 
form as the familiar Michaelis-Menten type is obtained, where Km and k 0 are ex- 
pressed by the following formula: 

I/Km ~ X K , ,  i = 2~Kn,p  + q~Kn,q  (4) 
j ' p 

ko : kint " X K n , p  /~.. Kn, l  
la ] 

= k~., (1 + ~ K.,~ / ~ u~,~)-' (5) 

ko/Km : kint  • X Kn,  p 
p (6) 

I t  is an important property that ko/Km involves only the productive terms, while 
Km and k 0 contain nonproductive terms in addition. 

The association constant Kn,j is related to the molecular binding affinity, Bn,j, 
which is the unitary part6, 7 of standard affinity --AGn,j 

RT l nKn , j  = - -AGn, j  : Bn,j  - -  2.4 k c a l / m o l e  (7) 

The term 2. 4 kcal/mole arises from the contribution of the mixing entropy in water 
at 25 °C 6,7. 

Now we assume that Bn,l is simply expressed by the sum of Ai values of the 
subsites occupied by the substrate molecule in that  mode of binding. Thus 

c o y .  

Bn,j  = ( Z Ai)n, j  (8) 
i 

where Ai is the subsite affinity of the i-th subsite, expressed in free energy units, and 
c o v .  

27 implies that the sum is taken for the occupied subsites. Then Kn,j becomes 
t 

c o w ,  

Kn, j  ~ (o.o18) e x p  (Bn,j/RT) : (o.o18) e x p  ( Z7 Ai/RT)n,j (9) 
i 

If  we substitute Eqn 9 into Eqns 4-6, the rate parameters Kin, ko and ko/Km are 
expressed in terms of kint and Ai values. Therefore, we can calculate all the rate 
parameters for any linear substrate, when the Ai values and kint are known. It  has 
been shown that the n-dependency of k 0 can actually arise merely from the term 

Kn,p/X Kn,j, which represents the statistical weight of productive complex(es) TM. 
p J 

The above equations are applicable both for exo- and endo-amylases. In the 

• E n z y m e - s u b s t r a t e  c o m p l e x e s  in  w h i c h  m o r e  t h a n  one  s u b s t r a t e  m o l e c u l e s  a re  b o u n d  (al 
t h e  a c t i v e  si te)  w i l l  n o t  be  c o n s i d e r e d  here .  T h i s  p r o b l e m  h a s  b e e n  d i s c u s s e d  elsewhere2~, 28. 
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case of exo-amylases, however, there exists only one productive complex for an n-mer 
substrate, as is apparent from their mode of action. In this case, the sum ~' Kn,I) in 
Eqns 4-6 reduces to a single term : P 

2,"/X'n, p = K n ,  1 (IO) 
la 

where Kna is the association constant of n-mer substrate in the productive binding 
mode j = I. 

EXPERIMENTAL 

E n z w f ~ t e  

Crystalline glucoamylase from Rhizopus delemar, which was kindly provided 
by Dr Y. Tsujisaka of Osaka Municipal Technical Research Institute was dissolved 
in distilled water and kept in a refrigerator as a stock solution. The enzyme concen- 
tration was determined from the absorbance at 280 nm, assuming A~ ~n to be 14. 5 
and a molecular weight of 7 ° ooo'. 

Substrates 
Maltooligosaccharides of degree of polymerization ranging from 2 to 7 were 

prepared from the acid hydrolyzate of cycloheptaamylose as described elsewhere n. 
Crystalline maltodextrin of average degree of polymerization of 15. 5 was prepared 
by the method of Hizukuri et al. 23. 

Method 
The reaction was carried out at 25.0 °C in 0.02 M acetate buffer at pH 4.5 ° 

throughout. The initial rate was determined in the usual way from the measurement 
of reducing-end concentrations by a modified Somogyi-Nelson method 24. The enzyme 
activity of the stock solution was calibrated on a standard run using amylose as the 
substrate. 

