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A b s t r a c t  

The subsite structure of bacterial saccharifying alpha-amylase (BSAm) was elucidated by two 
methods using a series of maltooligosaccharides labeled with [14C]D-glucose at the reducing end. 
The rate parameter k o / K  m and the cleavage frequency were obtained using the labeled substrates 
at sufficiently low concentrations to eliminate transglycosylation and condensation. This evalua- 
tion showed that the active center is composed of five subsites, with the catalytic site located 
between the 3rd and the 4th subsites from the nonreducing end. The evaluated affinity values of a 
subsite varied with the set of data used, which suggests some stimulation factor resulting from the 
chain length effect. The appearance of a time lag during the digestion of the poor substrate, 
maltose, was studied using radioactively labeled maltose (81.6 mM). Radioactive oligosaccharides 
larger than maltose were found at a significant level of more than 2% of the initial substrate in the 
digests, including a product peculiar to condensation, G-G *-G, as 8-10% of the maltotriose in the 
digests. This indicates that transglycosylation is a main side reaction (ca. 90%). A degradation 
pathway for maltose via maltosyl transfer was proposed, in which G 3 behaves as a kind of 
catalyst. 
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1. Introduction 

Alpha-amylases from various sources have some common sequences that contribute 
to the formation of the active center [1,2]. The three-dimensional structures of active 
centers comprising several tandem subsites and possible catalytic residues have been 
elucidated by X-ray analysis at high resolution [3-10]. 

Differences in the action patterns of endo-enzymes are attributable to differences in 
their subsite structures: the number of subsites, the location of the catalytic site, and the 
affinities of each subsite [11-20]. 

The primary sequence of saccharifying alpha-amylase from B. subtilis [EC 3.2.1.1] 
(BSAm) has been deduced from its nucleotide sequence [21]. Unlike the liquefying type, 
the enzyme possesses both glycosyl transfer and hydrolytic activity, and thereby shows 
an uncommon behavior for a monomeric enzyme: a lag of time course [22] and a 
sigmoidal dependence of the reaction rate on substrate concentration [23] with the poor 
substrate maltose. Therefore, an attempt to evaluate subsite affinities of this enzyme has 
failed [24]. 

Fujimori et al. have discussed, based on a computer analysis, that this sigmoidal 
curve must be due to the glycosyl transfer or the condensation activity of the enzyme 
[22], but it is unknown which of these types of reactions is actually operative. 

In the present study, we aimed to evaluate subsite affinities of the enzyme by two 
methods, as well as to determine the contribution of transglycosylation and condensation 
activities to maltose degradation. For these purposes, quantitative analysis of products 
using reducing end-labeled maltooligosaccharides as substrates is a powerful approach. 
The unique action pattern of this amylase was analyzed based on its subsite structure. 

2. Experimental 

M a t e r i a l s . - - T h e  crystallized sample of saccharifying alpha-amylase from B. subtilis, 

prepared according to Fukumoto et al. [25], was a gift from Dr. Fujimori at Heian 
Women's College. The sample was free from contamination by other amylolytic 
enzymes. The concentration of the enzyme was determined spectrophotometrically, 
using the value of the absorption coefficient (1%, 280 nm) of 19.8 cm-l  [26] and the 
molecular weight of 41,900 [27]. Maltooligosaccharides, labeled with [14C]D-glucose at 
the reducing end (G2* to G6*), were synthesized from [14C]D-glucose and cyclo- 
maltohexaose by the coupling reaction of B. macerans transglycosylase [28] and 
purified by paper chromatography [29]. Unlabeled maltose was purified by paper 
chromatography from the commercially obtained maltose (Hayashibara Biochemical 
Laboratories, Inc., Okayama), in order to eliminate any contamination of other sacchar- 
ides. 

