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A mutant a-amylase with enhanced activity specific for short substrates 
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The 210th lysine (K210) at the active site in S~~cc/~aro~~~~~c~~~i~Ji6~r~i~rr~a a-amylase was altered to arginine (R) or asparagine (N) by site-directed 
mutagenesis. Replacement of K2lO by R strengthened the 7th and weakened the 8th subsite uffmities. KZIO was found to contribute to both the 
8th and the 7th subsites. The catalytic activity of the K2lOR enzyme for the hydrolysis of maltose (C&) was three-times higher than that of the 
native enzyme due to an increase in the amnity of the 7th subsite adjacent lo the catalytic site, whereas the activity of the KZION enzyme for C& 

was decreased to 1% of that of the native enzyme by a reduction in the 7th subsite affinity. 

rx-Amylase; Subsite affinity; Site-directed mutagenesis; Maltooligosaccharidc; Smc/tarot~~_vcopsis 

1. INTRODUCTION 2. MATERIALS AND METHODS 

The steric structure of a-amylase binding maltooligo- 
saccharide in a productive form has not been clarified 
because of the difficulty of isolating the enzyme-sub- 
strate (ES) complex. Matsuura et al. proposed a sub- 
strate binding model for fitting the maltoheptaose (G,) 
molecule to the active cleft of the Taka-amylase (TAA) 
molecule [l]. The authors have also proposed a sub- 
strate-binding model for Sricckcr~on?vcopsisflbuli~e~cr a- 
amylase (Sfamy) [2] involving a modification of the 
TAA model on the basis of the steric structure predicted 
theoretically and on the basis of the subsite struciure of 
Sfamy [3,4]. Analysis of the kinetic parameters and sub- 
site affinities of various mutant enzymes generated by 
substitution of the amino acid residues thk w: the pcs- 
sible components of subsites might clarify the role of 
these residues in recognizing the substrate. -We prepared 
mutant enzymes carrying a substitution of the 210th 
lysine (K210), which is one of the possible components 
of a major subsite (the 8th subsite) [4], and analyzed 
their enzymic characteristics. We found short substrate- 
specific enhancement in the catalytic activity of the mu- 
tant enzyme (K210R). The present paper describes the 
properties of the mutant enzymes (K210R and K210N) 

3. I. Consrrucriotr oJritc trr;rror~~dgctzcs ottdptrrt@t~iotr of rite wifd-type 
attd /1t111f1/11 .sfiW :s 

An EcoRI-l)sjI DGA fragment (2.5 kb) containing the Sfamy gene 
was isolated from the plasmid,pSfa I [5.6] and subcloned into the M 13 
phapc vLxtor. Replacement of K?lO with R and N was carried out 
using synthetic oligonucleotides according to the method described by 
Kunkel [7]. The wild-type and mutated genes were inserted into the 
multicloning site of the vector, YEp351 [S]. Srrcclmotr~yre~ cercvisktc 
strain KK4 cells were transformed with the constructed plasmids 
according to the method described by Hinncn et al. [9]. The transfor- 
mant cells were cultured in a YPD medium (1% yeast extract, 2% 
Bacto-peptonc and 2% glucose) at 30°C for 6 days. From these culture 
filtrates, the secreted wild-type and mutant Sfamy enzymes were puri- 
lied by chromatography using DES?-cellulose (Whatman), Supcrosc 
I2 (Pharmacia), and butyl-Toyopearl 650s columns [2]. The purified 
enzyme sample gave a single protein band after SDS-polyacrylamids 
gel electrophoresis. 

23, cltrul,vsis of t/u pro&r ftwtt rcdtrcittg ettd-labeled ttml!orriosc 
(G,a), ttid~uteiru0.w (G,aj uttd n3ulrohqmose (G,*) 

Reducing end-labeled mallooligosaccharidcs were prepared accord- 
ing to the method described by Matsui et al. [4] and Kobayashi ct al. 
[IO]. The bond-clcavagc patterns and the kinetic parameters (k,,lK,, 
whcrc k,;,, and K,,, represent the molecular activity and the Michaelis 
constant, respectively) of the mutant and wild-type enzymes for $0, 
Gg. and Gg, were determined by radioactive analysis [cl]. The encymic 
reaction was perf~rmrd at 25°C in a 430 ~1 of 25 mM acetate buffer 

and the contribution of K210 to both the 7th and 8th 
subsite affinities. 

solution (pH 5.25). The reaction products were separated by Daoer 
chromatography and their respective radioactivities werecounted with 
a liquid scir,ti!lation counter [Ill. 