RESULTS 

Determination of rate parameters 
The Michaelis constant Km and the maximum velocity V were determined 

from s/v versus s plots using the least square method, where v and s are the initial 
velocity and the substrate concentration, respectively. Some typical examples of the 
plots are shown in Fig. I. 

The molecular activity k 0 was obtained as V/eo, where e 0 is the molar concen- 
tration of enzyme. Table I summarizes the values of Km and k 0 for maltooligo- 
saccharides studied, together with their standard deviations calculated according to 
Youden's formula 25. The plots of log(I/Kin), log k o and log(ko/Km ) against n (degree 
of polymerization of linear substrates) are shown in open circles in Fig. 2. The 
dependency of these rate parameters on n, where the increase in k 0 together with 

" This  va lue  was ob t a ined  f rom s e d i m e n t a t i o n  and  diffusion m e a s u r e m e n t s  a s suming  a 
p a r t i a l  specific vo lume  of 0.73. 
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F i g .  I .  T y p i c a l  e x a m p l e s  o f  sly versus s p l o t s  f o r  g l u c o a m y l a s e - c a t a l y z e d  h y d r o l y s e s  o f  v a r i o u s  
m a l t o o l i g o s a c c h a r i d e s  a s  s u b s t r a t e s  (25 °C, p H  4 .50) .  a,  m a l t o s e ,  e 0 = 5 . 1 8 .  IO -~ M;  b ,  m a l t o t r i o s e ,  
e 0 = 7 . 8 2 .  IO 8 M;  c, m a l t o p e n t a o s e ,  e 0 = 7 . 6 9 .  IO - s  M ;  d,  m a l t o d e x t r i n  w i t h  a n  a v e r a g e  d e g r e e  
o f  p o l y m e r i z a t i o n  o f  15. 5, e 0 = 4 . 2 7 .  IO - s  M, w h e r e  e 0 is t h e  e n z y m e  c o n c e n t r a t i o n .  

I/Km between n = 2 and 4 is noticed, is essentially the same as those observed 
earlier with the same enzyme at 15 °C for more limited number of substrates 12. 

Analysis of the results (evaluation of A, and k,nt) 
The values of rate parameters experimentally obtained for a series of malto- 

oligosaccharides allow us to evaluate the subsite affinities, A i ,  and the intrinsic rate 
c o n s t a n t ,  k i n t .  The procedure for the evaluation will be described below. 

Fig. 3 shows a schematic model of the active site of glucoamylase which involves 
m subsites, and several binding modes of n-mer and (n+I ) -mer  substrates. The 
binding modes with j = I and j >_ 2 refer to productive and nonproductive modes, 
respectively. For glucoamylase, which is an exo-enzyme, the simple formula of Eqn IO 

T A B L E  I 

E X P E R I M E N T A L L Y  O B T A I N E D  R A T E  P A R A M E T E R S  W I T H  S T A N D A R D  D E V I A T I O N S  F O R  G L U C O A M Y L A S E -  

C A T A L Y Z E D  H Y D R O L Y S E S  OF M A L T O O L I G O S A C C H A R I D E S  AT p H  4 . 5  ° A N D  2 5 ° C  

Substrate n" Km ( to  ~ x M )  k o (s -1) ko/Km (zo -4 × M 1"s-1) 

M a l t o s e  2 I I  2- I . I  4 .6  ± o .25  o .42  ~ o . o 2 5  
M a l t o t r i o s e  3 3 .6  J o .51 23 z 2.1 6. 4 ± 0 .34  
M a l t o t e t r a o s e  4 2-5 £ 0 .33  33 --+ 1.9 13 ~ 1-5 
M a l t o p e n t a o s e  5 1.6 ± 0 .02  32 ~ 0 .2  20  ~ o . i  
M a l t o h e x a o s e  6 1.2 ± o .14  28 ± i . i  23 i 3.1 
M a l t o h e p t a o s e  7 i . i  2: o . i i  31 ± 1. 5 28 ± 2. 4 
M a l t o d e x t r i n  15. 5 o .65  ± o .o6  24 = I.O 37 ~: 2.5 