A s s a y . - -  The enzyme reactions with labeled substrates were performed in a micro- 
tube in 0.02 M acetate buffer, pH 5.3, at 25 °C throughout this study: A portion (25 /zL) 
of the reaction mixture containing the labeled substrate (ca. 15-77/xM, 104-105 cpm) 
and the diluted enzyme was taken at appropriate intervals, and was terminated with 25 
/zL of 0.05 M NaOH. The reaction products (ca. 30% extent of reaction) were separated 
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Table 1 

Cleavage frequencies of  maltooligosaccharides and the apparent first-order rate constants k o / K  m in the 
reaction of  B. subtilis saccharifying alpha-amylase (BSAm) 

Cleavage frequency e o s o k o / K  m 
(M) ( / z M )  ( M -  l rain-  J ) 

G -  G* 
i) a 1.00 4.58X 10 -6  63 1.29X 10 
ii) b 1.00 

iii) c 1.00 
G -  G -  G* 

i) 0.224 0.776 1.53X 10 -7 77 1.12× 105 

ii) 0.223 0.777 

iii) 0.226 0.774 

G -  G -  G -  G* 
i) 0.000 0.442 0.558 1.51 x 10 -9 50 1.03 x 107 

ii) 0.025 0.418 0.557 
iii) 0.002 0.444 0.554 

G -  G -  G -  G -  G* 
i) 0.000 0.116 0.729 0.155 5.04Y 10 - t °  41 2.51 × 107 

ii) 0.007 0.115 0.725 0.153 
iii) 0.000 0.015 0.967 0.018 

G -  G -  G -  G -  G -  G* 
i) 0.000 0.000 0.554 0.446 0.000 3 .78×  10 ~0 15 4 .32×  107 

ii) 0.004 0.067 0.420 0.420 0.089 
iii) 0.000 0.007 0.492 0.492 0.009 

a i): Experimental values. 
ii): Calculated values by procedure (b) in Table 2. 

c iii): Calculated values by procedure (c) in Table 2. 

by multiple ascending paper chromatography (Whatman 3 MM) with a solvent com- 
posed of 65% n-propanol aq solution. After irrigation twice, the strip of paper (2 × 40 
cm) was cut into segments (0.5 or 1.0 cm), which were placed in glass vials for 
scintillation counting [ 15]. All labeled products were identified by paper chromatography 
using authentic unlabeled maltooligosaccharides. 

The rate of decrease in the labeled substrate can be assumed to obey first-order 
kinetics, since the reaction was performed at much lower substrate concentrations than 
Km. The equation is 

kt = i n ( S o ~ S )  (l) 

Thus, for example for the Gs* reaction, the plot of ln(EGi*/Gs* ) vs. time is supposed 
to be linear, where EGi* represents the sum of the radioactivity of all radioactive 
species (Gl* to Gs* ), i.e., the radioactivity of the initial amount of substrate Gs* (So). 
From the slope, we can obtain the value of V / K  m a s  a first-order rate constant k, and 
that of k 0 / / K m ,  by dividing it by the enzyme concentration e 0 [15]. The concentrations 
of enzyme and substrates employed are summarized in Table 1. 

The reaction with a high maltose concentration was performed essentially as above, 
except for the addition of unlabeled maltose. 
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3. Results and discussion 

Cleavage frequency and kinetic parameters (ko/K, , ) . - -There  are some features 
noticeable for the mechanism of action of alpha-amylase other than hydrolysis, such as 
transglycosylation and condensation. These additional reactions complicate the interpre- 
tation of kinetic parameters and cause changes in the apparent cleavage pattern of 
oligosaccharides. In evaluating subsite affinities, it is necessary that enzyme assays are 
performed at sufficiently low concentrations of substrate, since at low concentrations the 
side reactions can be eliminated [15]. For the purpose of evaluating the significance of 
the above phenomena, we used a series of radioactive reducing end-labeled mal- 
tooligosaccharides (G 2 to G 6) as substrates, and determined the rate parameters k o / K  m 

and cleavage frequencies. The frequency was determined from the relative radioactivity 
of the product corresponding to the bond-cleavage (Table 1). 

Maltotriose was cleaved predominantly at the first glycosidic bond from the reducing 
end. Maltotetraose was also cleaved at the same glycosidic bond most easily. With 
higher saccharides than G4, the internal bonds are most susceptible and bonds next to 
the ends are not readily hydrolyzed. 

With labeled substrates at low concentrations, all plots of ln(so/S) vs. time gave 
straight lines, which implied that the reactions obeyed first-order kinetics (data not 
shown). The values of ko/K m were obtained from the plots. The value for maltose was 
much smaller, about 10 -4 times than that of G 3, which in turn is about 10 -2 times 
smaller than that of G 4. With higher saccharides, the hydrolytic rates did not differ so 
much. The cleavage property for G 4 and the rate dependency on the degree of 
polymerization (dp) were responsible for the characteristic behavior of this enzyme 
towards maltose as is discussed below. 

