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Abstract: We characterized SaHEX, which is a glycoside hydrolase (GH) family 20 exo-β-N-
acetylhexosaminidase found in Streptomyces avermitilis. SaHEX exolytically hydrolyzed chitin
oligosaccharides from their non-reducing ends, and yielded N-acetylglucosamine (GlcNAc) as the end
product. According to the initial rate of substrate hydrolysis, the rates of (GlcNAc)3 and (GlcNAc)5
hydrolysis were greater than the rates for the other oligosaccharides. The enzyme exhibited antifungal
activity against Aspergillus niger, which was probably due to hydrolytic activity with regard to chitin in
the hyphal tips. Therefore, SaHEX has potential for use in GlcNAc production and food preservation.
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INTRODUCTION

Chitin, a β1,4-linked homopolymer of N-acetylglucosa‐
mine (GlcNAc) residues, is the second most abundant bio‐
mass on earth.1) Chitin constitutes the structural scaffold of
a wide range of living organisms, including fungal cell
walls; the exoskeletons of insects, arthropods, and crusta‐
ceans; and the beaks of cephalopods.2)3)4)5) Chitinases (EC
3.2.1.14) are enzymes that hydrolyze the β-1,4-glycosidic
bonds of chitin, yielding soluble, low-molecular-weight
chitin oligosaccharides. Exo-β-N-acetylhexosaminidases
(HEXase, EC 3.2.1.52) decompose these oligosaccharides
to the monosaccharide GlcNAc. According to the CAZy
database (http://www.cazy.org/),6) chitinases belong to gly‐
coside hydrolase (GH) families 18 and 19, and HEXases
belong to GH families 3, 20, and 84.7)8)9) These enzymes
contribute to chitin recycling, and maintain the natural car‐
bon and nitrogen cycles. Industrially, chitin is purified from
crab or shrimp waste, and is subsequently converted into
valuable materials including GlcNAc. Although chitin has

†Corresponding author (Tel. +81–742–43–7297, Fax. +81–742–43–
8976, E-mail: ohnumat@nara.kindai.ac.jp)
Abbreviations: GlcNAc, N-acetyl-D-glucosamine; GlcNAcase, exo-β-
N-acetylglucosaminidase; (GlcNAc)n, β-1,4-linked oligosaccharide of
GlcNAc with a polymerization degree of n; GH, glycoside hydrolase;
GlcNAc-GlcN, β-N-acetyl-D-glucosaminyl-(1,4)-D-glucosamine;
HEXase, exo-β-N-acetylhexosaminidase; pNP-GlcNAc, p-nitrophen‐
yl-2-acetamido-2-deoxy-β-D-glucopyranoside; SaHEX, exo-β-N-ace‐
tylhexosaminidase from Streptomyces avermitilis.
This is an open-access paper distributed under the terms of the Creative
Commons Attribution Non-Commercial (by-nc) License (CC-BY-
NC4.0: https://creativecommons.org/licenses/by-nc/4.0/).

been converted to GlcNAc chemically, enzyme-mediated
conversion is regarded as a green and environmentally
friendly process. Another distinguishing feature of these
enzymes is their antifungal activity. Chitinases and HEXa‐
ses hydrolytically degrade the chitin in the cell walls and
septa of pathogenic fungi, and inhibit the growth of fungal
mycelia.7)8)10)11)12) Fungi are a major cause of microbial food
spoilage, which has a huge economic cost. Therefore, fun‐
gal contamination of foods remains a significant problem in
the food industry.

In common with other actinobacteria, members of the
genus Streptomyces are aerobic, saprophytic, and gram-
positive. They produce the majority of clinically important
antibiotics and industrially important enzymes.13) More‐
over, they can also assimilate almost any natural polysac‐
charide, and produce enzymes that decompose them, such
as amylase, glucanase, chitinase, chitosanase, xylanase, and
various glycosidases,14)15)16)17) some of which are commer‐
cially available. Therefore, because they are generally con‐
sidered safe biodegrading natural products, there has been
some focus on chitinolytic enzymes from Streptomyces as
possible agents for GlcNAc production and the biopreser‐
vation of food. In the present study, we describe the enzy‐
matic characterization of a GH20 enzyme from Streptomy‐
ces avermitilis called SaHEX. SaHEX is a commercial en‐
zyme preparation (Nagase ChemteX Corporation, Osaka,
Japan), and is licensed for use as a food additive in Japan.