" T h e  d e g r e e  o f  p o l y m e r i z a t i o n  o f  t h e  s u b s t r a t e  e x p r e s s e d  as  g l u c o s e  u n i t s .  F o r  m a l t o -  
d e x t r i n  o n l y ,  t h e  a v e r a g e  d e g r e e  o f  p o l y m e r i z a t i o n  is s h o w n .  
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n 

Fig. 2. Dependence of rate  parameters  (t~P) on the degree of polymerizat ion (n) of maltooligo- 
saccharides. Kra, Michaelis cons tan t  in M units ;  h o, molecular activity (V/eo) in s -1. ©, and - - ,  
values obta ined experimental ly  and the value theoretically (calculated by  Method I), respec- 
t ively (see text).  

can be used. By  subst i tut ing Eqns  9 and IO into Eqn  6, we have an expression for 
ko/Km for an n-mer subst ra te :  

coy .  

(ho/Km)n = hint • Kn,1 = (o.o18) kint exp ( ~7 ,~i/RT)n,1 
i 

(ii) 

When n does not exceed the number  of  subsites, m, we have : 

c o y .  
Z A t  = ~ A l  = d t  + A a + . . . . .  + An 
I i = I  

Therefore, with (n + I)-mer and n-mer substrates,  we have:  

n + i  
ln(ko/Km)n+l -- ln(ko/Km)n = ( Z d l  -- ~ A I ) / RT  = d n + d R T  

1=1 1=1 

(12) 

( I 3 )  

as is apparent  from Fig. 3. Thus the subsite affinity of  the ( n + I ) - t h  subsite, An+l, 

G - G - - - G - G  . . . . . .  J=~ 

G - G  . . . . .  G . . . . . .  j=, 

GI._~G . . . . .  G - G  ,o+,,-m~, ~;, 

SUBSITE NUMBER ( i ) f z  I . . . . .  I ° I°+'l . . . . .  I ° I \  

SUBSITE AFFINITY Az A2 . . . . .  An An+t . . . . .  A,. 

Fig. 3. Schematic representa t ion of the active site of glucoamylase and the binding modes of n- 
mer and ( n +  i ) -mer  substrates .  G represents  a glucose residue. A reducing end is on the right. The 
wedge signifies the catalytic site of the enzyme. Subsites are numbered  count ing f rom the terminal  
on which a glucose residue of a product ive  E S  complex is situated, d i  ( i x  i, 2, . . . ,  m) indicates 
the subsite affinity (in free energy units,  kcal/mole) of  the i - th subsite. The binding modes with 
j = i and j = 2 refer to product ive  and nonproduct ive  complexes, respectively. 
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can be obtained from ko/K m values of  (n + I)-mer and n-mer substrates. In this way, 
A 3, A 4 . . . . . . .  A 7 can be evaluated  using the ko/Km values for n = 2-  7 listed in 
Table I. The Ai values are: A 3, 1.59 kcal/mole; A a, 0.43 kcal/mole; A 5, 0.22 kcal/ 
mole; As, o . I I  kcal/mole;  A7, o . Io kcal/mole. Of these, A 3 is the largest. On the other 
hand, the apparent  molecular binding affinity for maltose, B2,app, is calculated to be : 

B2,ap p = R T  l n ( I / K m )  + 2. 4 k c a l / m o l e  --  (4.Ol + 2.4) k c a l / m o l e  = 6. 4 k c a l / m o l e  

which is much higher than  A 3 and even than  (A3+Aa).  Since B2,ap p includes contri- 
butions from all the possible binding modes (j  = 1,2 . . . .  ), this implies tha t  either A 1 
or A 2, or at least the sum of them, should be appreciably larger than  A a. Hence the 
binding mode which do not involve A 1 and A 2 (j => 3) may  be ignored in comparison 
with the two main binding modes, j = I (productive) and j = 2 (nonproductive). 
This si tuation is also valid for any  n-mer substrate.  Thus the sum Z Kn,j is appro- 
ximated as : l 