Evaluation of subsite affinities.--The subsite structure of BSAm was elucidated by 
two evaluation methods. First, a revised method for evaluating subsite affinities [15] was 
applied. When the catalytic site is located between the rth and the ( r  + 1)th subsites, a 
subsite affinity can be evaluated from the values of product frequencies and the kinetic 
parameters (ko/K m) according to the following equation: 

k,,( i) ( ko/Km),, [ P i * I / . ~  [Pi*] 

- (k° /Km)n- '  [P~*-']/Y'~ [P~*] (2) 

kinten,r+i 

kinten -l,r+i-1 

= exp( Ar+ i /gT)  

where R and T are the gas constant and the absolute temperature, respectively. This 
equation means that the affinity of the subsite (Ar+ i) occupied only by a longer 
substrate G,* could be obtained by the difference between the apparent rate constant 
(k,(i)) of formation of Pi* (or Gi* ) from G~* and that (k,_ 1(i - 1)) of Pi*_ ~ (or Gi_* l) 
from G,~_ 1 • The rate constant (kn(i)) is proportional to the association constant (K,,r+ i) 
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Table 2 
Subsite affinities (kcal/mol) of BSAm by various evaluation procedures 

175 

A I A 2 A t + A 4 A 5 Procedure 

0.82 0.68 (G 5)_(G 4) a 
1.09 1.66 (3.63) e 0.92 (G5) ' (G3) b 
2.48 3.08 ( -0 .61)  e 2.35 (64)_(63)  c 

5.09 4.35 (G3)-(G 2) J 

Calculated from a combination of data, k o / K  m and cleavage frequency, for G s and G 4. 
b From cleavage frequencies for G 5 and G 3 (Thoma's method). 
c From a combination of data for G 4 and G 3. 
d From a combination of data for G 3 and G,. See Fig. 1. 
e Each affinity of the two subsites adjacent to the catalytic site cannot be evaluated by these procedures alone, 
but the sum can be calculated from the value of Kin" 4100 M -I , obtained by Shibaoka et al. [24]. 

for  a c o r r e s p o n d i n g  p roduc t ive  c o m p l e x  f rom w h i c h  the l abe led  i -mer  p roduc t  (Pi*)  is 

p roduced .  By  c o m p a r i n g  the  hydro ly t i c  rates  for  o the r  pai rs  o f  subs t ra tes  d i f fe r ing  in 

cha in  l eng th  by  one  g lucose  unit ,  we can  ob ta in  all the subs i te  af f in i t ies  excep t  for  the  

two subs i tes  ad jacen t  to the  cata lyt ic  site [15]. 

The  resul t s  are s u m m a r i z e d  in Tab le  2. T he  n u m b e r  o f  subsi tes  was  e s t ima ted  to be  

f ive  for  this  enzyme .  T he  ca ta ly t ic  site o f  the  e n z y m e  is loca ted  b e t w e e n  the 3rd and  the 

4 th  subsi tes .  The  va lue  of  the aff ini ty  o f  a subs i te  was  found  to vary  wi th  the  set o f  da ta  

f rom d i f fe ren t  substrates .  In Fig. 1, three  d i f fe ren t  sets used  for  eva lua t ing  the f irst  

subs i te  aff ini ty,  A 1, are i l lus t ra ted  by  (a) a c o m b i n a t i o n  of  b i n d i n g  m o d e s  o f  G 4 and  G 5 

to p roduce  mal tose ,  (b)  a c o m b i n a t i o n  of  b i nd i ng  m o d e s  of  G 5 to p roduce  ma l to se  and  

G 3, and  (c)  a c o m b i n a t i o n  of  b i n d i n g  m o d e s  o f  G 4 and  G 3 to p roduce  glucose .  The  

c o m b i n a t i o n s  (a)  and  (c)  are app l i ca t ions  o f  the  above  me thod ,  and  the c o m b i n a t i o n  (b)  

was  tha t  o f  T h o m a ' s  m e t h o d  [11]. F r o m  c o m b i n a t i o n s  (a), (b)  and  (c), A 1 va lues  were  

