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Abstract A gene encoding the mannanase of Bacillus
subtilis WL-7, which had been isolated from Korean soybean
paste, was cloned into Escherichia coli, and the gene product
was purified from the culture filtrate of the recombinant
E. coli. This mannanase gene, designated manA, consisted of
1,086 nucleotides, encoding a polypeptide of 362 amino acid
residues. The deduced amino acid sequence was highly
homologous to those of mannanases belonging to the glycosyl
hydrolase family 26. The molecular mass of the purified
mannanase was 38 kDa as estimated by SDS-PAGE. The
enzyme had a pH optimum at 6.0 and a temperature optimum
at 55°C. The enzyme was active on locust bean gum, konjak,
guar gum, and lichenan, while it did not exhibit activity
towards yeast mannan, laminarin, carboxymethylcellulose, 3-
glucan, xylan, and para-nitrophenyl-p-mannopyranoside.

Key words: Bacillus subtilis WL-7, mannanase, gene,
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Mannan-type polysaccharides are some of the major
constituents of the hemicellulose fraction in both hardwoods
and softwoods as well as in the endosperm of many
leguminous seeds and in some mature seeds of non-
leguminous plants. f-Mannans, found in non-leguminous
plants including ivory nut, are unsubstituted linear
polysaccharides, having a backbone composed of [3-1,4-
linked mannose. Glucomannans, found in konjak, are
polysaccharides having a backbone more or less regularly
alternating 3-1,4-linked mannose and glucose. Galactomannans
and galactoglucomannans are $-mannans and glucomannans
having a-galactose linked to O-6 of mannose residues,
respectively. They can also be acetylated to various degree
on O-2 and O-3 of the mannose residues [34]. Galactomannans
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are found in large quantities in seeds of leguminous plants,
and acetylated galactoglucomannans are main constituents
of softwood.

Mannanases, which catalyze the random hydrolysis of
the B-D-1,4-mannopyranosyl linkages within the backbone
of various mannan-based polysaccharides, are enzymes
useful in food, feed, paper, and laundry industries. Although
the mannanases are widely distributed in microorganism,
higher plants, and animals, much attention has been
focused on the microbial mannanases for their industrial
applications. So far, numerous mannanases and their genes
have been identified from bacteria and fungi. Bacterial
mannanase genes were obtained and characterized from
many strains of genus, including Bacillus [19], Clostridium
[24], Thermotoga [32], Cellulomonas [39], Cellvibrio
[15], Caldicellulosiruptor [11], Rhodothermus [33],
Thermoanaerobacterium [1], Dictyoglomus [12], Caldibacillus
[41], Streptomyces [5], and Caldocellulosiruptor [29].
Fungal mannanase genes were mostly reported in strains
of Trichoderma [14], Aspergillus [8], and Piromyces [10].
On the basis of amino acid similarity, these mannanases
have been shown to belong to either glycosyl hydrolase
(GH) family 5 or 26. Most GH26 mannanases are
prokaryotic in origin, whereas GHS mannanases are
derived from bacteria and fungi.

Soybean meal is one of the major components in feeds
for swine, chikens, dogs, and fish. Galactomannans of
leguminous seeds are regarded as antinutritional factors,
because monogastric animals are unable to digest them
rapidly enough to obtain the edible sugars. In addition to
phytase [23] and xylanase [16, 20], mannanase has been
used as a feed additive enzyme to increase nutritional
value of soybean 'meal [22]. For the applications of
mannanase in the fields of food processing and animal
feed additive, we have previously isolated a mannanase-
producing bacterium, Bacillus subtilis WL-7, from Korean
soybean paste [25]. The isolate produced significant arnounts
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of extracellular mannanase in the presence of inducers,
such as locust bean gum and konjak. In this work, the
B. subtilis WL-7 mannanase gene was cloned into
Escherichia coli and the enzyme was purified from the
recombinant E. coli.

MATERIALS AND METHODS

Chemicals and Enzymes

Restriction endonucleases, protease, and RNase were
obtained from Boehringer Mannheim (Manheim, Germany),
and T4 DNA ligase was from Solgent Co. (Deajeon,
Korea), and they were used as recommended by the
manufacturers. Locust bean gum (LBG), guar gum, mannan,
lichenan, barley B-glucan, laminarin, oat spelt xylan, and
birchwood xylan were purchased from Sigma Chemical
Co. (St. Louis, MO, U.S.A.), and mannooligosaccharides
and arabinoxylan were from Megazyme (Wicklow, Ireland).