Z ' K n , l  -- Kn,1 + Kn,z ( t4)  
J 

Then Eqns 4 and 5 reduce to :  

( I / K m ) n  = Kn,1 + Kn,z (15) 

(k0)n = kint " Kn,1/ (Kn,1  + Kn,2) = kint  " (I q- Kn,2/Kn,1)  -1 ( I6)  

Using Eqn  8, the two association constants,  Kn,1 and Kn,2 for n < m are expressed 
in terms of  Ai as follows : 

Kn,1 = (0.018) e x p [ ( A  l + A s + . . .  + A n ) / R T ]  

Kn,2 = (o .oI8)  e x p [ ( A  s + A 3 + . . .  + An  + A n + I ) R T I  ( I7)  

Subst i tut ing Eqn  17 into Eqn  16, we have:  

e x p  ( A n + I / R T )  = [kint/(ko) n --  I] • e x p  ( A 1 / R T )  (18) 

Since the values of  (k0)n and An+l for n = 2-6 have now been obtained, the plot of 
exp(An+dRT) against (I/k0) n can be drawn. This plot should be linear in so far as 
ktnt  is independent  of  n. Fig. 4 shows the plot drawn using the values of  A a . . . .  A 6 
and those of  (k0)n for n = 2-6. The l inearity of  the plot supports  the val idi ty of the 
assumption of  the cons tancy of  kint. The vertical and the horizontal  intercepts give 
--exp(A1/RT ) and I /k tn t ,  respectively. Thus we have : kint  : 77 s-1 and A 1 = o kcal/ 
mole. 

The apparent  zero value of  the subsite affinity A 1 does not necessarily imply 
the absence of  interaction between Subsite I and the glucose residues. More reason- 
ably, it may  be interpreted tha t  the positive interaction affinity (AI') is compensated 
by  the distortion free energy (D) produced by  the binding of a glucose residue at this 
subsite*. The distort ion of  the pyranose ring of  a substrate molecule, which would 
great ly  facilitate the hydrolysis of the substrate linkage, was actual ly  substant ia ted 

• I n  one  of  o u r  e a r l i e r  p a p e r s  1, t h e  n e t  i n t e r a c t i o n  a f f i n i t y  A 1' a n d  t h e  d i s t o r t i o n  f ree  e n e r g y  
w e r e  c o n s i d e r e d  s e p a r a t e l y .  H o w e v e r ,  i t  is  m o r e  c o n v e n i e n t  t o  def ine  s u b s i t e  a f f i n i t y  as  t h e  a lge-  
b r a i c  s u m  o f  A t '  a n d  d i s t o r t i o n  f ree  e n e r g y  D, as  w a s  e m p l o y e d  in  t h e  l a t e r  p a p e r  a l r e a d y  p u b l i s h -  
ed  n.  T h u s  A x = A 1 " -  D. 
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I 

I-- 

I 
- - e x p ( A i / R T )  r O.OS o.to O.lS O.ZO 02s 

( l /ko)n 
I /kint 

Fig. 4. A plot ofexp (An+I/RT) v e r s u s  ( I /h0)n .  The values of An+l and (k0)n for n = 2-6 were taken 
from Tables I I I  and I, respectively. A 1 and kin t  a r e  evaluated from the vertical and the horizontal 
intercepts, respectively. A 1 = o kcal/mole, hint = 77 s 1. 

from the model  bu i ld ing  based  on the resul ts  of  the  X - r a y  c rys t a l log raphy  of  lyso- 
zyme 2-~. 