I 

G - G - G ' G - G *  } 
G 'G I -G 'G*  (a) 

I 
I 

G - G - G - G - G *  } 
G- G-f G-  G - G *  (b) 

I 

r 

G - G - G - G *  
(c) 

G .~ G- G* 
I 

i 
/1 112 13 I* Is I \  

Fig. 1. A schematic representation for evaluation of a subsite affinity, A I, in three different ways. The 
catalytic site of the enzyme is shown as a wedge. G and G * indicate unlabeled and labeled glucose residues, 
respectively. For details, see text. 
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determined to be 0.82, 1.09 and 2.48 kcal/mol, respectively. For example, in the case of 
(a), 

RTlnkS(2 ) =RTln(ko/Km) 5 × {[G2* ]//([Gl* ] .ql_ [62]  + [63]  ~t- [64*]) } 
k4(2 ) (ko//Krn)4 X ([G 2]/ /([al* ] n t- [G21 q- I s ;  ])} 

= R T  1n[(2.51 × 107 × 0 .729) / (1 .03 × 107 × 0.442)] 

= 0.82 (kcal/mol)  (3) 

As seen in Fig. 1, the difference in procedures (a) and (c) resides in the occupation of 
the 5th subsite with a substrate molecule. 

It is an intriguing question how the occupation' of the 5th subsite causes the difference 
(2.48 - 0.82 = 1.66 kcal/mol) in the evaluated value of A I. The occupation of the 5th 
subsite could possibly accelerate the chemical process for hydrolysis (lowering the 
activation energy for the catalytic process) or the binding process for other subsites 
(cooperativity between subsites). In the evaluation of A 5, the occupation of the first 
subsite could cause almost the same difference magnitude (2.35 - 0.68 = 1.67 kcal/mol, 
Table 2). Thus, the above difference would arise from the chain length effect [11] rather 
than the occupation effect of a specific subsite [30]. As for the other subsite affinity, A2, 
the situation was similar. The value was dependent on the combination of the data 
chosen for the evaluation (Table 2). 

Thoma et al. mentioned that the hydrolytic rate constant  kca t (or kin t) is dependent on 
the dp of a substrate with bacterial liquefying alpha-amylase [11]. They obtained the 
effect of occupation (chain length) as a correcting factor from data fitting, and estimated 
the average value of the lowering free energy to be 1.88 kJ /mol  (0.45 kcal/mol) per 
subsite occupied. 

Seigner et al. also reported similar results with porcine pancreatic alpha-amylase to 
the present study on BSAm: values of the affinity of a subsite obtained by different sets 
of substrates varied with the chain length beyond experimental errors [18]. Thus, the 
result is in conflict with the hypothesis of Hiromi et al., implying the independence of 
kin t on chain length and binding mode [13]. A recent study on porcine pancreatic 
alpha-amylase also reported that the binding of a glucose residue of substrate to subsite 
5 directly affects the catalytic function of the enzyme to modulate kinetic parameters 
depending on pH [30]. 

In the case of BSAm, Thoma's evaluation method gave fairly good agreement 
between the experimental and the calculated values of cleavage frequency, especially for 
Gs* (Table 1). As to our evaluation method, the calculated frequencies obtained from the 
values of A i (procedure c in Table 2) was also in a good agreement with the 
experimental ones. 

A b o u t  the n u m b e r  o f s u b s i t e s . - - S h i b a o k a  et al. have estimated the number of subsites 
of the enzyme to be four, from the K m values for longer substrates than G 3 [24]. The 
result of four subsites, however, cannot explain the cleavage patterns of G 4 and higher 
saccharides. For instance, G 4 is cleaved mainly at the two glycosidic bonds, the first and 
the second from the reducing end, and G 5 has a single preferential point of cleavage by 
the enzyme (Table 1). This implies that five subsites of the enzyme are required. 
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Why has such a difference in the number of subsites arisen between the two studies? 
The difference is considered to arise from their application of the following equation 
[24]: 

1 / K m  = ~ K p  + Y'.Kq 

-- EKp -~ E K i n  t (EKp >> Y'.Kq) 

= ( n - m +  1)Kin t ( n > m )  

(4) 

where n and m represent the dp of the substrate and the number of subsites, 
respectively. The reciprocal of the Michaelis constant, 1/K m, was assumed to be 
approximated by the sum of the association c o n s t a n t  Kin t for all binding modes in which 
a substrate molecule occupies all subsites of the enzyme. In other words, the contribu- 
tions from any partial occupation complexes, either productive or nonproductive, were 
neglected. 