Corruoottdettce addrex I. Matsui. National Chemical Laboratory for 
Indusiry, Tsukuba, lbamki 305, japan. Fax: (81) (298) 544 487: 

2.3. Evduunricrtl oJllresubsire q‘j%tirics o$K2IOR, h*ZlON, and wild-type 
en~ytrres 

On the basis of the subsite theory [12], Suganuma et RI. devi:cd a ..__- - 
Abbreviarions: Sfamy, Snccltarotttycop.sis fibuligcrc~ a-amylase; GI, simple method to evaluate subsite affimt~es cy usiny a series of cnd- 
maltose; G,*, G.,* and Gs*, reducing end-labeled maltotriose, mal- labeled substrates [I 11. The subsitc affinities of the mutant and wild- 
totctraosc and maltopentaosc. type enzymes were evaluated by this method. 
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2.4. DetenMtutio~~ o/the kiwric parauleters for the hydrolysis of maf- 
tose (CT,) and Atny/ose A and rvaluatio~r of the summed cg(firrities 
of the 6th rind 7th subsites 

The reaction mixtures of Gz and the enzyme in a 50 mM acetate 
buffer @H 5,25) were incubated at 25°C and the glucose produced was 
analyzed with a Glucose c-Test kit (Wake Pure Chemicxls). The hy- 
drolysis reaction of Amylose A (Iw, = ca. 2,900, Nakarai Chemicals) 
was done in a 50 mM acetate buffer (pH 5.25) 3t 25°C and was stopped 
with the addition of0. I N NaOH solution. The rcducinp power of the 
hydrolyzate was monitored using the Somogy-Nelson method [l3]. 
Initial velocities were obtained directly from the initial slopes of the 
time-course plots. The K,” and I&,, values were calculated using the 
least squares method [I41 and the Michaelis-Menten equation. The 
summed affinities of the two subsites adjacent to the catalytic site 
(A, + A,) of the mutant and wild-type enzymes were evaluated in the 
manner described by Matsui et al. [4] and Isawa et al. [IS]. 

3. RESULTS AND DISCUSSION 

Table I indicates that the mutations, K210R and 
K210N, increase cleavage frequency at a specific bond 
of G3 (the 1st bond from the reducing end side), and 
cause a shift of the major cleavage site of G, from the 
2nd to the 1st bond from the reducing end side. 

Table II lists the kinetic parameters of the mutant and 
wild-type enzymes. Compared to the wild-type enzyme, 
the k,,JK, values of K210R, for the short substrates 
such as G2 and GJ, exhibit a two- to three-fold increase, 
while the same values for G,, Gs, and Amylose A(-G,,) 
decrease to 20-50%. In contrast, the kJK,,, values of 
K210N, for substrates shorter than Gs, decrease to less 
than a few 9% of those of the wild-type enzyme. 

Table III shows the 4th, Sth, and 8th subsitc affinities 
(A4, As, and A,) and the summed afhnities for the 6th 
and 7th subsites adjacent to the catalytic site (As f A7) 
of the mutant and wild-type enzymes. Fig. I illustrates 
these affinities as histograms. The mutations decreased 
affinities, Ad, As, and Aa. The 8th affinity (A& was 
lowered the most. The effect of the K210R mutation on 
Ac, f A, was opposite to that of the K210N: K210R 
raised Ad + A7 and K210N lowered A6 +- A,. 

As reported previously [S], the Sfamy protein is com- 
posed of a main (M) domain and a C-terminal (C) do- 

4 5 6 7 8 
Subsite 

Fig. I. Histograms showing the subsiteaffinities(Ai) ofthe mutant and 
wild+pe enzymes. The wedge rcprescn!s the catalytic site, The col- 
umns indicate the afftnities of the K210R (filled bars), K210N 

(hatched bars) and wild-type (open bars) enzymes. 

main, where the M domain is folded into a (a@), barrel 
structure. The K210 is located on a loop caiiti La, 
which is one of the eight loops comprising the M do- 
main. The 211 th histidine (H21 l), which is a possible 
residue composing the 7th subsite, is also present on the 
L4 loop. One of the catalytic residue candidates, the 
270th aspartic acid (D207), is present between the C- 
terminal end of a B-sheet called PA, and the N-terminal 
end of the L, loop. As K210 is placed near D207 and 
H211 on the same loop, the intrinsic rate constant (kin,) 

value for the hydrolysis and the 7th subsite affinity 
might be influenced by the mutation at the 210th posi- 
tion. According to the subsite theory [ 121, the kh, value, 
which is independent of the chain length of the substrate 
and the binding mode, is identical to the k,, value if the 
substrate is larger than the substrate binding site. In 
fact, the mutation decreases the kink values which are 
identical to the kc,,, values for Amylose A, as shown in 
Table II. However, the mutation might not affect the 
6th subsite affinity, since the 210 residue on the Lh loop 