Bacterial Strains, Plasmids, and Media

B. subtilis WL-7 was used as the source of the gene coding
for mannanase, E. coli XL-1 blue (supE44 hsdR17 recAl
endAl gyrA46 relAl thi lac FproAB' lacl’ lacZ M15
Tn10(zet)]) as host for recombinant plasmids, recombinant
E. coli (pWL7M) for producing the mannanase of B.
subtilis WL-7, and plasmid pUC19 for all cloning and
sequencing experiments. E. coli and B. subtilis were
cultured at 37°C in LB broth (10 g of tryptone, 5 g of yeast
extract, 10 g of NaCl per liter, pH 7.0). Ampicillin (50 pg/
ml) was used for the selection of transformants of E. coli.

DNA Manipulation and Construction of a B. subfilis
WL-7 Genomic Library

The standard procedures of Sambrook et al. [37] were
used for DNA manipulation. The chromosomal DNA was
isolated from B. subtilis WL-7 cells grown exponentially
in LB medium according to the preparative method
described by Rodriquez and Tait [35]. The chromosomal
DNA was partially digested with Sau3Al, and DNA fragments
ranging from 2 to 10 kb were isolated from agarose gel.
The Sau3Al-generated chromosomal DNA fragments
were introduced into the dephosphorylated BamHI site
of pUC19, and the ligation mixture was transformed into
E. coli XL-1 blue by the electroporation method.

DNA Sequencing and Computer Analysis

Restriction endonuclease-generated DNA fragments of
the B. subtilis DNA were subcloned into pUCI19. The
nucleotide sequences of the fragments were determined
with a DNA sequencer (ABI Prism 377, Perkin Elmer Co.,
Foster, CA, U.S.A.). The DNA and protein sequences were
analyzed, using the DNASIS (Hitachi Software Engineering,
Japan) program.

Mannanase Purification

The recombinant E. coli XL-1 blue carrying pWL7M
was grown overnight at 37°C in 400 ml of LB medium
containing ampicillin. The culture filtrate was concentrated
by ultrafiltration (PM10), followed by fractionation with
ammonium sulfate (30-70% saturation). The precipitate
was collected and resuspended in 4 ml of 20 mM Tris-HC1
buffer (pH 8.0). After dialyzing against the same buffer,
the crude enzyme suspension was applied to a DEAE-
Sepharose column (2.5x15 cm) which had been equilibrated
with 20 mM Tris-HCI, pH 8.0. After washing with the
same buffer, bound proteins were eluted with a linear NaCl
gradient (0 to 0.4 M) at a flow rate of 1 ml/min. The active
fractions were concentrated by ultrafiltration and dialyzed
against 20 mM Tris buffer, pH 8.0. The dialyzed sample was
loaded onto a Q-Sepharose column (1.5x10 c¢cm), and the
proteins were then eluted with a linear NaCl gradient (0 to
0.3 M). The active fractions were pooled and concentrated
by ultrafiltration. Proteins were analyzed by SDS-PAGE.

Enzyme and Protein Assays

The mannanase activity was determined by measuring the
amount of reducing sugars liberated during the hydrolysis
of LBG by the dinitrosalicylic acid method [28]. The
standard assay reaction mixture consisted of 0.5% (w/v)
of polysaccharide substrates supplemented with 50 mM
sodium citrate buffer (pH 6.0) and enzyme to make a final
volume of 0.3 ml. The reaction mixture was incubated at
50°C for 15 min. One unit of the enzyme activity was
defined as the amount of enzyme to produce 1 umol of
reducing sugar per min. Protein concentrations were
determined by the Bradford method [6] with bovine serum
albumin as a standard.