However, the value of Kin t is not always larger than that of the nonproductive 
association constants. Indeed, the value of the association constant of lysozyme is almost 
the same for the nonproductive complex (where the A, B and C subsites are all occupied 
with the substrate) as that for the productive complex where all subsites (A-F subsites; 
cleavage between D and E) are occupied [31]. In this case, the contribution to Kq for 
nonproductive complex(es) is comparable to  Kin t and should be taken into account for 
the interpretation of K m as  follows: If we assume tha t  Kq = Kint, 

1 / K m  = ( n - -  m + 1) Kin t + Kq 

= [ n - ( m - 1 ) + l ] K i n ,  (Kin,--- Kq) 
= ( n - M + l ) K i n  t ( M = m - 1 )  

(s) 

10.05 
1.0 - • , 

O.04 

,7= : "'~" ................ ~ o . s  ~ - - ~ o . o 2  
0 i CY"" 

40.0, 
o . . . . . . .  . . . . . . . . . . . . . . . . .  40 

0 20 40 60 
T i m e  (ra in)  

Fig. 2. Time course of various labeled products from the reducing end-labeled maltose (81.6 raM) by BSAm 
(4.58 Y 10 -6 M). The reaction was performed in a 0.02 M acetate buffer, pH 5.4 at 25 °C: O, labeled glucose; 
•, labeled maltose; O, G~ ; A, G4* ; O, G-G *-G. The amount of labeled saccharides is expressed as the 

fraction of the total radioactivity. The dotted lines refer to expanded scales (twenty-fold) of that for the solid 
lines. 
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As will be seen from the equation, a plot of log[1/Km(n - M + 1)] vs. n gives a straight 
line of constant value when a certain value of M is assumed [14,24]. Shibaoka et al. 
have obtained the value of four for M (five for the actual subsite number m) [24]. Thus, 
the discrepancy between the values of Shibaoka et al. and the present study is reasonably 
understood. Therefore, eq (4) is not always applicable for estimation of the subsite 
number of endo-amylases. 

A lag of time course of  products from the reducing end-labeled mahose.--The time 
course of various products from the reducing end-labeled maltose is shown in Fig. 2. 
The experiment was performed using 81.6 mM maltose. Highly purified maltose 
(labeled and unlabeled) was used for this experiment, because commercially obtained 
maltose contained a small, but significant amount (ca. 1%) of G 3. The addition of 5% 
maltotriose to substrate maltose suppressed prominently the time lag (an accelerating 
time course) at the initial stage of the reaction [22]. The decreasing curve of labeled 
maltose is almost symmetrical to increasing curve of labeled glucose, as seen already in 
the experiment with unlabeled maltose [22]. The curves showed distinct time lags, which 
differed from low concentrations of maltose and of higher saccharides (data not shown). 
Transient formation of the radioactive products higher than the substrate maltose, G * 3 
and G 4 , is shown on the expanded scale (dotted line in Fig. 2). Accumulation of G 3 
shows a broad maximum at a significant level of 2% of the initial substrate, then 
gradually decreases, because G 3 is degraded into glucose and maltose by the subsequent 
hydrolysis as the reaction proceeds towards the final stage. 

Detection of the product G-G *-G peculiar to condensation.--The presence of higher 
saccharides than the substrate maltose in the hydrolysate suggests the synthetic reactions 
of BSAm, such as transglycosylation or condensation. In order to discriminate the 
condensation from other reactions, we tried to determine the amount of maltotriose 
labeled specifically at the central glucose residue, G-G *-G, in the hydrolysate. When 
two molecules of maltose are condensed to maltotetraose, G-G*-G-G *, it is cleaved 
mainly into G-G *-G and G * by BSAm. If present, the cleavage of G 4 to produce two 
molecules of maltose results in no net change. In contrast, transglycosylation can 
produce only the usual reducing end-labeled species. Thus, the product of maltotriose, 
G-G*-G, is peculiar to the condensation. 