The int r ins ic  ra te  cons tan t  of  hydro lys i s  of a subs t ra te  l inkage in a p roduc t ive  
complex,  kint, (77 s- l)  is abou t  twice as large as the  largest  of k 0 value  observed 
(33 s-1 for mal to te t raose) .  This fact  implies  tha t  the  con t r ibu t ion  of the nonpro-  
duc t ive  complex  ( j  = 2) is a lways  involved,  leading to the  sel f inhibi t ion of subs t ra te  
as was ind ica t ed  b y  T h o m a  and  Kosh land  28 for f l -amylase,  and  t ha t  Kn,2 (non- 
p roduc t ive  term) cont r ibu tes  to a s imilar  degree as Kn,x  (product ive  term) (see 
Eqn  16). 

Next ,  the  second subsite  aff ini ty A 2 can be eva lua t ed  b y  the following two 
methods .  F i rs t ,  K m  for n-mer  subs t ra tes  can be expressed,  wi th  Eqns  15 and  17, as 
follows : 

( I / K m ) n  - -  K n , 1  -~- K n , ~  - -  ( o . o i 8 )  exp (A2/RT) . exp [__(A 1 + A 3 + . . .  + A.) /RT~ + 

+ (0.018) exp(A2/RT) • exp E(A3 4- A 4 + " "  + An+I)/RT~ (19) 

where only  A S is unknown.  This equa t ion  can then  be solved for A 2. The values  of  A~ 
were ca lcu la ted  with  Eqn  19 using Al  values  ob ta ined  above  and  K m  values  for 
n = 2 6 (Table I). The resul ts  are summar i zed  in Table  I I  (the column specified by  
Method I). The average va lue  for n = 2-4 becomes A S = 4.85 ± o.o5 kcal /mole.  

The second me thod  involves  the  use of  kint and  k o / K m  ( instead of K m  in the  
first method) ,  k o / K m  for an n-mer  is g iven b y :  

(ko/Km)n = hint " /~n,1 : ( O . O I 8 )  hint exp [(A 1 + A s + • • . + An)/RT] (20) 

Therefore,  we can calcula te  A S from kint (77 s 1), o ther  Ai  values  and  k o / K m  accord-  
ing to Eqn  20. The resul ts  are also inc luded in Table  I I  (the column specified by  
Method II). The value  of A2 is r easonab ly  cons tan t  for n = 2-7 (As = 4.79 ~ 0.03 
kcal /mole) .  

The d i sc repancy  be tween the two values  of A 2 ob ta ined  by  the two different 
methods  is insignificant.  
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TABLE I I  

THE VALUE OF SUBSITE AFFINITY ZJ2 CALCULATED BY TWO DIFFERENT METHODS 

Values  fo l lowing  Method I were obta ined wi th  E q n  19 using Km values.  Values  fo l lowing  Method 
I1 were obta ined wi th  E q n  20 using hint and ko/Kra values.  A 2 is expressed as kcal /mole .  

Method Degree of polymerization (n) 

2 3 4 5 6 7 

I 4.80 4-84 4-9 ° 4.91 4.98 - -  
l [  4 ' 77  4-79 4.78 4 .82 4.79 4 .81 

As concerns the slight tendency for A 2 values obtained by Method I to increase 
with n, a comment will be made later. 

All the values of Ai and kint have now been determined from the rate parameters 
of substrates with n ---- 2-  7. These values are listed in Table III.  

T A B L E  I I I  

VALUES OF SUBSITE AFFINITIES A 1 AND hint FOR GLUCOAMYLASE AT 25 °C AND p H  4.5 ° 

Subsite  (i)* I 2 3 4 5 6 7 
Subsite  affinity (AI) ,41 A 2 A a A ,  A 5 A 6 .47 
Value  o f A i  (kcal /mole)  o 4.85"* 1.59 0.43 0.22 o . i i  o . I o  

4 . 7 9 " *  
hint (8-1) 77 

* The subsites  are numbered  f rom the nonreduc ing-end  side. The cata lyt ic  site is s i tuated 
between  Subsites  i and 2. 

