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We have successfully improved the enzymes that are suitable for the production of prebiotics from copra. The
enzymes that have been improved in this research project came from four microorganistms namely, Aspergilius
niger BKO1, Bacillus licheniformis DSM 8785 and 13, and Bacillus subtilis 168. The methods that are used in
this study were based on genetic engineering techniques starting from PCR cloning of mannase genes and over-
expressing them in appropriate expression systems i.e. E. coli and Pichia pastoris. We were able to optimize the
production of the enzymes such that a large amount of purified and active enzymes could be obtained. After that
the enzyme properties were characterized by bioinformatics and biochemical methods. The results from enzyme
analysis revealed that all enzymes are appropriate for industrial applications including bioconversion of copra
mannan to prebiotics manno-oligosacchardie. The outcomes from this project have led to two publications in
international journal and master and PhD thesis as well as improved enzymes and selected microorganism that

can be the basis for future research in industriai-scale in the future.
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Abstract

Background: Mannans are key components of lignocellulose present in the hemicellulosic fraction
of plant primary cell walls. Mannan endo-1,4-B-mannosidases (1,4-p-D-mannanases) catalyze the
random hydrolysis of j-1,4-mannosidic linkages in the main chain of B-mannans. Biodegradation of
B-mannans by the action of thermostable manman endo-|4-B-mannosidase offers significant
technica! advantages in biotechnological industrial applications, ie. delignification of kraft pulps or
the pretreatment of lignocellulosic biomass rich in mannan for the production of second generation
biofuels, as well as for applications in oit and gas well stimulation, extraction of vegetable oils and
coffee beans, and the production of value-added products such as prebiotic manno-

oligosaccharides (MOS).

Results: A gene encoding mannan endo- 4-B-mannosidase or | ,4-f-D-mannan mannanchydrolase
(E.C. 3.2.1.78), commonly termed f-mannanase, from Aspergillus niger BKA1, which belongs to
glycosyl hydrolase family 5 (GH5), was cloned and successfully expressed heterologously {up to 243
ug of active recombinant protein per mL) in Pichia pastoris. The enzyme was secreted by P, postoris
and could be collected from the culture supernatant, The purified enzyme appeared glycosylated
as 2 single band on SDS-PAGE with a molecular mass of approximately 53 kDa. The recombinant
[-mannanase is highly thermostable with a half-life time of approximately 56 h at 70°C and pH 4.0.
The optimal temperature (10-min assay) and pH value for activity are 80°C and pH 4.5,
respectively. The enzyme is not only active towards structurally different mannans but also exhibits
low activity towards birchwood xylan. Apparent K., values of the enzyme for konjac glucomannan
(iow viscosity), locust bean gum galactomannan, carob galactomannan (low viscosity), and |,4-B-D-
mannan {from carob} are 0.6 mg mbt, 2.0 mgmL-!, 22 mgml-'and 1.5 mg ml!, respectively, while
the k___values for these substrates are 215 s*!, 330 1,292 s and 148 574, respectively. judged from

cat
the specificity constants K /Ke, glucomannan is the preferred substrate of the A. niger B -
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mannanase. Analysis by thin layer chromatography showed that the main preduct from enzymatic
hydrolysis of locust bean gum is mannobiose, with only low amounts of mannotriose and higher

manno-oligosaccharides formed.

Conclusion: This study is the first report on the cloning and expression of a thermostable mannan
endo- |, 4-f-mannosidase from A. niger in Pichig pastoris. The efficient expression and ease of
purification will significantly decrease the production costs of this enzyme. Taking advantage of its
acidic pH optimum and high thermostability, this recombinant B-mannanase will be valuable in

various biotechnological applications.

Background

B-1,4-Mannans are among the main hemicellulose com-
ponents that are widespread in wood, tubers, plant seeds
and beans [1,2]. The structural diversity of mannans
allows for a wide range of physico-chemical properties.
When some of the mannose residues are replaced by glu-
coge residues, as in the glucomannans, or substituted with
galactose residues, as in galactomannans, the water-solu-
bility of the polymers increases, whereas pure mannans
are insoluble [3]. In lignocellulosic biomass these
polysaccharides associate with lignin and cellulose, pro-
tecting the fibers against degradation by celluiases and
microbial attack {1]. Lignocellulose is seen as a promising
feedstock for the production of second-generation: biofu-
els. For this application, the carbohydrate components in
lignocellulose should be completely converted into etha-
nol, and enzymatic degradation of these polysaccharides
is an attractive approach.

