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The 210ih lysine (K210) at the aclive site in Succharomycopsis fibuligera a-nmylase was altered to drginine (R) or asparagine (N) by site-directed

mutagenesis. Replacement of K210 by R strengthened the 7th and weakened the 8th subsile uffinities. K210 was found to contribute to both the

8th and the 7th subsites. The catalytic activity of the K210R enzyme for the hydrolysis of maltose (G,) was three-lines higher than that of the

native enzyme due to an increase in the affinity of the 7th subsite adjacent (o the catalytic site, whereas the aciivity of the K210N enzyme for G,
was decreased to 19 of that of the native enzyme by a reduction in the 7th subsite affinity.

a-Amylase; Subsite affinity; Site-directed mutagenesis; Maltooligosaccharide; Saccharomycopsis

1. INTRODUCTION

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 [1]. The authors have also proposed a sub-
strate-binding model for Saccharomycopsis fibuligera o-
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 struciurs 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 iha: are the pes-
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)
and the contribution of K210 to both the 7th and 8th
subsite affinities.

Correspondence address: 1. Matsui, National Chemical Laboratory for
Industry, Tsukuba, 1baruki 305, Japan. Fax: (81) (298) 544 487,
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maltose; Gy, G4 and Gg*, reducing end-labeled maltotriose, mal-
lotetraose and maltopentaose.
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2. MATERIALS AND METHODS

2.1. Construction of the mutated genes and purification of the witd-type
and mutant Sfanzy’s

An EcoRI-Psi] DNA [ragment (2.5 kb) containing the Sfamy gene
was isolated [rom the plasinid, pSfz 1 [5,6] and subcloned into the M13
phage vecior. Replacement of K210 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 [8]. Swccharomyces cerevisiae
strain KK4 cells were transformed with the constructed plasimids
according to the method described by Hinnen et al. [9]. The transfor-
mant cells were cultured in @ YPD medium (1% yeasl extract, 2%
Bacto-peptone and 29 glucose) at 30°C for 6 days. From these culture
filtrates, the secreted wild-type and mutant Sfamy enzymes were puri-
fied by chromutography using DE52—cellulose (Whatman), Superose
12 (Pharmacia), and butyl-Toyopearl 6508 columns [2]. The purified
enzyme sample gave 4 single protein band after SDS-polyacrylamide
gel electrophoresis.

2.2, Analysis of the product from reducing end-labeled maltotriose
(Gse), maltoteraose (Gp) and maltohepiaose (Gs*)

Reducing end-labeled maltooligosaccharides were prepared accord-
ing to the method described by Matsui et al, [4] and Kobayashi et al.
[10]. The bond-cleavage patterns and the kinetic parameters (&../Kq,
where k., and K, represent the molecular activity and the Michaelis
conslanl, respectively) of the mutant and wild-type enzymes for Gy,
G, und G, were determined by radioactive analysis [4]. The enzymic
reaction was performed at 25°C in a 420 gl of 25 mM acetate buifer
solution (pH 5.25). The reaclion products were separated by paper
chromatography and their respective radicactivities were counted with
a liquid scintillation counter [11].

2.3. Evaluation of the subsite affinities of K210R, K210N, and wild-type
enzymes
On the basis of the subsite theory [12], Suganuma et al. devized a
simple method to evaluate subsile affinities by using a series of end-
labeled substrates [11]. The subsite affinities of the mutant and wild-
type enzymes were evalualted by this method.

Published by Elsevier Science Publishers B.V.
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24. Deterniination of the kinetic parameters for the hydrolysts of maf-
tose (G,) and Amplose A and evatuation of the swnmed affinities
of the 6th and 7th subsites

The reaction mixiures of G- and the enzyme in a 50 mM acetate
buffer (pH 5.25) were incubated at 25°C and the glucose produced was
analyzed with a Glucose c-Test kit (Wako Pure Chemicals). The hy-
drolysis reaction of Amylose A (M, = ca. 2,900, Nakarai Chemicals)
was done in a 50 mM acetate buffer (pH 5.25)at 25°C and was stopped
with the addition of 0.1 N NaOH solution. The reducing power of the

hydrolyzate was monitored using the Somogy-~Nelson methed [13).

Initial velocities were obtained direcily from the initial slopes of the

time-course plots. The K, and 4, values were calculated using the

least squares method [14] 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. [15].

3. RESULTS AND DISCUSSION

Table I indicates that the mutations, K210R and
K210N, increase cleavage frequency at a specific bond
of G; (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 I lists the kinetic parameters of the mutant and
wild-type enzymes. Compared to the wild-type enzyme,
the k., /K, values of K210R, for the short substrates
such as G, and G, exhibit a two- to three-fold increase,
while the same values for G,, G;, and Amylose A(~G;)
decrease to 20-50%. In contrast, the k. /K, values of
K210N, for substrates shorter than G;, decrease to less
than a few % of those of the wild-type enzyme.

