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Abstract: Mode of substrate-binding of chitosanases from Streptomyces sp. N174 (N174 chitosanase) and Ba-
cillus circulans MH-K1 (MH-K1 chitosanase) was examined by site-directed mutagenesis and physicochemical
techniques, including thermal unfolding, fluorescence spectroscopy, and X-ray crystallography. Asp57 located
at the central portion of the binding cleft of N174 chitosanase was mutated to asparagine and alanine (D57N
and D57A), and the relative activities of the mutated enzymes were 72 and 0.5% of that of the wild type, re-
spectively. Thermal unfolding experiments in the presence of (GlcN). clearly indicated the importance of Asp
57 for substrate binding. Kinetic analysis of (GlcN)s degradation catalyzed by N174 chitosanase suggested that
Asp57 is most likely to participate in the substrate binding at subsite —2 through hydrogen bonding as well
as electrostatic interaction. On the other hand, for MH-K1 chitosanase, we focused our attention on Tyr148
and Lys218, which are located at the bottom of the binding cleft and at the flexible loop forming the edge of
the binding cleft, respectively. These residues were mutated to serine (Y148S) and proline (K218P), respec-
tively, and the enzymatic activities of Y148S and K218P were found to decrease to 12.5 and 0.16% of the wild
type. When (GlcN); binding ability to the chitosanase was evaluated from the change in tryptophan fluores-
cence intensity, the binding abilities of Y148S and K218P were found to be reduced from that of the wild type
by 1.0 and 3.7 kcal/mol of binding free energy, respectively. The crystal structure of K218P revealed that the
main chain and side chain structures of the loop comprising Lys218 are affected by the mutation. Thus, we
concluded that the flexible loop comprising Lys218 plays an important role in substrate binding, and that the

role of Tyr148 is less important but significant, probably due to stacking interaction.
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Chitosanase is an enzyme that belongs to the glycoside
hydrolase family and is characterized by its ability to
catalyze the hydrolytic cleavage of chitosan, a polyca-
tionic carbohydrate derived from chitin by partial or com-
plete deacetylation. Chitosan is a mixed polysaccharide
containing 3-1,4-linked residues of [3-D-glucosamine
(GIcN) and N -acetyl-3-D-glucosamine (GIcNAc). The dif-
ferences in the mechanism of chitosan hydrolysis among
the various groups of enzymes, such as lysozymes,
chitinases, and chitosanases, were examined by experi-
ments that analyzed the structure (i.e., the sequence) of
the oligosaccharide products from enzymatic hydrolysis.
From these sequences, the cleavage specificity of several
enzymes could be deduced. Fukamizo et al.” proposed
classifying chitosanases as enzymes that hydrolyze chito-
san without splitting the linkage GlcNAc-GlcNAc. Con-
versely, chitinases could cleave the GlcNAc-GlcNAc link-
age, but not the GIcN-GIcN linkage. Chitosanases were
further subdivided into three classes according to their
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cleavage specificity; class I enzymes could split both
GIcN-GIcN and GleNAc-GIeN linkages; class II enzymes
could split only GIcN-GIcN linkages; and class III en-
zymes could split both GIcN-GIcN and GIeN-GIlcNAc
linkages. The recognition mechanisms of the chitosanases
are thus complicated, making it difficult to unequivocally
distinguish from the other chitinolytic enzymes. This situ-
ation lead us to examine the mode of substrate binding of
chitosanases.

A number of chitosanases have been isolated from vari-
ous bacteria and fungi, and their genes have been cloned
and sequenced. These chitosanases belong to various GH
(glycosyl hydrolase) families, GH-5, GH-8, GH-46, GH-
75 and GH-80 according to the amino acid sequences.”
Among these chitosanases sequenced thus far, the en-
zymes from Streptomyces sp. N174 (N174 chitosanase)
and Bacillus circulans MH-K1 (MH-K1 chitosanase), be-
longing to family GH-46, have been most intensively
studied based on their X-ray crystal structures.”” In this
article, we review the recent findings from the substrate
binding experiments of family GH-46 chitosanases con-
ducted in our laboratory.