Effects of pH and Temperature on Enzyme Activity
The effect of pH on the reaction rate was determined by
measuring mannanase activity at different pH values under
standard assay conditions, using 50 mM sodium citrate
(pH 4.0 to 6.0), sodium phosphate (pH 6.0 to 8.0), and
KCl-borate (pH 8.0 to 9.0) buffers. The activity of the
purified enzyme was also assayed at temperatures ranging
from 35°C to 70°C under standard assay condition. After
the enzyme suspension was allowed to stand at 4°C for 1 h
at various pH values (pH 4.0 to 9.0) without the substrate,
the remaining activity was measured. The thermostability
of mannanase was also examined by measuring the
remaining activity after preincubating at various temperatures
(35 to 70°C) without substrate.

N-Terminal Sequencing

The N-terminal amino acid sequence of the purified
enzyme was determined by automatic Edman degradation,
using a Procise 491 protein sequencer (Applied Biosystems,
U.S.A)), at Korea Basic Science Institute Seoul Branch.



RESULTS AND DISCUSSION

Cloning and Nucleotide Sequence of a B. subtilis WL-7
Mannanase

The genomic library of B. subtilis WL-7 was constructed
in E. coli XL-1 Blue, using pUC19 as a cloning vector.
Approximately 3,000 transformants were transferred into
LB agar plates containing ampicillin. After overnight
incubation, these plates were overlayed with soft agar
(0.7%) containing 0.2% LBG and 80 ppm trypan blue for
screening E. coli clone with mannanase activity. After
incubation for 2 h at 50°C, a single E. coli clone capable
of hydrolyzing LBG was obtained by scoring the clear
zone around the colony. To investigate secretion of the
mannanase produced by the E. coli clone containing the
B. subtilis WL-7 mannanase gene, mannanase activity was
measured, using LBG as a substrate, with the culture
filtrate and cell-free extract of the E. coli clone grown in LB
broth for 12 h. Mannanase activity was equally detected in
both the culture filtrate and cell-free extract, indicating
that about 50% of the WL-7 mannanase was secreted
by the recombinant E. coli cell. It was reported that 58%
of mannanase were localized in the extracellular and
periplasmic fractions of recombinant E. coli cell, harboring
Bacillus sp. AM-011 mannanase gene [2]. The recombinant
plasmid, named pWL7M, was isolated from the E. coli
clone and analyzed with various restriction enzymes. As
shown in Fig. 1, the mannanase gene, designated as manA,
was found in the 2.0-kb insert DNA fragment on plasmid
pWL7M.

The complete 2,087-bp sequence of the insert was
determined, and the deduced amino acid sequence of
mannanase yielded an open reading frame of 1,086
nucleotides coding for a protein of 362 amino acids with
an estimated molecular mass of 40,871 Da (Fig. 2).
The manA gene is preceded and followed by two orfs
(nt positions 1-238 for orfl and 1,404-2,087 for
orf2) encoding the carboxy termini of truncated proteins
showing 96% homology to a 78 amino-acid stretch of
phosphomannose isomerase of B. subtilis 168 (GenBank
accession number Z99107) and 81.7% homology to a 227
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Fig. 1. Restriction endonuclease map of the pWL7M insert
DNA.

Below the restriction map, the manA indicates a structural gene of
mannanase. The orfl and orf2 correspond to putative truncated genes,
encoding phosphomannose isomerase and catalase, respectively. The
arrows indicate the directions of transcription. Restriction site
abbreviations are as follows: B, Bcll; E, EcoRI; Ev, EcoRV; N, Nsil; P,
Pvudl; S, Sall; Sc, Sacl; Sm, Smal; X, Xhol.
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GATCATTGTTTATGTGCAATCAGATTATTTC TCAGTGTACAAATGGAAGA TTAGCGGOCGAGC TRCTTTTCCTTCACATCAAACCTATTTGCTGRGGAGT 100
GITCTGAGCGGATCAGGACGAY TCATAAATAATCOTATICAGTATGAA TGCAATCCAGGC TCACACT TIGTCTIGCCY GUGCATTTIGGCGAGTTTTUAA 200

-35 -10
TAGAAGGAACATGTGAATECATGATATCTCATCCTTAATGAA TGGEGGAG TTGCATTTGTTTAAGAAACATACGATCTCTTTGCTCATTATATTTTTACT - 300
Sb L FEKHT LS L LT T FLIL