Thermostability of the employed enzymes is essential dur-
ing the pre-treatment step in the conversion of lignocellu-
losics biomass to fermentable sugars, since steam is used
to make the biomass more accessible to enzymatic attack,
Thus, enzymatic hydrolysis can take place directly after
the heating step, without the need to significantly pre-cool
the system; hence shortening processing time, saving
energy, lowering of risk of contamination, and improving
saccharification and fermentation vields. Thus, overall
economy of the process can be increased [4,5]. Furthet-
more, the saccharification step can be combined with the
fermentation (simultaneous saccharification and fermen-
tation, $SF} in order to reduce the inhibition of hydrolysis
by glucose or other monosaccharides. Since fermentations
for bioethanol will be run under aseptic conditions to
reduce costs, increased fermentation temperatures will
reduce the risk of microbial contamination. Therefore,
increased thermostability for the saccharification enzymes
is preferable.

Biodegradation of B-mannans by the action of thermosta-
ble mannan endo-1,4-f-mannaosidase or 1,4-f-D-mannan
mannanohydrolase (E.C. 3.2.1.78), commonly known as
#-mannanase, offers significant technical advantages for

delignification of kraft pulps [6] and for various industrial
applications, such as oil and gas well stimulation [2,7],
extraction of vegetable oils or coffee beans [6,8], biocon-
versions of non-utilized lignoceliulosic substrates rich in
mannan into added-value products {e.g., chemicals, feed, .
prebiotic manno-oligosaccharides) [2,9}, or for the pro-
duction of second generation biofuels [8-10].

Mannan endo-1,4-B-mannosidases, which are stable and

efficiently functional at high temperatures, are found in
several thermeophilic bacteria, eubacteria [7,10-12], actin-’
omycetes [13] and fungi [4.8,14,15]. Some genes encod-

ing thermostable mannan endo-1,4-f-mannosidase of
bacterial origin have been coned, sequenced and
expressed in E. coli [11,16). Most of these enzymes belong
to glycosy! hydrolase family 26 (GH26) according to the -
Carbohydrate  Active Enzymes database, hitp/f -
www.cazy.org[17]. Mannan endo-1,4-B-mannosidases -
that belong to glycosyl hydrolase family 5 (GHS5) are
found in bacteria 18], fungi [19] as well as higher plants
[20]. Up to now, only one thermostable GH5 mannan
endo-1,4-B-mannosidase gene from the fungus Bispora sp.
MEY-1 was cloned and expressed in Pichia pastoris [15].

Our preliminary studies showed that the recently isolated -
strain Aspergillus niger BKO1 (formerly termed Aspergillus
sp. BK) produced thermostable mannan endo-1,4-f-man- -
nosidase activity [21]. However, the high viscosity of the
induction media containing guar gum and coffee pulp
waste caused difficulties for fermentation and thus limited -
the scale-up for the production of this enzyme on an
industral scale. Molecular biology technology provides
an opportunity to express and subsequently purify A, niger
mannan endo-1,4-p-mannosidase in host strains capable
of producing large amounts of secreted protein by indus-
trial-scale fermentations based on well-established proto-
cols [22].

This report describes cDNA doning and successful hetez-
ologous expression of a novel thermostable GH5 mannan
endo-1,4-B-mannosidase gene from A. niger BKO1 in P.
pastoris. In addition, several biochemical properties of the
recombinant enzyme are reported.
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Aictol

esults
joning and sequence analysis of the mannan endo-1,4-[3-
nasidese gene from A. niger BKO!
035-nucleotide sequence encoding the mature man-
1 éndo-1,4-B-mannosidase from Aspergillus niger BKO1
“GenBank accession number FI268574) was amplified by
 RT.PCR as described in the Methods section. The deduced
~ino'acid sequence showed 70 to 93% similarity to dif-
ferent Aspergillus B-mannanases (Fig. 1). The enzyme
 belongs to glycosyl hydrolase family 5 [17}. It shows sev-
14l characteristics common to all of the mannan endo-
. {4-femannosidases in this famnily, for example a catalytic
¢enter containing catalytically/structurally important Asn,
L Ghirand His residues, Two catalytic glutamates (Glul26,
 €li303) and five out of the six active site residues (Arg81,
1is129 and His268, Asnl95, Tyr270, Trp333) are con-

i

hﬁp:ﬁwww.microbiaicatlfactories.com!contentlB!‘l.’59

served, corresponding to the known structures of other
GHS5 mannan endo-1,4-B-mannosidases [13,23}.