N174 Chitosanase.

N174 chitosanase is classified under class I chito-
sanases according to its splitting specificity,” and its prop-
erties have been reviewed by Fukamizo and Brzezinski.”
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Fig. 1. Stereo views of x-ray crystal structures of N174 chitosanase (A) and MH-K1 chitosanase (B).

Glu22 and Asp40 are the catalytic residues of N174 chitosanase, and Glu37 and Asp55 are those of MH-KI1 chitosanase. Other residues
highlighted in the structures are the mutated residues, which are described in the text.

Its three-dimensional structure was solved by X-ray crys-
tallography (PDB code, 1CHK),” which revealed that the
enzyme has two globular upper and lower domains, which
generate the active site cleft for the substrate binding as
shown in Fig. 1A. The catalytic residues were found to be
Glu22 and Asp40 by site-directed mutagenesis.” From the
distribution of electrostatic potential on the enzyme sur-
face, the entire region of substrate-binding cleft was found
to be densed with electronegative charges. Thus, we sup-
posed that carboxylic amino acid residues could play an
important role in determining the mode of substrate-
binding of this chitosanase. At least 12 carboxylic resi-
dues are found in the active site cleft of N174 chito-
sanase” and could participate in the binding of the posi-
tively charged chitosan substrate in both specific and non-
specific ways. A model of the binding of glucosamine
hexasaccharide, (GIcN),, to chitosanase has been pro-
posed” adopting a (—4, —3, —2, —1, +1 and +2)-type
enzyme-substrate interaction typical of hen egg white ly-
sozyme.” According to this model, three carboxylic resi-
dues could be directly involved in links with the substrate,
promoting the binding to low acetylation degree chitosan
by chitosanase. The three residues are Asp57, Glul97 and
Asp201, and localize to subsites —2, —1 and +2, re-

spectively. Among the subsites, subsite —2 is thought to
make a major contribution to substrate binding of this
type of glycosyl hydrolases, and Asp57 is observed to be
conserved in all chitosanases belonging to family GH-46.
Thus, we decided to prepare two mutated enzymes, in
which Asp57 is replaced with asparagine (D57N) and
alanine (D57A).

Enzymatic activities of Asp57-mutated chitosanases to-

ward chitosan.

After purification of the wild type and mutated chito-
sanases, CD spectra of the enzymes were obtained in 50
mM sodium phosphate buffer, pH 7.0, using a Jasco J-720
spectropolarimeter (cell length, 0.1 cm) at 20°C. D57N
and D57A were found to retain most of their wild type
global conformation as judged from the spectra. Enzy-
matic activities of the mutated chitosanases toward
(GlcN)s substrate were measured, and the relative activi-
ties of DS7N and D57A were found to be 72 and 0.5% of
that of the wild type, respectively. Clearly, the mutation
of Asp57 affects the enzymatic activity. Steady state ki-
netic parameters could not be obtained because of their
strong substrate inhibition.
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Chitosan binding ability of chitosanases as determined

by thermal unfolding experiments.

To obtain thermal unfolding curves of chitosanases in
either the presence or absence of (GIcN)x, the CD value at
222 nm was monitored while raising the temperature at a
rate of 1°C per min. One hundred molar excess of the
saccharide was added to the enzyme solution for examin-
ing the binding effect on the thermal stability. At first,
E22Q chitosanase, in which the catalytic residue Glu22 is
mutated to glutamine, was tested for its binding ability.
The hydrolytic activity of E22Q was known to be lower
than 0.1% of that of the wild type enzyme.” We found
that the transition temperature (7m) increased in the pres-
ence of (GIcN)n,” and that the stabilization effect became
larger with the increasing chain length of the added oligo-
saccharide.'” Similar experiments with the D57A chito-
sanase revealed that protein stability is not enhanced upon
addition of (GlcN);. Furthermore, the enhancement of sta-
bility in D57A upon the addition of either (GlcN)s or chi-
tosan (d.a. < 0.01; DP =20) was much less intense than
that measured with E22Q.” Control HPLC revealed only
negligible hydrolysis of the saccharides added during the
unfolding experiments. This suggested that the observed
differences in unfolding behaviour between the E22Q and
D57A chitosanases are due to a significant impairment of
substrate binding ability. For D57N, the binding experi-
ment has not been done because of its hydrolytic effect on
the saccharide added.