Table III shows the 4th, 5th, and 8th subsite affinities
(A, As and A,) and the summed affinities for the 6th
and 7th subsites adjacent to the catalytic site (Ag + A)
of the mutant and wild-type enzymes. Fig. 1 illustrates
these affinities as histograms., The mutations decreased
affinities, A,, A;, and Az The 8th affinity (A,) was
lowered the most. The effect of the K210R mutaticn on
Ag + A; was opposite to that of the K210N: K210R
raised Ay + A, and K210N lowered Ag + A4,

As reported previously [3)], the 8famy protein is com-
posed of a main (M) domain and a C-terminal (C) do-
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Fig. 1. Histograms showing the subsile affinities (A;) of the mutant and

wild-type enzymes. The wedge represents the catalytic site. The col-

umns indicate the affinities of the K210R (filled bars), K210N
(hatched bars) and wild-type (open bars) enzymes,

main, where the M domain is folded into a (a/f); barrel
structure. The K210 is located on a loop caiied L,,
which is one of the eight loops comprising the M du-
main. The 211th histidine (H211), which is a possible

. residue composing the 7th subsite, is also present on the

L, loop. One of the catalytic residue candidates, the
270th aspartic acid (D207), is present between the C-
terminal end of a §-sheet called SA, and the N-terminal
end of the L, ioop. As K210 is placed near D207 and
H211 on the same loop, the intrinsic rate constant (k,,)
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 [12], the &, value,
which is independent of the chain length of the substrate
and the binding mode, is identical to the &, value if the
substrate is larger than the substrate binding site. In
fact, the mutation decreases the &, values which are
identical to the %, 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 L; loop

Table |
Bond-cleavage patterns for the hydrolysis of end-labeled G, and G, catalyzed by the K210R, K210N and wild-type enzymes at pH 5.25 and 25°C
Gg G.;
[E}, (M) [5]; (M) Frequency* Frequency*
K2I0R 49 % 107 1.9 x 107 G—G—G* G—G—G—G*
0.063 0.937 0.407 0.593
K210N 1.5 % 107 1.9 % 1073 6—G—G* G—G—G—G*
0.084 0.916 0.120 0.266 0.614
Wild-type 73%x1077 1.9 x 10°% G—G G* G—G—G—G*
0.176 0.824 0.745 0.255

(E], and [S], represent the concentrations of the substrate and enzyme, respectively.
* Numbers indicate the normalized cleavage frequencies of the indicated bonds.

*Radioactive glucose residue.
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Table 1T
Kinetic parameters for the hydrolysis of maltooligosaccharides catalyzed by the K210R, K210N and wild-type enzymes at pH 5.25 and 25°C
n* Koy (min™') K (M) Ko/ Ky (min™" - M7
K210R K2I0N Wild-type K210R K2I0N Wild-type K210R K210N Wild-type
2 79%x 1077 28%x107 46x 107 50%x107%  45x107  86x107 1.5 6.2x 10 53x 107!
(172)° 6) (100) (283) n (100)
3 - - - - - - 1.2 x 10° 1.9 x 10? 5.7 % 10°
@i 3) (100)
4 - - - - - - 8.4 x 10° 1.7 % 10* 1.7 % 108
49) m (100)
5 - - - - - - 3.0x%10° 4.5 % 10° 1.5 % 107
(20 )] (100)
18 6.4 % 10° 7.6 % 10° 49 x 10° 33x10° 1.2 x 107 1.1 x 107 1.9 x 107 6.6 x 10° 4.4 %107
(13 (16) (100) (43) (15) (100)

“ Degree of polymerization of the substrate expressed as glucose units.

® Percentage based on value of wild-type enzyme.
¢ Value not determined.

is distant from H123 and H297 on the L, 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 6th and 7th subsites is not possible because the
catalytic residues are located between them. Thus, the
influence of the 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 subsite. These results indicate that K210 in
the native enzyme contributes to both the 7th and §th
subsite affinities.

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

Table 111

Subsile affinities (A;) of the K210R, K210N and wild-type enzymes
at pH 5.25 and 25°C

A Values of A; (kcal/mol)

K210R K210N Wild-type
Ay 2.26 242 2.67
A 3.63 3.34 4.2]
A, + A, -1.19 -4.56 -3.02
Ay 2,03 1.93 3.30

The calalylic sile exisls belween the 6lh and 7ih subsiles.
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stantial increase in the affinity of the 7th subsite adja-
cent to the catalytic site. Additionaily, it has been shown
that the decreased catalytic activity of K210N specific
for substrates shorter than G, (Gg;) is achieved by a
substantial decrease in the 7th and 8th subsite affinities.
This finding provides a guiding principle for the com-
prehension of the substrate recognition mechanism and
4 means to improve the substrate and product specifici-
ties of the enzymes.
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