** Obtained by  Method I .  
*** Obtained by  Method II (see t e x t ) .  

DISCUSSION 

Since the values of Ai and kint have been determined, it is now possible to 
calculate the rate parameters, Km, k o and ko/Km, using Eqns 14-17. These calculated 
rate parameters should of course be in agreement with the experimentally obtained 
ones for all the substrates, insofar as the theoretical treatment is valid. In other 
words, the validity of the theory, including that of the basic assumptions on which 
the theory was based, can be checked by comparing the calculated and observed rate 
parameters. Relevant equations to be used for the calculation of Kin, k 0 and ko/Kra 
from Ai and kint, which are readily obtained from Eqns 14-17, are as follows: 

(I/Km)n = Kn,1 + Kn,2 = ( o . o 1 8 ) [ e x p  ( ~  AI/RT) + e x p  (~IAi/RT)] (21) 
i=1 i=2 

(k0)n = hint • Kn,1/ (Kn,1  - -  Kn,2) = kint/EI + e x p  {(An+ 1 - -  A1)/RT}] (22) 

(ko/Km)n = hint " Kn,1 ~ (o.018) hint exp ( ~  AI/RT) (23) 
i=l 

where the values of A i  for i exceeding seven may reasonably be assumed to be zero. 
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Ratio*** Ratio*** 
Calcd*** (obsd/ Obsd** Calcd*** (obsd/ Obsd** 

calcd ) calcd ) 

2 i i  IO.O I.IO 4-6 4.87 0.94 0.42 0.487 0.86 
11.3 0.97 4.92 0.93 0.435 0.97 

3 3 .6 3-55 1.o2 23 25.1 0.92 6. 4 7.07 o.9I 
3.94 °.91 25.1 0.92 6.37 I.OO 

4 2.5 2.57 0.97 33 31.5 1.o5 t 3 12.3 1.o6 
2.39 1.o 5 31.4 1.o 5 t3.2 o.98 

5 1.6 1.6o I.OO 32 34-i 0.94 20 21. 4 0.94 
t.83 0.87 34.9 0.92 19.I t.°5 

6 1.2 1.35 O.89 28 34.3 0.82 23 25. 4 o.9I 
1.53 o.78 35.3 0.79 23.0 I .oo 

7 1.1 1.16 0.95 31 38.6 O,80 28 33.2 o.84 
1.42 0.77 38.5 0.80 27.2 l.O 3 

15. 5 0.65 1.16 0.56 24 38.6 0.62 37 33 .2 1.I1 
1.42 o.46 38.5 0.62 27.2 1,36 

* n, degree of polymerization of substrate in glucose units. For maltodextrin only, the 
average degree of polymerization is shown. 

** Experimentally obtained values (see Table 1). 

TABLE IV 

COMPARISON BETWEEN OBSERVED AND CALCULATED RATE PARAMETERS FOR GLUCOAMYLASE 

n* Km ho ho/Km 
(io~ x M) (s 1) (zo-~ x M - ' . s  1) 

Ratio*** 
Obsd** Calcd*** (obsd/ 

calcd) 

* * *  The values in upper and lower rows indicate those calculated by using the values of A j 
a n d  hint listed in Table I I I  with two different A 2 values, obtained by Method I and l I, respectively, 
tcf. Table II also). 

The  v a l u e s  of  ra te  p a r a m e t e r s  c a l c u l a t e d  in th i s  w a y  w i t h  t he  va lues  o f  A i  a n d  kint 

l i s t ed  in Tab l e  III ,  are  s u m m a r i z e d  in Tab l e  IV,  t o g e t h e r  w i t h  t he  r a t ios  b e t w e e n  the  

o b s e r v e d  a n d  the  ca l cu l a t ed  ones.  F o r  all  t he  m a l t o o l i g o s a c c h a r i d e s  e x c e p t  for n - -  

15.5, t h e  r a t i o  is s a t i s f ac to r i l y  close to  u n i t y  w i t h  a m a x i m u m  d e v i a t i o n  of  abou t  

2 0 % ,  wh ich  is c o m p a r a b l e  to  t i le  p e r c e n t a g e  of  s t a n d a r d  d e v i a t i o n  for e x p e r i m e n t a l l y  

o b t a i n e d  ra te  p a r a m e t e r s  (see Tab l e  I). Th is  conf i rms  t h e  essen t i a l  v a l i d i t y  of  t h e  

t h e o r y ,  in wh ich  it  was  a s s u m e d  t h a t  kin t is i n d e p e n d e n t  of  n a n d  t h a t  Ai  v a l u e s  are 
a d d i t i v e .  