Heterologous expression of the A. niger mannan endo-
|,4-p-mannosidase in P. pastoris

The nucleotide sequence encoding the mature form of A.
niger BKG1 mannan endo-1,4-8-mannosidase was cloned
into the pPICZoA vecior. The recombinant enzyme was
constructed such that the native signal peptide of the A.
niger B-mannanase was replaced by that of the Saccharomy-
ces cerevisiae a-factor signal peptide. The resulting plasmid
was then transformed into P. pastoris by electroporation.
After transformation and primary screening on piates con-
taining Zeocin in varying concentrations, antibiotic-resist-
ant transformants were evaluated for’ their ability to
gecrete active mannanase on plates containing Azo-carob
galactomannan (BMGY-Azo). Among 40 transformants
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displaying mannan endo-1,4-B-mannosidase activity on showed a 5.5-fold increase compared with the crude cul-
the agar plates, the clone yielding the largest clearing hale  ture supemnatant of P. pastoris (Table 1}.
was selected for cultivation in liquid culture.

Purified recombinant mannan endo-1,4-f-mannosidase
Under appropriate conditions (2% methanol, initial cell  displayed one single band with an apparent molecular
density 6 x 107 celis mL!, pH 6.0) the highest extracellular ~ mass of 53 kiDa on SDS-PAGE. When the enzyme was
mannan endo-1,4-B-mannosidase activity (669 U mi?} treated with Endoglycosidase H, the apparent molecular
could be obtained after a 96-hour incubation at 28°C. No  mass of the deglycosylated enzyme was approximately 47
B-mannanase activity was detected in the culture medium  kDa (Fig. 3}, indicating that mannan endo-1,4-B-man-
of the control strain under identical culture conditions.  nosidase is a glycoprotein, which is glycosylated to a
SDS-PAGE analysis of the crude supernatants at the induc-  degree of approximately 12%. IEF revealed one single iso-
tion period from 24 to 96 h showed a single band of 53 form of pI 4.7 (not shown), in good agreement with the
kDa (Fig. 2A), comesponding to mannan endo-1,4-B-  theoretical pl deduced from the amino-acid sequence.
mannosidase activity in the zymogramn analysis (Fig. 2B).
The ratio of secreted to intracellular p-mannanase activity ~ Characterization of recombinant mannan endo-I,4-/-
was estimated to be approximately 3:1 {data not shown).  mannosidase

Effect of temperature and pH on enzyme activity and stability
Purification of recombinant mannan endo-1,4-5- The effect of temperature and pH were investigated on
mannosidase recombinant A. niger BK01 mannan endo-1,4-p-mannosi-
The recombinant enzyme could be purified to apparent  dase using locust bean gum mannan as substrate, The
homogeneity both by immobilized metal affinity (IMAC)  enzyme displayed over 50% activity in the temperature
chromatography and size exclusion chromatography on  range of 50 to 90° C with an optimal temperature at 80°C
Superdex. However, we found that the yield of the puri-  for the 10-min assay at pH 6.0 (Fig. 4}. The enzyme was
fied enzyme after chromatography on the Superdex col-  stableupto 70°C. Practically all of its activity (>98%) was
umn was higher (data not shown). This might be due to  retained after a 4-h incubation at 70°C, and the half-life
instability of the recombinant f-mannanase in the buffer  time at this temperature was 56 h. At 80°C the half-life
at pH 7.5, which was used for equilibration and elution  time of activity of A, niger f-nannanase was only 15 min,
during IMAC chromatography. After purification on the  and at 20°C about 90% of its activity was lost within 2.5
Superdex column as described in the Methods section, the  min of incubation (Fig. 5). The optimal pH for mannan
spedific activity of the purified enzyme (2570 U mg') endo-1,4-p-mannosidase (at 80°C) was pH 4.5, and more

than 80% of its maximal activity was retained within a

9160

66,2

25,0
184

Figure 2

SDS-PAGE and zymogram analysis of recombinant A, niger mannan endo- p-1,4-mannosidase. SD5-PAGE (A) and
zymogram (B) of secreted proteins from recombinant Pichia pastoris expressing the A. niger B -mannanase are shown. Lane M,

molecular mass standard protein; Lane -6, culture supernatant after induction for 6, 24, 36, 48, 72 and 96 h, respectively; Lane
C, control of P. pastoris X33 harbouring the empty pPICZaA vector after induction for 96 h. Twelve pb of culture supernatant
was loaded onto each lanes.
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:Tab]e |: One-step purification of recombinant -mannanase from A. niger