Hexasaccharide digestion experiments.

When the wild type enzyme was incubated with
(GIcN)s, the substrate was almost completely degraded
within 30 min, producing predominantly (GIcN); and
(GleN), + (GleN), in smaller amounts. D57N completely
hydrolyzed (GlcN)s within 3 h, producing (GIcN)s,
(GIcN), and (GIcN), in a similar distribution to that of the
wild type. On the other hand, as long as 60 h was re-
quired for complete digestion of (GlcN), using an equiva-
lent amount of D57A chitosanase. The product distribu-
tion produced by the D57A mutant was different from
that of the wild type enzyme, yielding smaller amounts of
(GIcN), and (GIcN): as compared to the amount of
(GIcN); than did the wild type enzyme.

Theoretical analysis of the experimental time-course.

Theoretical analysis of the reaction time-course was
performed using the reaction model reported previously,'
in which the bond cleavage (k:) and the hydration (k)
processes are assumed to be time-dependent, but all other
steps are time-independent binding processes (Fig. 2).
Binding constants are defined for all possible binding
modes, and were calculated from the unitary binding free
energy changes of individual subsites by assuming addi-
tivity of the free energy values. Having observed that
trimeric products are preferentially generated from the
hexameric substrate, we tested a model assuming that the
chitosanase has the subsite arrangement, —3, —2, —1,
+1, +2 and +3. The value of the binding free energy
change of each subsite was estimated using the optimiza-
tion technique based on the modified Powell method"”
employing the cost function,
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Fig. 2. Reaction model scheme of (GlcN)s hydrolysis catalyzed by
N174 chitosanase.

F =33 [(GIeN) ni—(GleN) ni]?

where e and c are the experimental and calculated values,
n is the size of the oligosaccharide and i the reaction
time. In calculation of the reaction time-course, the value
of the rate constant k; (for cleavage of the glycosidic link-
age) was assumed to be dependent on the size of the sub-
strate, and the kcar values obtained from the steady state
kinetic analysis with oligosaccharide substrates, 50 s~ for
(GlcN)s, 50 s™' for (GIcN)s and 200 s~ ' for (GIcN)s
(Fukamizo et al., unpublished data), were allocated to the
individual ki values. As previously reported,” the N174
chitosanase catalysis takes place through an inverting
mechanism, in which the hydration occurs almost concur-
rently with the bond cleavage. Thus, the higher value,
1000 s, was tentatively allocated to k., the rate constant
for hydration.