I t  is no t ed ,  h o w e v e r ,  t h a t  for m a l t o d e x t r i n  w i t h  an  a v e r a g e  degree  o f  po lymer -  

i z a t i on  of  15.5, t h e  d i s c r e p a n c y  b e t w e e n  the  ca l cu l a t ed  a n d  the  o b s e r v e d  ra te  pa ra -  
m e t e r s  are  m o r e  t h a n  the  e x p e r i m e n t a l  error .  B o t h  the  o b s e r v e d  Km and  k 0 are  

a p p r e c i a b l y  lower  t h a n  t hose  e x p e c t e d  f rom the  t heo ry ,  a l t h o u g h  (ko/Km)obsa / 
(ko/Km)eraea is no t  v e r y  m u c h  d i f fe ren t  f rom un i ty .  Th is  t e n d e n c y  has  also been  
n o t i c e d  p r e v i o u s l y  for t h e  h y d r o l y s e s  o f  m a l t o o l i g o s a c c h a r i d e s  a n d  amy lose  c a t a l y z e d  

by  the  s a m e  e n z y m e  a t  15 °C 12. Th is  p h e n o m e n o n  m a y  be a t t r i b u t e d  to  t he  par t ic i -  
p a t i o n  of  n o n p r o d u c t i v e  c o m p l e x e s  of  t he  o v e r h e d g e  t y p e  such  as shown in Fig.  5, 
wh ich  h a v e  n o t  been  t a k e n  in to  accoun t  in t he  a b o v e  t r e a t m e n t .  The  i n t e r ac t i on  
b e t w e e n  the  s u b s t r a t e  cha in  and  e n z y m e  surface  o the r  t h a n  the  ac t i ve  site, t h o u g h  

G-G-~_~G-G_G_ G_G_ G 
\ 

Fig. 5- A schematic mode] for a nonproductive complex of the overhedge type. 
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weak and nonspecific, may contribute to the formation of a nonproductive complex 
of this type, especially with longer substrates. The slight tendency of A2 to increase 
with n in the column Method I in Table II is considered to be a reflection of such an 
interaction. 

The agreement between the calculated and observed rate parameters for gluco- 
amylase obtained in this study seems quite excellent in spite of the simplicity of the 
theory. Recently Thoma et al. 1° evaluated subsite affinities of liquefying a-amylase 
from Bacil lus subtilis (an endo-amylase) by product analysis with terminally-labeled 
maltooligosaccharides. Their method is different in principle from that  used in this 
study. They calculated the rate parameters with the subsite affinities thus obtained, 
and compared them with those obtained experimentally. However, as far a s  kint  is 
assumed to be independent of n, the discrepancy between the calculated and oh- 
served rate parameters are quite serious, amounting to a factor of some tens for 
several substrates. They attr ibuted this discrepancy to one of the basic assumptions 
that kint  is constant, and claimed that kint  should vary with n, postulating some 
cooperative interactions between the subsites. The results obtained in this study, 
however, clearly showed that  the assumption of the constancy of kint  is valid at least 
for glucoamylase. For endo-amylases, the situation is much more complicated due to 
the fact that multiple productive complexes can exist, and moreover, the possibility 
of formation of complexes having more than one substrate molecule bound with the 
enzyme (termed B i - E S  complexes) cannot be ignored2°-2z, 27,28. These factors make the 
examination of the validity of the theory more difficult with endo-amylases than 
with exo-amylase. Even with endo-amylase, however, a reasonable agreement be- 
tween the theory and experiment has been obtained by considering the participation 
of  B i - E S  complexes for Taka-amylase A 27,28. Thus the assumption that kint  is con- 
stant irrespective of n is essentially valid for certain amylases. 