MATERIALS AND METHODS

Materials. SaHEX, an exo-β-N-acetylhexosaminidase from
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Streptomyces avermitilis was obtained from Nagase Chem‐
teX Corp. The nagZ4 gene (SAV_5268) encodes SaHEX in
S. avermitilis. The amino acid sequence of this protein can
be accessed through NCBI Protein Database under NCBI
accession number BAC72980. GlcNAc and chitin oligosac‐
charides, (GlcNAc)n (n = 2–6), were obtained by the acid
hydrolysis of chitin from crab shells,18) followed by gel fil‐
tration on Cellufine Gcl-25m (JNC Co., Tokyo, Japan).
Hetero-disaccharide GlcNAc-GlcN was prepared by the
method of Mitsutomi et al.19) pNP-GlcNAc was obtained
from Sigma-Aldrich Corporation (St. Louis, MO, USA).
TSK-GEL G2000PW and TSK Amide-80 columns used for
(GlcNAc)n separation were from Tosoh Corporation (To‐
kyo, Japan). All other reagents were of analytical grade.
Sodium dodecyl sulfate-polyacrylamide gel electrophore‐
sis (SDS-PAGE) and protein determination.　 SDS-PAGE
was done by the method of Laemmli using a 15 % acryla‐
mide gel.20) Proteins on the gel were stained with Coomas‐
sie brilliant blue R250. The concentration of SaHEX was
determined by reading absorbance at 280 nm using an ex‐
tinction coefficient (106,230 M−1 cm−1) calculated from the
equation proposed by Pace et al.21)

Enzyme assays. We investigated GlcNAcase activity of
SaHEX spectrophotometrically by a p-nitrophenol (pNP)
assay using pNP-GlcNAc as a substrate, and by a reducing
sugar assay using (GlcNAc)n (n = 2–6) or GlcNAc-GlcN as
a substrate. For the pNP assay, we added the enzyme solu‐
tion (1.5 µL) to 0.2 mL of 2 mM pNP-GlcNAc in 20 mM
sodium acetate buffer (pH 5.0). After incubating the reac‐
tion mixture at 37 °C for 15 min, we added 0.8 mL of 0.25
M NaOH, and measured the absorbance of the released
pNP spectrophotometrically at 405 nm. One enzyme unit
(U) was defined as the amount of enzyme required to re‐
lease 1 μmol of pNP per min at 37 °C. For the reducing
sugar assay, we added the enzyme solution (5 µL) to 0.25
mL of 0.2 mM (GlcNAc)n (n = 2–6) or GlcNAc-GlcN in 20
mM sodium acetate buffer (pH 5.0). After incubating the
reaction mixture at 37 °C for 6 min, we determined the re‐
ducing power of the mixture with ferricyanide/ferrocyanide
reagent according to the method described by Imoto and
Yagishita.22) One enzyme unit (U) was defined as the en‐
zyme activity that produced 1 µmol of GlcNAc per min at
37 °C.
Thin layer chromatography (TLC) of the reaction prod‐
ucts produced by SaHEX.　 We incubated a reaction mix‐
ture comprising 2.1 μM SaHEX and 9.0 mM (GlcNAc)n (n
= 2–6) or GlcNAc-GlcN in 20 mM sodium acetate buffer
(pH 5.0) at 37 °C for 0–30 min. The reaction products were
analyzed by TLC using a silica gel 60 aluminum sheet
(Merck, Darmstadt, Germany). The plate was developed in
a solvent system comprising butan-1-ol/methanol/28.8 %
ammonium hydroxide (5:4:2, by vol.), and the carbohy‐
drates were visualized by heating the plate after dipping it
in vanillin/H2SO4 reagent.
Anomer analysis of the reaction products produced by Sa‐
HEX.　 We used high-performance liquid chromatography
(HPLC) to investigate the mode of cleavage of (GlcNAc)3

and (GlcNAc)4 by SaHEX by determining the anomeric
forms of the enzymatic products. The enzymatic hydrolysis