TCCGTCIGCTGTTTTAGCAMACCAATTGAAGCGCATACTGTGTCROC TG TGANTCCTAATGCCCAGCAGACAACAMAACAGTGATCAACTGGCTTONG 460
A543 VLAKPT NAQQATTKTVYYNFLA
ACCTGCCGAACCGAACGAAAACAGAGTCCTITTC ACAGTCATGACACATTTTCTATGGCTGAGGCTGAT AGAATCCUAAGCE 500
L PNRTENRYLSG DTFSHAEADRIRS
CCACOGGGCAATCGCCTRC TATTTATGGC TGCGATTATGCCAG AAMTATTGAAGATTCAATAGATGTANGCTRCAACGGCGA 600
ATGQESPATLYGCDY ARGVWLE NTEDSTDYSCNGD
TITAATGTCETATTGGAAAAATGGCEGAATTCOGCAAATCAGTTTGLACC TRGCRAACCCT IFCTTH‘C-\CTCAL'G({-\TI TPAASACACCGATTACAAAT 700
LS YFEKNGGTIPQGISLIELANPAFQSGUFETPITN
GATCAGTATAAMAAMATACTAGATTC TTCAACAGCAGAAGGAAAGCHGCT ALY TLOCATEC TCAGCAATTGC TGACGGAC TTCAGAGCTRGAGAACC 800
DQYKEKTLDSSTAEGEKRLNANLSKIADGLAQ@ELEN
AGRTETGCCTRTTCTOTTCAGGCCGC TRCATGAA TGAACGGTGAATGGTTTTGG TRGGGACT TACATCATATAA TCAAAAGGATAATCAMGAATCTC - 900
QGVPVLFRPLHEUNGEVWFW¥®¥GLTSYNQKDNERTS
TCTATATAAACAGCTCTACAAGAAAA TCTATCATTA TATGACCGACACAAGAGGACTTGATCATTTGAT TIGGG TTTACTCTCCOGACGCCAACCGAGAT 1000
LYKQLY KTYHYMTODTRGLDILIWVYYSPDANRD
TTTAMACTGATTTTTACCCGGGCGCATCTTACC TG ATATTGTOROATTAGATGCGTATTTICAAGATGCC TACTCGATCAATGGATACGATCAGC TAA 1100
FETDFYPGASY VDIVYGEGLDAYFQDBAYSITNGYDQL
CAGCGCTTAATAAACCATTTGCTTTTACAGAAGTTGGCCCGCAAACAGCAAACGGCAGCTTCGATTAC AGCCTGTTCATCAATGCAATALAAC AAAAATA 1200
TALNKPFAFTEYGPQTANGSFDYSLFLINAILKQKY
TCCTAAAACCATTTACTTCCTCOCATRGRAA TGATGAN TGGAGCCCACCAGTAACAAGGGTUCTTCAGC TTTATATEATGACAGC IGGACACTCAATAL 1300
PXKTIYFLAWYNDEVW¥WSPAVNEGASALYNDSWTILNEK
GOAGAMTATRGAATGRCGATTCTTTAACGCCAATOR TTGAATGAATCAGTAA TG TACAA TAAGAAGGTGCTCAAG! g ET’KV\GL ACCTTCCCACT 1400
GET¥NGDSILTPITVE

GEATTAAGCATTCATATCGCCTAACCCAGGAC TG TG TTCATTCGGTATTTCAGGAAGCAC 1(,(, TA0GGGAAACCCTGCCGGAGGATCTATTACTIGE MC 1500
TCTCOGCCATTTCGGCTTGGAGATTTCK
CATACTTTCTGCACTCAGGATATETAY ¥

ATTCTGGTGAGCATTGTCGLGACAA ICI\C»\-\.»\A(}C-\\( TG WI‘C(:C(:CMC( TCTGATTA rCfL\FTIL—\TAMTIC’l I‘(‘l TTITIGEAGCACACCT 1800
GTOGACTCANGAAGCAGATTATCAAGCARG TCAGTAATTAAGTTTCORTGGTTATACACCL: CCCGTTCCACHGATTGRCCCCCTGRCATCAACOAGAA 1900
GOGAACTTIGCGCACCAATAATATANTGATGAGGAT T AGCATGTTTAACGUC TTCATTAAG CTTGATCTCCACCTTGACTGCCGACACCTICACC 2000
GCCTGATTCATCTAATAAMGCATTGATTGTGTTTTGAACCAGTTCAACGTGRGLCARTYC AAAAMAATGCCGOGANGCAGATC 2087

Fig. 2. Nucleotide sequence and deduced amino acid sequence
of the mannanase gene.