Z“Sw_biperdex 75 39

.f:ep - Total protein (mg) Total activity (U}  Specific activity (U mg')  Degree of purification (fold)  Yield
: ()
Y Culeure supernatant  42.6 20870 1.4 100
10200 2570 55 507

rather broad pH range (from pH 4.0-5.5) (Fig. 6). The
ehzyme was stable in a narrow range around its optimal
pH value (pH 4.5-5.0} (Fig. 7}

‘Effect of metal ions and chemical reagents on mannan endo-1,4-5-
‘mannosidase activity

‘The relative activities (in parenthesis) of the enzyme after
ificubation with various reagents revealed that mannan
‘endo-1,4-f-mannosidase from A. niger BKO1 was strongly
[inhibited by sodium dodecyt sulfate, SDS (20.5%), and
‘Mn?* (34.9%), and slightly inhibited by pheny!methyl-
sulphonylflucride, PMSF  (75.2%), Na* (72.6%),
Zn2+(86.6%), Mg+ (87.4%), K+ (89.7%), Ca2+(90.5%)
‘and Fe2*(95.8%). On the contrary, EDTA (235.6%]) and
‘Cu2+ {110%) could activate this enzyme.

_Substrate specificity ond kinetics parameters

‘The relative activity of the purified enzyme on various

bstrates was determined as described in Methods. Man-

‘nanendo-1,4-8-mannosidase from A. niger exhibited high

‘activity on locust bean gumn (100%), but showed consid-
rably less activity on guar gum {17.9% relative activity)

97.0 kDa
66.0 kDa
450 KDa

30.0 kDa

20.1kDa

14.4 kDa

Figure 3

and birchwood xylan (9.1%). Its activity is negligible on
starch, carboxymethylcellulose and a-cellulose (<0.1%).

The Michaelis-Menten constants were determined for
mannan-containing polysaccharides from various sources
{(Table 2). These substrates have different structures
because of the different ratios of monomers found in the
backbone and side chain substituents. For example, gluco-
marnan from konjac has a glucose to mannose ratio of
0.66 to I; galactomannan from locust bean gum {Sigma)
has a mannose to galactose ratio of 4:1, while those from
carob {Megazyme) and guar gum have a mannose to
galactose ratio of 3.76:1 and 1.6:1, respectively. The K,
and k., values were 0.6 mg mL-1and 215 s for low viscos-
ity glucomannan from konjac, 2.0 mg mL-1 and 330 s for
locust bean gum galactomannan, 2.2 mg mlL-! and 292 §°!
for low viscosity galactorpannan from carob, 1.5 mg mL}
and 148 5! for B-mannan from carcb, and 7.7 mg mL
and 352 s! for guar galactomannan.

Product analysis
Analysis of oligosaccharide products obtained during
enzymatic hydrolysis of locust bean gum using thin layer

Endo H

Mannanase

eglycosylation of recombinant A, niger mannan endo- -1 ,A-mannosidase. SDS-PAGE analysis of the recombinant
Matitian endo- | ,4-B-mannosidase after deglycosylation with endoglycosidase H. Lane M: molecular mass standard protein; Lane

trified B-mannanase; Lane |# diluted purified B-mannanase; Lane 2: deglycosylated f-mannanase after endoH treatment;
ane 2# diluted deglycosylated f-mannanase; Lane 3; endoglycosidase H.
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Rulative actvity (%)

56 60 0 20

Temperature (°C)

Figure 4

Effect of temperature on mannan endo- p-1,4-man-
nasidase activity. The optimal temperature was deter-
mined using 0.5% locust bean gum in 0.1 M citrate-phosphate
buffer, pH 4.0, in the [0-min assay.

chromatography revealed that the recombinant mannan
endo-1,4-p-mannosidase from A. niger yields mannobi-
ose as its main product, and a small amount of different
oligosaccharides (Fig. 8). No trace of mannose could be
detected in these hydrolysis experiments.