of (GlcNAc)3 and (GlcNAc)4 was carried out in 20 mM so‐
dium acetate buffer (pH 5.0), and the enzymatic reaction
was conducted at low temperature (25 °C), to suppress mu‐
tarotation of the reaction products. The initial enzyme and
substrate concentrations were 1.7 μM and 3.9 mM, respec‐
tively. After 2, 5, 15, and 30 min of incubation, we directly
injected a portion of the reaction mixture into a TSK
Amide-80 column, which was eluted with a mobile phase
comprising 70 % acetonitrile and 30 % water at a flow rate
of 0.7 mL/min. We detected the substrate and enzymatic
products by ultraviolet absorption at 220 nm. The hydroly‐
sis site of the oligosaccharide substrates was estimated
from the product distribution and anomer ratio (α/β) of the
individual oligosaccharide products.23) Because SaHEX is a
retaining enzyme, the β-anomer should be abundant at the
newly produced reducing ends. Therefore, the products,
which are rich in the β-form, correspond to the glycon side
of the substrate.
HPLC determination of the reaction time-course.　 We
investigated the time-course of oligosaccharide degradation
by quantitatively determining the reaction products from
the SaHEX-catalyzed hydrolysis of (GlcNAc)n (n = 2–6)
using gel-filtration HPLC. The enzymatic reaction was per‐
formed in 20 mM sodium acetate buffer (pH 5.0) at 37 °C.
The enzyme and substrate concentrations were 1.28 μM
and 4.5 mM, respectively. To terminate the enzymatic reac‐
tion, we added an equal volume of 0.1 M NaOH solution to
the reaction mixture, and immediately froze the solution in
liquid nitrogen. After thawing, we applied a portion of the
solution to a TSKgel G2000PW gel filtration column. Elu‐
tion was carried out with distilled water at a flow rate of 0.3
mL/min. We detected the oligosaccharides by measuring
the absorption of ultraviolet radiation at 220 nm. Peak areas
obtained for the individual oligosaccharides were converted
to molar concentrations, which were then plotted against
the reaction time to obtain the reaction time-course.
Antifungal activity.　 We investigated the antifungal activ‐
ity of SaHEX using Aspergillus niger as the test fungus. A.
niger was grown on a potato dextrose agar (PDA) plate at
25 °C for 1 day. We deposited the fungal mycelia growing
on the surface of the thin layer of PDA on the surfaces of
microscope slides, and treated the slides with 20 mM so‐
dium acetate buffer (pH 5.0; control) or the same buffer
containing SaHEX (586 pmole). Within 5 min of treatment,
we examined and photographed the slides using a light mi‐
croscope (Olympus CH-2, Tokyo, Japan) at 400× magnifi‐
cation.

RESULTS AND DISCUSSION

Enzyme preparation and enzyme activity of SaHEX.
We dissolved 1 g of freeze-dried SaHEX obtained from

Nagase ChemteX Corporation in 20 mL of 20 mM sodium
acetate buffer (pH 5.0). Undissolved substances were re‐
moved by centrifugation at 14,000 × G for 15 min, and the
supernatant was dialyzed against the same buffer. The
SaHEX in the supernatant produced a single band on the
SDS-PAGE, which indicates that the enzyme preparation
was pure enough for biochemical characterization studies.
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According to the SDS-PAGE analysis, the SaHEX had a
molecular mass of 54 kDa, which corresponds to the mo‐
lecular mass calculated from the amino acid sequence (Mr =
53942.76) (Fig. 1). The SaHEX was capable of hydrolyzing
pNP-GlcNAc, (GlcNAc)n (n = 2–6), and GlcNAc-GlcN.
Among the natural glycosides tested, SaHEX produced
more reducing sugars from (GlcNAc)n (n = 4–6) than the
others (Table 1).

　
TLC analysis of the reaction products produced by Sa‐
HEX.