Starting with roughly estimated values, optimization
was conducted for the binding free energy values of the
individual subsites using the experimental time-course of
hexasaccharide degradation catalyzed by the wild type en-
zyme. Finally, the value of the cost function attained the
minimum when calculated with the values, —0.7, —4.7,
+3.4, —0.5, —2.3 and —1.0 kcal/mol, for individual
subsites —3, —2, —1, +1, +2 and +3, respectively.
Next, the time-course for D57N was analyzed in a similar
manner. Fixing the rate constants at the values estimated
for wild type enzyme, optimization was conducted starting
from the free energy values estimated for the wild type
enzyme. In this case, however, only the values for sub-
sites —3, —2 and —1 were changed, because the other
subsites (+1, +2 and +3) are located too far from the
Asp57 residue and the Asp57 mutation is unlikely to af-
fect the free energy values of these subsites. Values of
—0.7, —3.8 and +3.4 kcal/mol for subsites —3, —2
and —1 of D5S7N were found to yield a minimum cost
function. Optimization of the reaction time-course ob-
tained for the D57A mutant was conducted in a manner
analogous to that with the D57N mutant. However, the
value of the cost function did not decrease as much as in
the case of the D57N mutant. The overall reaction rate of
the calculated time-course was much higher than the ex-
perimental one. Therefore the optimization procedure was
repeated using decreased ki values. With 5 s™' for
(GIcN),, 5 s~ for (GlcN)s and 20 s~ for (GlcN), the fit
between the experimental data and the calculated reaction
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Table 1. Kinetic parameter values obtained from theoretical analysis of the time-course of hexasaccharide degradation.

Rate constants (s~ ")

Binding free energy changes

Enzyme ki kx (kcal/mol)

(GIcN), (GIcN)s (GIeN)s (—3) (—2) (=1 (+1) (+2) (+3)
Wild type 50 50 200 1000 —0.7 —4.7 +34 —0.5 —23 —1.0
D57N 50 50 200 1000 —0.7 —3.8 +3.4 —0.5 —2.3 —1.0
D57A 5 5 20 1000 —1.7 0.0 +4.5 —0.5 —2.3 —1.0

time-course was satisfactory, and —1.7, 0.0 and +4.5
kcal/mol were deduced as the optimized values for sub-
sites —3, —2 and —1, respectively. All of these values
for kinetic parameters obtained in the theoretical analysis
are listed in Table 1.

The substitution of the -CH,-COO™ in Asp57 with
either -CH,-CO-NH, (in D57N) or -CH; (in D57A) affects
the substrate-binding ability, suggesting that the interac-
tion of Asp57 with the substrate is electrostatic in nature
and is eventually accompanied by hydrogen bonding.
Marcotte et al.” suggested that there are two possible
contacts between Asp57 and the sugar residue at subsite
—2; one is an electrostatic interaction with the sugar
amine, and the other is a hydrogen bond with the hy-
droxyl oxygen at C3 of the pyranose ring. Both interac-
tions would be lost in the D57A mutant, while hydrogen
bonding would be conserved in the D57N mutant. This
explanation is consistent with the observed decrease in the
free energy value at subsite —2 (Table 1).

Fluorescence analysis of substrate binding.

Fluorescence spectra of N174 chitosanase were re-
corded with an excitation wavelength 295 nm using a Hi-
tachi F-3010 spectrofluorometer. The enzyme preparation
was dialyzed against 0.06 M Tris-HCI buffer pH 7.0 con-
taining 0.1 M NaCl, before the measurement. When
(GIcN): or (GlcN); was added to the chitosanase solution,
the fluorescence intensity clearly decreased in a
concentration-dependent manner (Fukamizo et al., manu-
script in preparation). The relative decreases in the fluo-
rescence intensity were plotted against the substrate con-
centration to obtain the saturation curves, which was then
employed for Scatchard analysis to obtain the binding
constants and the binding free energy changes. These val-
ues are listed in Table 2. The affinity of (GIcN); was
found to be similar to that of (GlcN).. Such low molecu-
lar weight oligosaccharides might bind to subsites —3~
—2 or to subsites +2~+3, and avoid being in contact
with subsites —1 and + 1, which have very low affinities
of sugar residue binding. If this is the case, (GlcN):; would

Table 2. Binding constants and binding free energy changes of
(GIcN)n binding to individual chitosanases.