Table 1 

Ilond-cleavage patterns for the hydrolysis of end-labeled GJ and G, catalyzed by the K210R, K2lON and wild-type enzymes at pH 5.25 and 25°C 

G3 

[Rlu (M) [Sl, (M) Frequency” 
- 

K2lOR 4.9 x IO-’ 1.9 x 10-J G-G”* 
0.063 0.937 

K210N I.5 x 10-O 1.9 x 10-S GA----G’ 
0.084 0.916 

Wild-type 7.3 x lo-’ I.9 x 10-s G---G-G* 
0.176 0.824 

($1, and [S], represent the concentrations of the substrate and enzyme, respectively. 
n Numbers indicate the normalized cleavage frequencies of the indicated bonds. 
*Radioactive glucose residue. 

4% 

Frequency’ 

G”“---@ 
0.407 0.593 

G444’ 
0.120 0.26B 0.614 

G”---G4* 
0.745 0.255 
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Table II 

Kinetic parameters for the hydrolysis of maltooligosaccharides catalyzed by the K2lOR. K2lON and wild-type enzymes at pH 5.25 and 25°C 

n” 

2 

3 

4 

z 

k,,, (min-I) K, (M) k,,l&, (min-’ * M-l) 

K2lOR K2ION Wild-type K2IOR K2lON Wild-type K210R K210N Wild-type 

7.9 x lo-? 2.8 x 10-J 46 x lo-? 5.1 x lo= 4.5 x 10-l 8.6 x IO-’ 
$) 

6.2 x IO-’ 5.3 x 10-l 
(I 72)s (6) (100) (1) (100) 

-= - 1.2 x IO4 I.9 x IO? 5.7 X IO3 
(211) (3) (100) 

- - - 8.4 x 105 1.7 x IOJ 1.7 x IO6 
(49) (1) (IOQ) 

_ - - - 3.0 x IO” 4.5 x I05 I.5 x IO’ 
” 

(20) (3) (100) 
I8 G.4 x ItI? 7.6 x IO! 4.9 x IO’ 3.3 x lo-J 1.2 x lo+ I.1 x IO+ 1.9 x IO’ 6.6 x 10” 4.4 x IO’ 

(13) (16) (100) (43) (15) (100) 

” Degree of polymerization of the substrate expressed as glucose units. 
s Pcrcentagc based on value of wild-type cnzymc. 
c Value not determined. 

is distant from HI23 and H297 on the L3 and L, loops 
which are presumed to be the major components of the 
6th subsite [2,3]. Therefore, the change in the summed 
affinities of the 6th and 7th subsites caused by the re- 
placement is actually due to the change in the 7th subsite 
affinity, although evaluation of the separate affinities of 
the (5th and 7th subsites is not possible because the 
catalytic residues are located between them. Thus, the 
inlluence ofthe 210th residue can be restricted to the 7th 
and 8th subsite affinities. Replacement of the K210 res- 
idue by an N residue, which has a shorter and neutral 
side chain, decreases the affinities of the 8th and 7th 
subsites. Substitution of the residue by R, which possess 
a longer and positively charged side chain, similarly 
lowers the 8th subsite affinity, but increases the affinity 
of the 7th subsitc. These results indicate that K210 in 
the native enzyme contributes to both the 7th and 8th 
subsite affinities. 

In conclusion, it has been shown that for Sfamy the 
enhanced catalytic activity of K210R specific for short 
substrates, such as G1 and G3, is attributable to a sub- 

Table I11 

Subsite affinities (Ai) of the K2lOR, K2lON and wild-type enzymes 
at pH 5.25 and 25°C 

Al Values of A, (kcahmol) 

KZIOR K2lON Wild-type 

Ad 2.2G 2.42 2.67 
As 3.63 3.34 4.21 
Ah f A, -1.19 -4.56 -3.02 
A” 2.03 1.93 3.30 

Tie ~alaiylir: site r&s brtwrrn thr 6th and 7th sub&s. 

stantial increase in the affinity of the 7th subsite adja- 
cent to the catalytic site. Additionally, it has been shown 
that the decreased catalytic activity of K2lON specific 
for substrates shorter than GJ (G,,) is achieved by a 
substantial decrease in the 7th and 8th subsite affmities. 
This finding provides a guiding principle for the com- 
prehension of the substrate recognition mechanism and 
a means to improve the substrate and product specifici- 
ties of the enzymes. 
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