We analyzed the patterns of (GlcNAc)n (n = 2–6) degra‐
dation by SaHEX using TLC (Fig. 2A–E). The TLC analy‐
sis clearly indicated that SaHEX acted exolytically, yield‐
ing GlcNAc as the end product from all the chitin oligosac‐
charides; that is, (GlcNAc)n (n = 2–6) was hydrolyzed to
(GlcNAc)n-1 + (GlcNAc). The intermediate products—
which were one GlcNAc unit shorter than the starting sub‐
strates—were further hydrolyzed to the final product
GlcNAc. We also investigated the hydrolytic activity of
SaHEX with regard to GlcNAc-GlcN. This hetero-disac‐
charide is a cell wall component of pathogenic fungi, and is
a potential substrate for HEXase in nature.24) It was shown
that SaHEX is able to hydrolyze not only the β-1,4-glycosi‐
dic bond between GlcNAc-GlcNAc but also the bond be‐
tween GlcNAc-GlcN (Fig. 2F). GH20 enzymes have been
shown to use substrate-assisted mechanism involving the 2-

SDS-PAGE analysis of SaHEX.
　Lane M, molecular weight markers; 1, SaHEX.
Fig. 1.

Specific activity of SaHEX.

Substrate Specific activity (U/mg)*

pNP-GlcNAc 9.97**
GlcNAc-GlcN 3.84
(GlcNAc)2 8.45
(GlcNAc)3 6.74
(GlcNAc)4 22.2
(GlcNAc)5 24.0
(GlcNAc)6 23.3

*Specific activity was defined as μmol/min of reducing sugar equiva‐
lent to GlcNAc released per milligram of enzyme. **Specific activity
was defined as μmol/min of pNP released per milligram of enzyme.

Table 1.

acetamidogroup of the –1 sugar.25) Therefore, these results
suggest that SaHEX has a specificity for the N-acetyl group
of GlcNAc at subsite (–1), but not at subsite (+1).

　
Anomer analysis of the reaction products produced by Sa‐
HEX.

The anomeric forms of the enzymatic products provide
information about the cleavage site of the oligosaccharide
substrates. HPLC profiles showing the enzymatic hydroly‐
sis of (GlcNAc)3 and (GlcNAc)4 are shown in Fig. 3. The
GlcNAc product obtained from substrates (GlcNAc)3 and
(GlcNAc)4 was rich in the β-anomer. Because the enzymat‐
ic reaction takes place through a substrate-assisted catalysis
mechanism in GH20 family enzymes, SaHEX should pro‐
duce the β-anomer during hydrolysis. Therefore, the pre‐
dominance of the β-anomeric form of GlcNAc suggests
that the first glycosidic linkage from the non-reducing end
of the substrates was hydrolyzed by the enzyme. The α/β
ratio of (GlcNAc)2 to (GlcNAc)3 in the hydrolysate of
(GlcNAc)4 was in a state of equilibrium (α/β = 1.6), indi‐
cating that the product (GlcNAc)3 from (GlcNAc)4 was fur‐
ther hydrolyzed into GlcNAc and (GlcNAc)2, just as the
substrate (GlcNAc)3 was. All of these results revealed that
SaHEX hydrolyzes the first linkage from the non-reducing
end of the chitin oligosaccharide substrates, indicating that
SaHEX has GlcNAcase activity.

　
Time-course of chitin oligosaccharide hydrolysis by
HPLC.

To determine the hydrolysis mechanism of SaHEX, we
quantitatively investigated the enzymatic products by gel
filtration HPLC. SaHEX rapidly released GlcNAc as the
main product from (GlcNAc)n (n = 2–6) (Fig. 4).
(GlcNAc)n was first converted to (GlcNAc)n−1 and an
equivalent amount of GlcNAc. The intermediate product
(GlcNAc)n−1 was further converted to (GlcNAc)n–2 and an
equivalent amount of GlcNAc, and the reaction continued
until all the intermediate products had been converted to
the final end product GlcNAc. According to the initial rate
of substrate hydrolysis, the rates of (GlcNAc)3 and
(GlcNAc)5 hydrolysis were greater than the rates for the
other oligosaccharides. SaHEX might degrade the odd-
numbered chitin oligosaccharides faster than the even-ones
except for (GlcNAc)2. The rate of (GlcNAc)2 hydrolysis
was much lower than the rates of the other oligosacchar‐
ides. ScHEX, a β-N-acetylhexosaminidase from S. coelicol‐
or A3(2) showed the highest activity against (GlcNAc)6. In
this case, the worst substrate was (GlcNAc)4.26) On the oth‐
er hand, a β-N-acetylhexosaminidase from S. alfalfae
showed the highest activity against (GlcNAc)4, followed by
(GlcNAc)5, (GlcNAc)6, (GlcNAc)3, and (GlcNAc)2.27) The
amino acid sequences of these enzymes were found to
share more than 70 % identity with that of SaHEX. NagC, a
β-N-acetylglucosaminidase from S. thermoviolaceus
OPC-520, which has low sequence identity with SaHEX
(22 %), hydrolyzed (GlcNAc)2 faster than the other oligo‐
saccharides, but did not hydrolyze (GlcNAc)6.28) Substrate
specificity of GH20 enzymes from Streptomyces species is
quite variable.
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Antifungal activity.
Aspergillus niger is a plant pathogen. It contains several