Discussion

The mannan endo-1,4-B-mannosidase of A.niger BKO1
and the hypothetical protein (An05 g01320) of A.niger
CBS$513.18 are highly similar with 99% amino acid
sequence identity, and 98% DNA sequence similarity.
Their amino acid sequences also match the N-terminal
sequence of native A. niger mannar endo-1,4-B-mannosi-
dase that was reported in 1998 [24]. We have thoroughly

e |
= +-40°C
X
= - 50'C
Z g0°C

3 # 70'C
.Z
E +-BO°C
= ~*-90°C
0 20 40 60 80
Time {h)
Figure 5

Effect of temperature on stability of A. niger BKOI (-
mannanase. The temperature stability is shown as refative
residual activity after incubation without substrate at differ-
ent temperatures and at pH 4.0.

17

http:!lwww.microbialcelIfactories.com/comenUBHISQ

Relative activity (%)

Figure 6

Effect of pH on mannan endo- f3-1,4-mannosidase
activity. The optimal pH was determined at 80°C using 0.5%
LBG in 0.0 M citrate-phosphate buffer over 2 pH range of
25-7.0.

searched the databases and could not find any repoit on
cloning, expression, and characterization of an A. niger
mannan endo-1,4-B-mannosidase. Thus, our work is the
first report on cloning, expression and characterization of
this enzyme. In addition, this work also helps verify the
function of the hypothetical protein (An05 g01320) of
A.niger CBS513.18 that has been reported to have strong
similarity to mannanase (manl} from A. aculeatus. B-
Mannanases from A. niger BKO1 [21], A. niger CBS513.18
and A. niger published by Ademark et al {24] appear to be

156
—+pH 3
z oHAS -
Z |
s :
: P |
sl LWL
4 -4 g
o+ . : ‘
i} § 10 15 20 25 30
Time (h)
Figure 7

Effect of pH on stability of A. niger BKOI f«mannan-
ase. The pH stability was reported as relative residuat activ-
ity after the enzyme was incubated in 0.1 M citrate-phosphate
buffer at various pHs without substrate for different periods
of time at 50°C.
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Ta.bie 2: Kinetic parameters for the purified mannan endo-! ,4-p-mannosidase* at 70°C

- Substrate Yol mg-1) K (mg mL-1} ke o(s-1) kcat/Km(mg's”' ml.)
Glicomannan 2431 15 0603 215 358
Locust bean gum 373% 19 2004 330 165

* “Galactomannan 330%9 22102 292 £33
Mannan 1675 1.5£0.2 148 98.4

i Guar gum 398 + 48 7718 352 45.7

‘closely related and have similar properties, which are
. §uperior than those from A. niger NRRL 337 [25]. Mannan
endo-1,4-B-mannosidases from other Aspergillus species
e, those from A. aculeatus, A. fumigatus or A, sulphureus,
Have previously been cloned and expressed in various
. Hosts [26-31]. A. niger f-mannanase has unique proper-
ties that are different from other Aspergillus mannanases.
- Amino acid sequence of A. niger BKO1 mannan endo-1,4-
" mimannosidases including putative signal peptide can be
und in additional file 1.

‘' Mannan endo-1,4-8-mannosidases or B-mannanases have
: been classified into two family of glycoside hydrolases,
', family 5 and 26, based on their sequence similarity

st/ ferww cazy.org. The A, miger mannan endo-1,4-B-

_ mannosidase belongs to glycoside hydrolase family 5
. (GHS). Analysis of the primary sequence of fungal man-
" 'nin endo-1,4-p-mannosidases belonging to this family

«manngse

+mannobiose

=+ mannottiose

< mannoletracse
“ mannopentose

24 &t

0: i5 30 12 4 B 18
min hour

Figure 8
Thin layer chromatography analysis. Products from
locust bean gum hydrolysis by recombinant A. niger mannan-

e at various time points were separated on silica plates.
IAcubation times (hour or minute) are indicated. Lane Seindi- -
‘tates authentic standards, i.e. & mixture of mannose to man-
nopentzose. Ten Pl of hydrolysate was spotted onto each
lane.