The amino acid deduced from the open reading frame is shown with the
one-letter code below the nucleotide sequence. Putative ribosome binding
site (SD) and promoter sequence (-35 and - 10) are underlined. Amino
acids corresponding to the signal sequence are italicized. Underlined
amino acids indicate the N-terminus of mature protein purified from
culture filtrate of recombinant E. coli carrying a B. subtilis WL-7
mannanase gene. Palindrome sequence that may act as a transcription
terminator is indicated by arrows facing each other. The numbers at the end
of each line correspond to the nucleotide positions. The nucleotide
sequence has been deposited with GenBank under accession number
AY601725.

amino-acid stretch of catalase from B. anthracis Ames
(accession number NP_845456), respectively (data not
shown). A putative start codon, TTG, of manA is located
at nucleotide position 257, which is separated by 18
nucleotides after the termination codon of the truncated
phosphomannose isomerase (pmi) gene, whereas the termination
codon, TGA, is at position 1,343. According to a putative
ribosome binding site (GGGGGAG) which was followed
at a spacing of 6 bp by the codon, the putative initiation
codon was expected. Sadaie er al. [36] reported that the
start codon of a B. subtilis 168 mannanase gene is TTG,
while the start codon of mannanase genes was predicted to
be ATG from Bacillus sp. SH [19], B. subtilis NM-39 [26],
and B. subtilis HBOO2 (accession number AF324506). The
start codon of B. subtilis HB0OO2 gene corresponded to
nucleotide position 242 of B. subtilis WL-7 manA gene,
but the nucleotide sequence for putative RBS was not
found upstream from nucleotide position 242 of the manA
gene. The initiation codon of a B. stearothermophilus No.
236 B-xylosidase gene was also known to be TTG [21].
Possible promoter sequences, TTGCCT for the - 35 region
and TTCAATA for the -10 region with a 17-bp spacing
between them, were found within the truncated pmi gene.
A possible transcriptional terminator consisting of a 15-bp
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palindrome was found downstream of the TGA termination
codon. This palindromic sequence was also followed by a
TAA termination codon of the putative truncated catalase
gene, suggesting that transcriptional terminations of both
manA and catalase gene occur at the same palindromic
sequence in reverse direction with each other.

The codon utilization pattern for the manA gene
resembled that of the highly expressed B. subtilis gene in
amino acid residues such as Leu, Pro, Gln, and Phe. But,
for Tyr, lle, Asn, Asp, and Gly, it resembled that of weakly
expressed gene [13]. In addition, the manA had a total
42.5% G/C content while the G/C content was 39.9% at
the third base of the codon. The manA did not show any
preference for G or C residues at the third base of the
codons, similar to the weakly expressed E. coli genes [38].

Comparison of B. subtilis Mannanase with Others

When the deduced amino acid sequence of a WL-7
mannanase was compared with the sequences of other
mannanases in the NCBI database, using the BLAST search
program [3], the present mannanase showed high homology
with those of mannanases from Bacillus strains belonging
to glycosyl hydrolase family 26; B. subtilis 168 (98%
identity), B. subtilis HB002 (identity: 96%), Bacillus sp.
SH (identity: 95%), and B. subtilis NM-39 (identity: 66%).
Amino acid sequences of the mannanase from the above
Bacillus species are aligned in Fig. 3. These mannanases
had a catalytic module, while many GH26 mannanases
from Clostridium thermocellum [24], Caldicellulosiruptor
sp. Rt8.B4 [11], Cellulomonas fimi [39], and Caldibacillus

cellulovorans [41] were composed of at least two modules.
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5H
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Fig. 3. Comparison of the B. subtilis WL-7 mannanase with
others.