. . Kassoc A G
Chitosanase Ligand (M) (keal/mol)
N174 Chitosanase
Wild type (GIeN), 1410 —6.6
Wild type (GIeN)s 1110 —64
MH-K1 Chitosanase
Wild type (GIeN)s 2009 —6.8
Y148S (GIeN)s 341 —5.8
K218P (GIcN); 34 —3.1

bind to the enzyme occupying only two subsites and the
terminal residue would extend beyond the substrate-
binding cleft. This situation might result in the similarity
between the binding constants of (GIcN). and (GIcN)s.
When D57A was used instead of the wild type, the
change in the fluorescence intensity upon addition of
(GIcN)n was too small to analyze quantitatively the bind-
ing ability.

Conformational change induced by the oligosaccha-

ride binding.

The change in fluorescence intensity induced by sac-
charide binding reflects the conformational change around
the tryptophan indole groups of the enzyme protein. N174
chitosanase has three tryptophan residues, Trp28, Trp101
and Trp227, which are localized to the hinge in between
the two domains, the upper domain, and the lower do-
main, respectively, as shown in Fig. 1A. When each of
the tryptophan residues was mutated to phenylalanine, the
fluorescence change induced by the saccharide binding
was significantly suppressed. In particular, the suppression
was found to be the most intensive in Trp28-mutated chi-
tosanase (Fukamizo er al., manuscript in preparation).
This suggests that the conformational change induced by
saccharide binding is most intensive around the Trp28 in-
dole side chain, which is localized to the hinge region.
The saccharide binding might induce a conformational
change, which seems to narrow the binding cleft. In this
case, local conformation around the hinge region might be
most intensively affected by the movement of the upper
and lower domains. This situation appears to result in
most intensive conformational change around Trp28.

MH-K1 Chitosanase.

MH-K1 chitosanase is a 29-kDa extracellular protein
composed of 259 amino acids,” and its X-ray crystal
structure has already been determined by the multiwave-
length anomalous diffraction method (PDB code, 1QGI).”
The enzyme belongs to the glycosyl hydrolase family
identical to that of N174 chitosanase; hence, these two en-
zymes have a similar fold in their crystal structures
(Figs. 1A and B).” According to the splitting specificity,
however, the MH-K1 enzyme is classified under class
III," whereas N174 chitosanase is put into class 1. Cata-
lytic residues, Glu37 and Asp55, are located in a similar
configuration as in the case of N174 chitosanase. Thus,
the mechanism of catalytic reaction and substrate recogni-
tion of MH-KI1 chitosanase might be similar to those of
N174 chitosanase. On the other hand, a closer examina-
tion of the crystal structure of MH-KI1 chitosanase re-
vealed that the side chain of Tyr148 is located in between
two a-helices forming the backbone of the substrate bind-
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ing cleft (Fig. 1B) and is the sole aromatic amino acid
residue located on the surface of the substrate binding
cleft. This residue might be an additional candidate, which
participates in substrate binding, because aromatic side
chains have been recognized to interact with the pyranose
ring of the substrate by a stacking effect.” Another candi-
date as the binding residue is Lys218, which is located in
the flexible loop of the lower edge of the opened binding
cleft (Fig. 1B). Such a flexible loop at or near the binding
cleft has been recognized to play an important role in sub-
strate binding in glycosyl hydrolases.'™'” Thus, we re-
placed Tyr148 with Ser (Y148S) to examine the role of
the aromatic side chain, and then replaced Lys218 with
Pro (K218P) to examine the flexible loop.

Enzymatic activities of the mutant chitosanases.

CD spectra of the purified mutant enzymes exhibited
profiles similar to that of the wild type, indicating that the
global conformation is not affected by the mutations. The
mutated chitosanases were subjected to activity determina-
tion using the substrate, 20% acetylated chitosan. The en-
zymatic activities of Y148S and K218P were found to de-
crease to 12.5 and 0.16% of that of the wild type enzyme,
respectively. Acitivity measurements were also conducted
by TLC analysis using the substrate, (GIcN)s. The wild
type enzyme produced (GIcN),, (GIcN); and (GlcN)i, of
which the amounts were almost equal to each other. This
suggests that the enzyme hydrolyzes (GIcN)s with an
endo-splitting manner. When the Y148S mutant was used
instead of the wild type, the rate of the degradation of
(GIcN)s was much lower than that of the wild type en-
zyme reaction, but no appreciable change was found in
the product distribution. In the K218P mutant, products
were hardly detected, indicating that the mutant enzyme
does not have any enzyme activity.