The specific maltotriose, G-G *-G, was determined by taking advantage of the 
characteristic hydrolytic action of beta-amylase from soybean [32]. The enzyme cleaves 
G 3 exclusively (more than 99.5%) at the first glycosidic bond from the reducing end. 
Thus, by digestion by beta-amylase, G-G *-G can be determined as radioactive maltose, 
whereas the end-labeled product G-G-G* yields radioactive glucose. The G-G*-G 
maltotriose was estimated to be about 8-10% of the total radioactive maltotriose and the 
remaining of G-G-G * to be about 90%. Therefore, condensation is a minor reaction 
although not negligible, especially at the initial stage of the reaction. Transglycosylation 
to produce the G-G-G * was confirmed to be a principal side reaction of BSAm in the 
degradation of maltose at high concentrations. 

Degradation pathway of maltose inuoluing maltosyl transfer.--Based on the above 
findings, we can depict the following degradation pathway of the poor substrate maltose 
by BSAm via higher saccharides as intermediate products: First maltose is split to form 
a glycosyl-enzyme complex releasing a glucose residue at the reducing end, although 
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G - G  

G-G oute A] G 

[Route C] 

- G - G - G  

G I as 
[Route B] 

G - G + G - G  

Fig. 3. Scheme for a cyclic pathway for maltose degradation by BSAm. Route A represents a transglycosyla- 
tion to produce G 3, route B a condensation to produce G 4, and route C a cyclic pathway of transglycosylation 
and hydrolysis, as a main degradation pathway for maltose. The wide arrow designates a major cleavage point. 
For details, see text. 

the process is very slow. By subsequent transfer process (the primary transfer process), 
G 3 is produced (route A in Fig. 3), which is mainly cleaved at the first bond to form a 
mal tosyl-enzyme complex, releasing glucose. Maltotriose is still hard to hydrolyze 
directly, although the hydrolytic rate is much faster than that of  maltose (Table 1). Then, 
from the maltosyl-enzyme complex, G 4 is produced by the addition of another molecule 
of  maltose (the secondary transfer process). Maltotetraose is rapidly hydrolyzed into 
glucose and G 3 or into two molecules of  maltose (Table 1). When the latter case occurs, 
no net change takes place. It is one of  the critical points for the characteristic action 
pattern of the enzyme that G 3 is produced again in this hydrolytic process of Q .  Then, 
the maltotriose is used again to form a maltosyl-enzyme complex (route C in Fig. 3). 

There is another possible pathway of  G 4 formation: two molecules of maltose are 
condensed to produce G 4 at the initial step (route B in Fig. 3), which is rapidly 
hydrolyzed into glucose and G 3 (G-G*-G with labeled substrate maltose). Once G 3 is 
formed either by condensation or transglycosylation, it mediates the degradation of 
maltose by forming an efficiently circulating cyclic process through transfer action 
(route C in Fig. 3). In other word, maltose is consumed as accepter by the glycosyl 
transfer process with G 3 to form G 4 much more frequently than by direct hydrolysis. 
Thus, maltotriose behaves as a stimulator or a "catalyst" ,  because it participates in 
maltose degradation without being consumed during the overall cyclic process. The 
latent period for accumulation of  G 3 is observed as a time lag (an accelerating curve). 
The side reactions, condensation and transglycosylation, need two molecules of  maltose. 
The rate would be proportional to the square of substrate concentration [15], therefore 
showing the sigmoidal dependence on the maltose concentration. 

Fujimori et al. ran a computer simulation for maltose degradation by the enzyme [22]. 
Their tentative results, using the kinetic program involving transglycosylation alone as 
the synthetic process, was in appreciable agreement with their experimental results; the 
distinct time lag and the sigmoidal dependence. The present study confirmed that their 
proposal mechanism is essentially correct, except for the condensation reaction. The 
condensation activity of the enzyme was also found to operate in the degradation of 
maltose. 
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Based on the subsite structure of BSAm elucidated, the present study concludes that 
the principal side reaction of transglycosylation, as an alternative to direct hydrolysis, is 
degradation of maltose, a poor substrate, thereby causing a sigmoidal concentration 
dependency and a time lag even in a monomeric enzyme. 
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