It  is of interest to compare the arrangement of subsite affinities of glucoamylase 
(exo-amylase) with that of Taka-amylase A (endo-amylase), which was obtained by 
Nitta et al. 11. Fig. 6 shows the arrangements of subsite affinities of these amylases in 
histograms. 

Reflecting the difference in action patterns of these amylases, the arrangement 
of subsite affinities of glucoamylase is much simpler than that of Taka-amylase A. 

5 

4 

\ 2 

v 0 

-2 

-3 

-4 

6 

~ k L  (a )  5 
~3 
\ 2 

~ 0 
1 2 3 4 5 6 7 <~--i 
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-3 

-4 

(b) 

._11 [, 
S U B S I T E  

Fig. 6. H i s t o g r a m s  showing  t he  subs i te  affinities of  g lucoamylase  f rom Rh. delemar (a) and  Taka-  
amy la se  A f rom Asp. oryzae (b). The  n u m b e r  on the  absc issa  denotes  t he  subs i t e  n u m b e r  countin~ 
f rom the  non- reduc ing -end  side of  b o u n d  s u b s t r a t e s  (left side in t he  figure). The  arrow shows  th(  
pos i t ion  of  the  ca ta ly t ic  si te  a t  which  the  s u b s t r a t e  l inkage  is cleaved.  
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The second subsite has the largest affinity (A 2 --~ 4.79-4.85 kcal/mole), and Ai 
decreases, towards the reducing end side, with increasing distance from the catalytic 
site. There is no subsite which has a negative A i  value as was observed with Taka- 
amylase An. 

The value of A 2 is comparable with the molecular binding affinity of a-glucose, 
BG, obtained from the inhibitor constant KI of a-glucose~9-al: 

BG = RT ln(I /Ki)  + 2. 4 kcal/mole = 4.2 kcal/mole 

The close similarity between these values (A 2 and BG) suggests that  a-glucose may  
well be bound at the second subsite. 

The magnitude of subsite affinity is indicative of the nature of the interaction 
between subsite and glucose residue. From tile s tudy of inhibitor constants for 
glucose-like monosaccharides, the free energy decrease caused by the formation of 
one hydrogen bond between glucoamylase and a glucose molecule is estimated at 
about 0.6 0. 9 kcal/mole ~9-31. I f  we take 0.75 kcal/mole as the average value per 
hydrogen bond, the binding of glucose residues at Subsite 2 and 3 may be considered 
to involve about six and two hydrogen bonds, respectively. Lower A i  values for 
Subsites 4 to 7 suggests that  there are nonspecific rather than specific interactions 
at these subsites. 

The arrangement of subsite affinities, by which the population of productive 
and nonproductive complexes of various linear substrates are determined, are also 
quite useful in understanding the substrate specificity of amylase. For example, the 
extremely lower rates of hydrolysis of phenyl a-glucosides by glucoamylase compared 
with those of phenyl a-maltosides have been quantitat ively accounted for in terms 
of the subsite affinities of glucoamylase obtained in this study29, 3°. 

Finally, it is apparent  from the arrangement of subsite affinities of glucoamylase 
that  there is a negligible probabili ty of simultaneous binding of more than one sub- 
strate molecule (even for the smallest substrate maltose) at the active site of this 
enzyme. Therefore, the scheme in Eqn 2, from which the fundamental Eqns 4-6 are 
derived, is justified, where only one molecule of substrate was assumed to be bound 
at the enzyme active site. 

For endo-amylases, however, the probabili ty of binding of two substrate mole- 
cules at the same time is not always negligible, since there could be two subsites with 
large affinities on the both sides of catalytic site, as seen for Taka-amylase A in 
Fig. 6. 
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