classes of polysaccharides, including chitin in its cell walls.
A. niger is also a common food contaminant, and causes
black mold disease in certain vegetables and fruit.29) Com‐
pared to the control—in which the A. niger hyphae were
normal and healthy—treatment with SaHEX markedly af‐
fected the morphology of the hyphae. Close inspection of

the SaHEX-treated mycelium using a light microscope re‐
vealed cytoplasmic leakage, and swelling and bursting of
the hyphal tips (Fig. 5B). However, we observed no such
damage in the control experiment with the buffer solution
(Fig. 5A). These changes seem to be due to degradation of
the chitin and/or chitosan present in the cell walls, followed
by changes to the membrane structure and mycelium per‐
meability. In fact, when we evaluated the hydrolytic activi‐

TLC analysis of (GlcNAc)n (n = 2–6) and GlcNAc-GlcN hydrolysis by SaHEX.
　A reaction mixture comprising 2.1 μM SaHEX and 9.0 mM of: (A) (GlcNAc)2; (B) (GlcNAc)3; (C) (GlcNAc)4; (D) (GlcNAc)5; (E)
(GlcNAc)6; or (F) GlcNAc-GlcN in 20 mM sodium acetate buffer (pH 5.0) was incubated at various times (from 0 to 30 min) at 37 °C. (A)–(E)
Lanes: M, a standard mixture of (GlcNAc)n (n = 1–6); 1, substrate; 2–6, incubation for 0, 2, 5, 15, and 30 min, respectively. (F) Lanes: M, a
standard mixture of (GlcNAc)n (n = 1–6); 1, GlcN; 2, substrate; 3–7, incubation for 0, 2, 5, 15, and 30 min, respectively.

Fig. 2.

Time-dependent HPLC profiles showing the hydrolysis of (GlcNAc)3 (A) and (GlcNAc)4 (B) by SaHEX.
　The enzyme and substrate concentrations were 1.7 μM and 3.9 mM, respectively. The enzyme reaction was conducted in 20 mM sodium ace‐
tate buffer (pH 5.0) at 25 °C.

Fig. 3.
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ty of SaHEX against the polymeric substrate glycol chitin,
SaHEX increased the amounts of reducing sugars in the re‐
action mixture. These results indicate that SaHEX is indeed
an antifungal protein that is active against fungal patho‐
gens.

In conclusion, in the present study we demonstrated that
SaHEX is an exo-acting enzyme that yields GlcNAc as the
final product of (GlcNAc)n hydrolysis, and is also capable
of hydrolyzing the hetero-disaccharide GlcNAc-GlcN.
SaHEX also exhibited antifungal activity against A. niger,
which was probably attributable to hydrolytic activity with
regard to chitin in the hyphal tips. Therefore, SaHEX has
potential for use in GlcNAc production and food preserva‐
tion.

Antifungal activity of SaHEX against Aspergillus niger on
the culture medium.

　Images showing the fungal hyphae treated with 20 mM sodium
acetate buffer (pH 5.0) (A) and the fungal hyphae treated with the
same buffer containing SaHEX (B). The black arrows indicate swol‐
len and burst hyphal tips.

Fig. 5.

CONFLICTS OF INTEREST

The authors declare no conflicts of interest.