: ?.'Enzymatic reactions were carried out for 5 min at 76°C in 0.07 M citrate phosphate buffer (pH 4.5).

revealed amino acid sequence similarities ranging from
43 to 93%. Some fungal B-mannanases have been shown
to contain a cellulose-binding domain (CBD) at either the
C-terminus or N-terminus of the enzyme. For example,
CBD of T. reesei §-mannanase is Jocated at its C-terminus
(amino acid position 373-410) preceded by a serine-,
threonine-, and proline-rich region [29], whereas CBD of
A. fumigatus B-mannanase is located at its N-terminus
(arnino acid position 9-44} as shown in Fig. 1. A role of
this domain in the hydrolysis of mannan/cellulose com-
plex substrates has been suggested [32]. However, B-man-
nanases from different fungi including A. niger do not
contain a CBD. The protruding N-terminus of Bispora sp.
as shown in the sequence alignment in Fig. 1 is not similar
to a CBD, and its role in catalysis still remains to be
explored.

The mature A. niger mannan endo-1,4-B-mannosidase
gene without its signal peptide was expressed in P. pastoris
X33 with the C-terminus of the recombinant enzyme
fused to the GxHis tag for affinity purification by immobi-
lized metal affinity chromatography {IMAC). The native
signal peptide was replaced with that of the Saccharomyces
cerevisiae o-factor, allowing secretion of the active enzyme
into the extraceilutar medium with an expression yield of
approximately 243 mg L'1. Since cultivation experiments
were done in shake flasks, one can expect that growth of
P. pastoris in a fermentor under controlled and optimised
conditions will result in considerably higher protein
yields [33]. In comparison, the expression level of Tri-
choderma reesei mannan endo-1,4-p-mannosidase in S
cerevisiae was roughly 150 mg L? [29] and that of Bispora
sp. MEY-1 [15] and B. subtilis mannan endo-1,4-B-man-
nosidase in P. pastoris GS115 {34} was 1800 mg L and
150 mg L, respectively. Moreover, the enzyme activity
during fermentation reached 670 U mL, which is signif-
jcantly higher than those reported for moest mannan
endo-1,4-f-mannosidases [26,34].

Amino acid sequence analysis by the NetNGlyc 1.0 sever
program indicated two putative N-glycasylation sites in
the amino add sequence of mannan endo-1,4-B-man-
nosidase f.2., 193N85197, and 252NFT25 (according to num-
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bering in Fig. 1). The deglycosylation analysis, showed in
Fig. 3, confirms the prediction that the enzyme is glyco-
sylated. Purified mannan endo-1,4-f-mannosidase
treated with Endoglycosidase H was calculated to be 43
kDa by SDS-PAGE. This result indicated that the A. niger
mannan endo-1,4-B-mannosidase expressed in P. pastoris
was properiy glycosylated, as the enzyme was as active as
the native enzyme.

Recombinant A. niger BKO1 mannan endo-1,4-f-man-
nosidase effidently hydrolysed galactornannans, gluco-
mannans and P-1,4-mannans from different sources.
Although determination of kinetic parameters enabled us
to demonstrate that A, niger GH5 mannan endo-1,4-B~
mannosidase was highly active towards structurally differ-
ent mannans, this enzyme displayed highest specificity
towards unsubstituted carob glucomannan with a K and
k. of 0.6 mgmb!and 215 s, respecively. Based on
these kinetic parameters, mannanase activity of this
enzyme appears not to be hampered by the presence of
side chains, f.e. galactosyl residues. The enzyme can
hydrolyse galactomannans as well as glucomannans and
unsitbstituted fi-1,4-mannan. The action of the enzyme
on these substrates as well as on Azo-carob galactoman-
nan, a standard substrate for the assessment of mannan
endo-1,4-B-mannosidase activity, indicates its function as
a true endo-B-1,4-mannanase. This activity was confirmed
by TLC analysis of reaction products obtained through
hydrolysis of locust bean gurn, which gave mannobiose as
major product and no detectable mannose, indicating
that the enzyme has no 8-mannosidase activity. In addi-
tion to mannan, A. niger mannanase was capable of
degrading birchwood xylan [9.1% relative activity). Its
lacks of activity for cellulose is valuable for applications in
bleaching pulp and paper [1].