The amino acid sequences of five mannanases from B. subtilis WL-7
(WL), B. subtilis 168 (BS), B. subtilis HB002 (HB), Bacillus sp. 5H (5H),
and B. subtilis NM-39 (NM) are given in the one-letter code and have been
aligned by introducing gaps (hypens) to maximize similarities. Residues
identical to amino acid sequence of the WL-7 mannanase are indicated by
asterisks in other sequences. Numbers at the end of each line correspond to
the amino acid position in the protein.

(kDa)

g7.4
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Fig. 4. SDS-PAGE of the mannanase purified from recombinant
E. coli.

Lane 1, the molecular weight markers; lane 2, the purified enzyme.
Molecular size is shown in kilodaltons to the left side of the gel.

The 26 amino acid stretch in the N-terminus of the
predicted amino acid sequence has properties similar
to typical signal peptides in Bacillus sp. consisting of
positively charged amino acids followed by a hydrophobic
amino acid stretch. When the N-terminal region of WL-7
mannanase was compared with the cleavage sites of other
signal peptides, the amino acid sequence (I-E-A) for
cleavage site was not identical to a typical signal peptidase
processing site (A-X-A) [45]. In the present study, the
N-terminal amino acid sequence of mannanase purified
from culture filtrate of recombinant E. coli (pWL7M) was
determined to be HTVSPVNPNA, which is identical to
that of the mannanase purified from Bacillus sp. SH [19].
This corresponded to the amino acid sequence from
positions 27 to 36, suggesting that this protein was secreted
by both the recombinant E. coli and B. subtilis WL-7 with
the same leader peptide processing site in the premature
mannanase. Thus, the presently purified mannanase was
estimated to have a molecular mass of 38 kDa, which
matches closely to the one determined by SDS-PAGE, as
shown in Fig. 4. Mannanase produced by recombinant
E. coli, carrying a C. fimi mannanase gene, was reported to
be longer at the N-terminus than that from C. fimi [40].

Physicochemical Characterization of the Purified
Mannanase

From the culture filtrate of E. coli carrying pWL7M, the
mannanase was purified 27-fold with specific activity
of 10,080 U/mg and 21.6% yield. As shown in Fig. 4,
SDS-PAGE showed a single band corresponding to
molecular mass of 38 kDa, which agrees with that of mature
mannanase as predicted by the nucleotide sequence of
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Fig. 5. Temperature optimum and thermostability of the purified
mannanase.

The enzyme reaction was performed at various temperatures (@) for
15 min in 50 mM sodium citrate buffer (pH 6.0). Thermostability () was
determined by measuring the residual activities after pre-incubation for 1 h
at different temperatures.

manA in Fig. 1. Its molecular mass was similar to those of
mature mannanases from B. subtilis (38 kDa) [27], B.
pumilus (38 kDa) [4], Aspergillus niger (40 kDa) [1], C.
cellulovorans (38 kDa) [44], or Dictyoglomus thermophilum
(40 kDa) [12]. Most of other mannanases have molecular
mass higher than that of B. subtilis WL-7, including
mannanases from Vibrio sp. (49 kDa) [43], T. neapolitana
(65 kDa) [9], B. stearothermophilus (73 kDa) [42], and
Enterococcus casseliflavus (142 kDa and 137 kDa) [31].
In particular, mannanase of Pseudomonas sp. PT-5 has
been reported to have a 34 kDa molecular mass [46].

The purified mannanase was optimally active on LBG
at 55°C with greater than 50% activity at temperature
between 45°C and 60°C (Fig. 5). Thermostability of the
enzyme was determined by measuring remaining activity
after preincubation in citrate buffer (50 mM, pH 6.0) for
1 h at various temperatures. The enzyme was stable up to
45°C, and its stability rapidly decreased at above 60°C. The
mannanase exhibited optimal activity in the pH range of
5.0- 7.5 with the highest activity at pH 6.0 (Fig. 6). At least
80% of the activity were maintained at pH 4.5 to 9.0, and
no residual activity was detected at pH 3.0. In a previous
report, the mannanase activity in the culture supernatant of
B. subtilis WL-7 was detected maximally also under the
reaction condition of 55°C and pH 6.0 [25].