ACKNOWLEDGMENTS

We thank Junpei Kubo, and Yasuhiro Bun (Kindai Universi‐
ty) for their technical assistance.

REFERENCES

K. Kurita: Chitin and chitosan: functional biopolymers
from marine crustaceans. Mar. Biotechnol. (NY), 8, 203–
226 (2006).
H. Merzendorfer: The cellular basis of chitin synthesis in
fungi and insects: common principles and differences. Eur.
J. Cell Biol., 90, 759–769 (2011).
K.J. Kramer and S. Muthukrishnan: Chitin metabolism in
insects. in Comprehensive Molecular Insect Science Vol. 4,
L. I. Gilbert, K. Iatrou, and S.S. Gill, eds., Elsevier, pp.
111–144 (2005).
M.D. Lenardon, C.A. Munro, and N.A. Gow: Chitin syn‐
thesis and fungal pathogenesis. Curr. Opin. Microbiol., 13,
416–423 (2010).
R. Lavall, O. Assis, and S. Campana-Filho: β-Chitin from
the pens of Loligo sp.: Extraction and characterization. Bi‐
oresour. Technol., 98, 2465–2472 (2007).
B. Henrissat and G. Davies: Structural and sequence-based
classification of glycoside hydrolases. Curr. Opin. Struct.
Biol., 7, 637–644 (1997).

1)

2)

3)

4)

5)

6)

Experimental time-courses of (GlcNAc)n (n = 2-6) degradation by SaHEX.
　The enzyme and substrate concentrations were 1.28 μM and 4.5 mM, respectively. The enzyme reaction was conducted in 20 mM sodium
acetate buffer (pH 5.0) at 37 °C. The presented curves for individual (GlcNAc)n (n = 1–6) were obtained by visual estimation of the best fit to the
experimental data points. Symbols: open circles, GlcNAc; squares, (GlcNAc)2; triangles, (GlcNAc)3; diamonds, (GlcNAc)4; crosses, (GlcNAc)5;
closed circles, (GlcNAc)6. (A) Substrate (GlcNAc)2, (B) substrate (GlcNAc)3, (C) substrate (GlcNAc)4, (D) substrate (GlcNAc)5, and (E) sub‐
strate (GlcNAc)6.

Fig. 4.

Shirasaka et al.: Exo-β-N-acetylhexosaminidase from Streptomyces avermitilis 87



Y. Arakane, T. Taira, T. Ohnuma, and T. Fukamizo: Chitin-
related enzymes in agro-biosciences. Curr. Drug Targets,
13, 442–470 (2012).
T. Taira: Structures and antifungal activity of plant chitina‐
ses. J. Appl. Glycosci., 57, 167–176 (2010).
K. Slámová, P. Bojarová, L. Petrásková, and V. Kren: β-N-
acetylhexosaminidase: what's in a name…? Biotechnol
Adv., 28, 682–693 (2010).
S. Yang, X. Fu, Q. Yan, Z. Jiang, and J. Wang: Biochemi‐
cal characterization of a novel acidic exochitinase from
Rhizomucor miehei with antifungal activity. J. Agric. Food.
Chem., 64, 461–469 (2016).
M. Lorito, C.K. Hayes, A.Di. Pietro, S.L. Woo, and G.E.
Harman: Purification, characterization, and synergistic ac‐
tivity of a glucan 1,3-β-glucosidase and an N-acetyl-β-glu‐
cosaminidase from Trichoderma harzianum. Mol. Plant
Pathol., 84, 398–405 (1994).
J.P. Bolar, J.L. Norelli, G.E. Harman, S.K. Brown, and
H.S. Aldwinckle: Synergistic activity of endochitinase and
exochitinase from Trichoderma atroviride (T. harzianum)
against the pathogenic fungus (Venturia inaequalis) in
transgenic apple plants. Transgenic Res., 10, 533–543
(2001).
T. Kieser, M.J. Bibb, M.J. Buttner, K.F. Chater, and D.A.
Hopwood: Antibiotic production by Streptomyces. in Gen‐
eral introduction to actinomycete: Practical Streptomyces
Genetics, 2000. The John Innes Foundation, Norwich, UK,
pp.10–16.
A.S. Ball and A.J. McCarthy: Saccharification of straw by
actinomycete enzymes. J. Gen. Microbiol., 134, 2139–
2147 (1988).
J. Nguyen, F. Francou, M.J. Virolle, and M. Guérineau:
Amylase and chitinase genes in Streptomyces lividans are
regulated by reg1, a pleiotropic regulatory gene. J. Bacter‐
iol., 179, 6383–6390 (1997).
A.S. Ball, B. Godden, P. Helvenstein, M.J. Penninckx, and
A.J. McCarthy: Lignocarbohydrate solubilization from
straw by actinomycetes. Appl. Environ. Microbiol., 56,
3017–3022 (1990).
M.È. Lacombe-Harvey, R. Brzezinski, and C. Beaulieu:
Chitinolytic functions in actinobacteria: ecology, enzymes,
and evolution. Appl. Microbiol. Biotechnol., 102, 7219–
7230 (2018).
J.A. Rupley: The hydrolysis of chitin by concentrated hy‐
drochloric acid, and the preparation of low-molecular-