Thermal unfolding experiments.

Thermal unfolding experiments were conducted to ex-
amine the saccharide binding ability using MH-K1 chito-
sanase and its mutated enzymes. The transition tempera-
ture of the unfolding transition (7m) of the wild type pro-
tein was determined to be 53.9°C. When the (GIcN); solu-
tion was added to the wild type enzyme, the Tm value in-
creased by 2.2°C. The increase in Tm is due to the binding
interaction between the enzyme and the trisaccharide."”
When Y148S and K218P were used instead of the wild
type, the increase in 7m upon the addition of (GIcN); was
not observed. (GIcN); does not correctly interact with
Y148S and K218P.

Fluorescence analysis of substrate binding.

Fluorescence spectra of MH-K1 chitosanase were ob-
tained in a condition similar to that for N174 chitosanase.
When (GIcN); was added to the chitosanase solution, the
fluorescence intensity clearly decreased in a concentra-
tion-dependent manner (Fukamizo et al., manuscript in
preparation). The relative decreases in the fluorescence in-
tensity were plotted against the substrate concentration to
obtain the saturation curves. From the Scatchard analysis
of the saturation curves, the binding constants of the wild
type, Y148S, and K218P were calculated to be 2009 =+

15,341 £ 01, and 3.4 £ 02 M, respectively, corre-
sponding to —6.8, —5.8 and —3.1 kcal/mol of binding
free energy changes. The binding abilities of both mutant
enzymes were significantly reduced when compared with
the wild type enzyme.

Substitution of Tyr148 with Ser reduced the binding af-
finity of (GIcN); by about 1.0 kcal/mol of binding free
energy. The free energy difference, 1.0 kcal/mol, can be
regarded as the free energy contribution of the stacking
interaction between the aromatic ring of Tyr148 and the
pyranose ring of (GIcN);. The lower binding ability of
Y148S can be confirmed as well from the thermal unfold-
ing experiments. Thus, the activity decrease in Y148S (—
12.5%) should be derived at least partly from the suppres-
sion of binding ability. It is reasonable to presume that
the mutation of Tyr148 might not only affect the binding
ability at the subsite but impair the catalytic efficiency by
affecting the conformational state of the catalytic cleft. In
fact, in Streptomyces sp. N174 chitosanase, the mutation
of Asp57, which participates in the sugar residue binding
at —2 site, affects not only the binding affinity at the cor-
responding subsite but the rate constant for cleavage of [3-
1,4-glycosidic linkage (Table 1). A similar effect might
possibly occur in the Tyr148 mutation of MH-KI1 chito-
sanase. For rationalizing the 3.7 kcal/mol decrease in
K218P, we had to examine the crystal structure of the
mutated enzyme.

X-ray crystal structure of the mutant chitosanase.

To identify the structural factor resulting in the lower
binding ability, we tried to solve the crystal structure of
K218P. Crystallization of the mutated enzyme was per-
formed at 20°C by the sitting drop vapor diffusion method
using ammonium sulfate as the precipitant. Data collec-
tion, phase determination, and structure refinement were
done by the method reported previously.” After the refine-
ment procedure, we obtained the final structure as shown
in Fig. 3A, which shows superposition of Ce traces of the
wild type and K218P. It appears that a global conforma-
tion is not significantly affected by the mutation. Closer
examination of the structures, however, reveals that the
flexible loop comprising Lys218 is shifted by the muta-
tion, and the side chain structure of the flexible loop is
also considerably affected by the mutation as shown in
Fig. 3B. In particular, the orientation of the side chain of
Asn217 is greatly rearranged; hence, the hydrogen bond-
ing network is disrupted by the mutation. The hydrogen
bonding network of Tyr219 was also found to be dis-
rupted by the Lys218 mutation. This situation would re-
sult in the lowest binding ability of K218P.