The effects of various reagents, including metal salts,
EDTA, dithiothreitol, and SDS, on the mannanase activity,
was investigated. As shown Table 1, the activity of the
purified mannanase was not enhanced by any of the
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Fig. 6. pH optimum and pH stability of the purified mannanase.
Buffers (50 mM) used were as follows: sodium citrate (pH 3- 6), sodium
phosphate (pH 6-8), and KCl-borate (pH 8- 9). Mannanase activity (@)
was assayed at various pHs at 50°C. pH stability (@) was determined by
measuring the residnal activities after pre-incubations for 1 h in different
pHs at 4°C.

reagents tested. However, 5mM SDS, EDTA, or Mn™
were inhibitory. Many mannanases of other strains, such as
Pseudomonas sp. PT-5 [46], Streptomyces galbus [17], D.
thermophilum Rt46B.1 [12], and Vibrio sp. MA-138 [43],
were inhibited by Cu™, but the WL-7 mannanase was not
inhibited by Cu®. Mannanases of both E. caseeliflavus
[31] and Streptomyces ipomoea [30] were activated by
Mn*, whereas the enzyme of S. galbus was inhibited by
the metal ion, similar to the WL-7 mannanase.

Substrate Specificity
The purified mannanase was assayed with various
substrates to investigate its substrate specificity. When

Table 1. Effects of metal ions and other reagents on the
mannanase activity.

Effector (5 mM)

Relative activity (%)

None 100.0
NaCl 105.2
KCl 100.0
MgCl, 93.0
MnCl, 76.5
CaCl, 97.8
Cu(l, 100.9
FeCl, 101.8
EDTA 88.8
SDS 67.7
Dithiothreitol 107.6
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Table 2. Substrate specificity of the purified mannanase.

Substrates Specific activity (U/mg protein)

Locust bean gum 10,082.0
Konjak 7,080.0
Guar gum 1,295.0
Lichenan 7.6
Oat spelt xylan ND
Birchwood xylan ND
Arabinoxylan ND
Carboxymethylceliulose ND
Laminarin ND
Barley B-glucan ND
pNP-B-mannoside ND
pNP-B-cellobioside ND
pNP-B-galactoside ND
pNP-B-glucoside ND
pNP-B-xyloside ND

ND, not detected.

polysaccharides were used as substrates, the activity was
determined by the release of reducing sugars, and the
synthetic substrate derivatives were assayed by the release
of para-nitrophenol (pNP). As shown in Table 2, no
detectable reducing sugars were released from xylans,
barley B-glucan, carboxymethyl cellulose, and laminarin.
The largest amount of reducing sugars were liberated
when galactomannan LBG (mannose/galactose ratio, 4:1)
was used as the substrate. In the presence of konjak
glucomannan (mannose/glucose ratio, 1.5:1), approximately
70% of the maximum activity was observed, while replacement
of LBG by the galactomannan guar gum (mannose/
galactose ratio, 2:1) resulted in a reduction of 90% activity.
The lower activity towards guar gum than LBG supports
the hyphothesis that the enzyme activity is limited by a
number of branched a-galactose residues. Furthermore, no
detectable reducing sugars were released with Saccharomyces
cerevisiae mannan (with o-1,6, o-1,2, and 0-1,3 mannosidic
linkages). It was also reported that mannanase A of
Caldibacillus cellulovorans could hydrolyze LBG, but
not Saccharomyces cerevisiae mannan [41], ‘and that
mannanases from C. cellulovorans and Clostridium
tertium [18] could comparably hydrolyze galactomannan
guar gum to LBG, but konjak poorly, indicating that
substrate specificity of the WL-7 mannanase was different
from them.

The WL-7 mannanase was not active on synthetic
substrate derivatives such as pNP-B-mannoside, pNP--
cellobioside, pNP-B-galactoside, pNP-B-glucoside, and
pNP-B-xyloside, indicating that the mannanase could not
hydrolyze the PB-1,4-cellulosic linkages and had no P-
mannosidase activity. On the other hand, this enzyme
could hydrolyze a small amount of lichenan which has
much higher proportion of 1,3- to 1,4-B linkage than barley

B-glucan, while it could not hydrolyze barley B-glucan.
Thus, the GH26 mannanases appear to have very strict
substrate specificity, hydrolyzing mannan and glucomannan
but not other B-glycans such as barley B-glucans or soluble
derivatives of cellulose.
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