In general, the properties of the recombinant mannan
endo-1,4-B-mannosidase from A. niger are very similar to
those of the enzyme from its natural source with only
some minor differences. The recombinant A. niger man-
nan endo-1,4-B-mannosidase furthermore shows proper-
ties typical of thermostable enzymes, which is in
accordance with the wild-type enzyme. The optimal tem-
perature of its activity is 80° C, similar to that of the native
enzyme [21]. Optimal temperatures of different fungal -
mannanases have previously been reported; that of the -
mannanase from Trichederma reesei C-30 was found at
75°C [35], whereas B-mannanase produced from A. niger
and A, flavus showed their optimum at 65 and 60°C,
respectively [14]. Two forms of mannan endo-1,4-f-man-
nosidase from the thermotolerant fungus A. fumigatus IMI
385708 showed highest activity at 60°C (pH 4.5) {6].
These rather high optima appear to be a common but val-
uable characteristic of fungal f-mannanases. At such high
temperatures {above 60-65°C), enzymatic digestion may
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not only increase the rate of hydrolysis but also reduce
microbial contamination of the material being processed
[36]. B £

Both native and recombinant A. niger mannan endo-1,4-
B-mannosidase appear to be among the most thermosta-
bie fungal P-mannanases reported to date. The recom-
binant A. niger mannan endo-1,4-B-mannosidase retained
>98% activity after 4 h at 70°C, while mannan endo-1,4-
B-mannosidase from Talaromyces emersonii and Aspergillus
niger NRRL 337 retained 53% and 20% activity after 1 hat
65°C, respectively [36]. The half-life of thermostable
acidic mannan endo-1,4-B-mannosidase from Sclerotium
{Athelia) rolfsii at 70°C and pH 4.5 was 1.5 h [37], while
that of recombinant A. niger mannan endo-1,4-8-man-
nosidase at 70°C was 56 h, Bispora sp. MEY-1 mannan
endo-1,4-B-mannosidase, which was expressed in P. pas-
toris, only retained more than 50% of its initial activity
after an incubation at 70°C for 20 min [15].

The strong increase of the enzyme activity in the present
of EDTA (1 mM) suggests that metal ions are not present
in the active site and are not required for activity. Al the
same concentration, the effect of EDTA on A. suiphureus §-
mannanase activity was only moderate [26], EDTA might
protect the enzyme against the detrimental effect of metal
ions present in the enzyme preparation, which inhibit the
A. niger p-mannanase 1o a certain extent while not affect-
ing the A. sulphureus enzyme significantly, For example,
Mn?tstrongly inhibited the A. miger 8 -mannanase but did
not effect the latter enzyme. Other ions including Na*,
Zn?+, Mg?+, Ca?+, Fe2+ exerted an adverse effect on the
activity of A. niger B-mannanase but did not affect or
slightly increased the A. sulphureus f-mannanase activity
[26]. The B-mannanase activity inhibition in the presence
of PMSF (1 mM) was 24.8%, suggesting the role of a ser-
ine in the catalytic action of A. niger mannan endo-1,4-p-
mannosidase.

Conclusion

To date, this study is the first report on production of a
thermostable GHS5 mannan endo-1,4-f-mannosidase
from A. niger using a P. pastoris expression system. This
kind of thermostable enzyme can gain a great deal of
interest for industrial applications in large scale due to an
increasing demand towards renewable resource utiliza-
tion in: the near future,

Methods

Strains, plasmids, enzymes, reagents, and growth media
Aspergillus niger strain BKO1, isolated from an orange in
Vietnam, was identified by the Center of Biotechnology,
Vietnam National University, Hanoi, and is preserved in
our laboratory. Escherichia coli strain TOP 10 {Invitrogen)
was used as a host for molecular cloning of DNA in pPIC-
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A (invitrogen}and propagation of recombinant expres-
1 vectors. Pichia pastoris X33 {Invitrogen) was used for
:heterologous protein expression. All media and protocols
for Pichia are described in the Pichia expression manual
Tnvitrogen). Manno-oligosaccharides were from Meg-
azyme (Bray, Ireland).