A lysine residue positively charged in the moderate pH
region cannot generally be regarded as a candidate for the
amino acid residue responsible for substrate recognition or
binding in chitosanases, because of the polycationic prop-
erty of chitosan substrate. In this study, however, we
found that the mutation of Lys218 strongly impaired the
enzymatic activity (0.16%), and that the binding constant
of (GIcN); severely decreased in K218P by about 3.7
kcal/mol of the binding free energy. Lys218 is likely very
important for substrate binding. The crystal structure of
K218P revealed that the main chain and side chain struc-
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Fig. 3. Superposition of the crystal structures of the wild type and
K218P of MH-K1 chitosanase.

(A) Ca traces of the wild type (yellow) and K218P (white),
(B) stereo view of the close-up of the mutation position (Lys218).
Labels are amino acid residues for the wild type (yellow) and
K218P (white).

tures of the loop comprising Lys218 are considerably af-
fected by the mutation; hence, a hydrogen bonding net-
work with the neighboring amino acid residues (Asn217
and Tyr219) is disrupted by the mutation. In the crystal
structure of the wild type chitosanase, the loop comprising
Lys218 is located at the lower edge of the binding cleft
(Fig. 1B), and the temperature factor of this loop region
was found to be relatively high.” It has been recognized
that such a flexible loop plays an important role in sub-
strate binding in most carbohydrate active enzymes. The
flexible loop of human salivary amylase is considered to
assist the catalysis during the transition state and to play a
role in releasing the product from the active site.'” When
an oligosaccharide inhibitor binds to Bacillus cereus amy-
lase, the flexible loop (residues 93-97) was found to
largely move and cover the bound inhibitor.”” Similarly,
the flexible loop comprising Lys218 in MH-K1 chito-
sanase might perform such an important action toward the
substrate for correctly positioning the substrate molecule.
Mutation of Lys218 to proline severely altered the confor-
mation of the flexible loop resulting in the lowest binding

ability.

Conclusion.

Protein-carbohydrate interactions have been investigated
using glycoside hydrolases resulting in the partial elucida-
tion of their mechanisms.” Chemical modification and
site-directed mutagenesis studies'™ have suggested a key
role for tryptophan residues because of both their ability
to stack and their non-polar interaction with the pyranose
ring of substrates. In the case of the protein-chitosan in-
teraction, however, the mechanism is thought to be sig-
nificantly different, because of the polycationic properties
of the chitosan. Electrostatic interaction might be one of
the critical factors of the molecular recognition. In fact,
the side chain of Asp57 of N174 chitosanase participates
in binding the sugar residue at subsite —2, most probably
through both electrostatic and hydrogen bonding interac-
tions. Although hexasaccharide substrate mainly binds to
the entire binding cleft, occupying subsites —3 to +3 of
the chitosanase (Fig. 2), the Asp57 interaction with the
sugar residue at subsite —2 is the most important for the
binding of chitosan oligosaccharide to chitosanase. Simi-
larly, in MH-K1 chitosanase, carboxylic amino acids seem
to be important for substrate binding. In this chitosanase,
however, other factors controlling the substrate-binding
were found by site-directed mutagenesis studies. The
lower enzymatic activities of the mutant enzymes from
MH-K1 chitosanase, Y148S and K218P, were found to be
derived from the decrease in substrate binding ability. The
crystal structure of K218P revealed that the mutation al-
ters the main chain and side chain structures of the flex-
ible loop comprising Lys218 and disrupts a hydrogen
bonding network with the neighboring amino acid resi-
dues, Asn217 and Tyr219. The loop comprising Lys218
and the neighboring residues plays an important role in
substrate binding, and the role of Tyr148 is less important
but significant, probably due to stacking interaction.
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Streptomyces sp. N174 B & ¥ Bacillus circulans MH-K1
HROF by F - L OB EREZHONIZT L7720
(2, EBALRR AT A, BAVEER DS L RO &
DFFEERNT, EEHEEICHGT 57 I RO
E & ATz, Streptomyces sp. N174 ¥ M+ — X D4,
X B gL L T OMETICB I 2HEFRT U x
VAT &) AspST SEEEREE IS T AT 3 ik L
LTRTREPEVWEERZ bR, £2C, ZOmRME
T3 BRERIE R RICER ISR M- e A