7)

8)

9)

10)

11)

12)

13)

14)

15)

16)

17)

18)

weight substrates for lysozyme. Biochim. Biophys. Acta,
83, 245–255 (1964).
M. Mitsutomi, T. Hata, and T.Kuwahara: Purification and
characterization of novel chitinases from Streptomyces gri‐
seus HUT 6037. J. Ferm. Bioeng., 80, 153–158 (1995).
U.K. Laemmli: Cleavage of structural proteins during the
assembly of the head of bacteriophage T4. Nature, 227,
680–685 (1970).
C.N. Pace, F. Vajdos, L. Fee, G. Grimsley, and T. Gray:
How to measure and predict the molar absorption coeffi‐
cient of a protein. Protein Sci., 4, 2411–2423 (1995).
T. Imoto and K. Yagishita: A simple activity measurement
of lysozyme. Agric. Biol. Chem., 35, 1154–1156 (1971).
D. Koga, T. Yoshioka, and Y. Arakane: HPLC analysis of
anomeric formation and cleavage pattern by chitinolytic
enzyme. Biosci. Biotechnol. Biochem., 62, 1643–1646
(1998).
T. Fukamizo, Y. Honda, H. Toyoda, S. Ouchi, and S. Goto:
Chitinous component of the cell wall of Fusarium oxyspo‐
rum, its structure deduced from chitosanase digestion. Bio‐
sci. Biotechnol. Biochem., 60, 1705–1708 (1996).
S Drouillard, S. Armand, G.J. Davies, C.E. Vorgias, and B.
Henrissat: Serratia marcescens chitobiase is a retaining
glycosidase utilizing substrate acetamido group participa‐
tion. Biochem. J., 328, 945–949 (1997).
N.N. Thi, W.A. Offen, F. Shareck, G.J. Davies, and N.
Doucet: Structure and activity of the Streptomyces coeli‐
color A3(2) β-N-acetylhexosaminidase provides further in‐
sight into GH20 family catalysis and inhibition. Biochemis‐
try, 53, 1789–800 (2014).
C. Lv, T. Gu, K. Xu, J. Gu, L. Li, X. Liu, A. Zhang, S.
Gao, W. Li, and G. Zhao: Biochemical characterization of
a β-N-acetylhexosaminidase from Streptomyces alfalfae
and its application in the production of N-acetyl-D-glucos‐
amine. J. Biosci. Bioeng., 128, 135–141 (2019).
T. Kubota, K. Miyamoto, M. Yasuda, Y. Inamori, and H.
Tsujibo: Molecular characterization of an intracellular β-N-
acetylglucosaminidase involved in the chitin degradation
system of Streptomyces thermoviolaceus OPC-520. Biosci.
Biotechnol. Biochem., 68, 1306–1314 (2004).
E.R. Palencia, D.M. Hinton, and C.W. Bacon: The black
Aspergillus species of maize and peanuts and their poten‐
tial for mycotoxin production. Toxins (Basel), 2, 399–416
(2010).

19)

20)

21)

22)

23)

24)

25)

26)

27)

28)

29)

88 J. Appl. Glycosci., Vol. 66, No. 3 (2019)