L, ZOREFEFMEE 272, AspsT ZEREEHE (D57A)
DOBEEEETRTAL L, AR EERELRD L
(05%). FFHEIMTIE, F b v OKBEICHEVRENEOEE
BIBENPZVEL RBDIZE L, D5TA TIIKAE L2
BED LHIIARON Lo 72, B2 Asp5T 13 IE
GG L2EELT I VRTHL I bz, K
RIS L B4 ) THEMKRS BRI DET ) ¥ 7 &7\,
BT THA FOBMDEHEZ L Th7zE T H, AspST DEE
Bl (=2) 7 A FOFMNITKE BT L LN
DA o7z, Bacillus circulans MH-K1 ¥ b % F— ¥ D4,
JLVT7 MNICHTES AME—DORFRT I /BETH D Tyr
148 OIFMHERMER 24T\ (Y148S), T 72, BE#EG 7 L
7 b OB IAFAET B Lys218 DZEE b 471 (K218P),
INSERBEDHFTZITo7:. FNODERBEDE
AR N VEICHED VT, BREREEER TR
&2 A, Y1488 131.0 keal/mol (3 &, K218P 133.6 kcal/mol
BEDEBEMRAENORBIHHRZ o Tz, DLEX D, Tyr
48 IZIFE DY T /) — AR EAFBIHAEFEA %I To T 5
Zt, BXU, 7L 7 FEOBICHTET 5 Lys218 £ 56
V= TR II R AICERTH D I L bro T,
% % % %k %

(ER) LW 27) a - AEAbEF B

1) REEEBETRAL, BEZ LA SERHS CD
AR MVEED, [RIEMICEREREE 23] & v %
BhrdH) LD, BESTOWLE, BESTOOL
L L DT 05 =DHEETADTELRNWTL LY
»?

2) LoOEBROEE, BEAPUKSNTLE>ZGE
i3, EOLHICFHET ADTTH?

(&)

1) MBLBERTRZDI I BT 725 —%EETN
ETYD, EERSEMZH L & 23 1UE, Schellman 285
RILL - REERES Tt DEREIELLETOT
(Biopolymers, 14, 999-1018 (1975)), Tm ® LA HEE &
DIEEN M LD EER LI ENTEET. TN
FC, SUMNIIIHY) VF—LRHEEF NS —ET
ZOWMBN e EBHEIE LN TV E T (Pace and
McGrath: J. Biol. Chem., 255, 3862-3865 (1980); Honda et
al., FEBS Lett., 411, 346-350 (1997)). KFOHP TSR L
TWBEBEMIZ L BEEFERITITT, ZhH RN
Bl ERUSHETIT>TWETOT, Tm D EFIZEDIHE
EAEAMOFMIEZ L TH L LEZTNET.

2) ZOERIE, EAMICIE, ) aY FESOUIN
PRIOLWVE ) REHFTITHIRETT. L, il
EEFRNIIARIETLBELHNY, D WVITHEE
BNAT & 2D b F A58 % s L TREA LT 2 255 e 1
IOLBWEW) LI LRETHNLEIRETT. AFD
EBTI, NEUOERRBZD 5T, SHIniwvt
) THE (S8 ZHVTWIETOT, Y ay FEEED
W O EEEIZ & b D EXFT.