Tot -RNA isolation, cDNA synthesis and cloning of the
hannan endo-1,4-p-mannosidase gene

niger BKO1 was grown at 37°C for 48 h in a plate con-
ing 10 mL liquid medified Czapek medium including
¢ bean gum as a sole carbon souzce (5 g L), The
-{ ycehum was then transferred to a plate containing 10
‘ml. B-mannanase induction medium based on modified
“coffee pulp waste (21.6 g L'1) and guar gum (10 g L7) [21].
3.72-h growth period, the mycelium was harvested.
: ‘RNA was isolated by extracting 50 mg of mycelium
“using: the RNeasy Plant Mini Kit {Qiagen, Valencia, CA).
CDNA was synthesized from RNA using One Step RT-PCR
_Kit(Qiagen) according to the manufacturer's instructions.
_The primers used were CF (5ATG AAG CTT TCC AAC
GCC 'CTC CTC-3") and CR (5'-TTA AGC ACT ACC AAT
;AG CAGC AAC ATG ATC-3"), which were designed
according to the amino acid sequence of the putative
mannan endo-1,4-B-mannosidase from A. niger CBS
1513.88 (Genbank accession no. XP_001390707) The
sthermocychng parameters were: 50°C for 35 min, 95°C
'15'min and 30 cycles of 94°C - 30 5, 54°C - 45 s and
°(290 s, followed by 10 min extension at 72°C.

subdione the mannan endo-1,4-B-mannosidase cDNA
nto the expression vector, the B-mannanase-encoding
uence was amplified from the previously isolated
A with the primers PNf {5'-CTG TGC GAA TTC TCC
TIG GCC AGC ACC TCC G-3'), induding an EcoRI site,
4nd PRy (5"-CTG TGC TCT AGA GCA CTA CCA ATA GCA
- GCAACATGATCC -3'}, including a Xbal site, using a mix-
-ture of Pfu DNA polymerase (3 U/reaction) and Tag DNA
: poly'merase {3 U/reaction). The thermocycling parameters
‘were 95°C for 2 min, and 30 cycles of 95°Cfor 45, 59°C
455and 72°C - 3 min. The DNA insert was cloned into
RI and Xbal sites of the pPICZaA vector, downstream
the a-factor signal peptide sequence. Proper construc-
was confirmed by restriction digestion and auto-
ted DNA sequencing {Macrogen Inc,, Kozrea). The DNA
uence encodlng maiure mannan endo-1,4--mannosi-

#ré_ési‘on of the mannan endo-1,4-f-mannosidase gene
ichia pastoris
he selected expression plasmid was linearized with Sacl
"England BioLabs, USA), and then transformed into
astoris strain X33 by electroporation [22]. Transform-
nts were first screened from YPDS (1% yeast extract, 2%
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peptone, 2% dextrose, 1 M sorbitol, 2% agar) plates con-
taining Zeocin™ at a final concentration of 100 pug mlL-?,
then on YPDZ plates (1% vyeast extract, 2% peptone, 2%
dextrose and 2% agar containing Zeocin at final concen-
trations of 150, 300, and 500 pg ml1) in order to screen
for higher copy numbers of the targeted gene. Recom-
binant strains producing mannan endo-1,4-f-mannosi-
dase were further confirmed by BMGY-Azo plates (1%
yeast extract, 2% peptone, 100 mM potassium phosphate
pH 6.0, 1.34% YNB, 4 x 105 % biotin, 0.5% methanol,
2% agar and 0.3% Azo-carob galactomannan). Mut* phe-
notype of P. pastorfs recombinants was analysed by
genomic PCR with 5'A0X and 3'AOX primers. The culture
medium from the P. pastoris transformant that had the
highest 8-mannanase activity was used for the subsequent
analysis of the recombinant protein. A control was trans-
formed with an empty pPICZaA plasmid.

Purification of recombinant mannan endo-1,4-p-
mannosidase

All purification steps were performed at 4°C unless stated
otherwise. The crude cultuze supernatant was obtained by
centrifugation of the culture broth at 4000 rpm for 5 min
at 4°C. The crude supernatant was concentrated 30-fold
by ultrafiltration through a 10-kDa cut-off membrane
(Sartorius Stedim Biotech, Germany}. The final purifica-
tion was done by size exclusion chromatography on a
Superdex 75 HR 10/30 column (Amersham Pharmacia
Biotech, Sweden} equilibrated with 50 mM potassium
phosphate buffer, pH 6.0, and the protein was eluted at a
flow rate of I mL min-i. Active fractions were combined
and used in further experiments as the purified p-man-
nanase. 4

Palyacrylamide gel electrophoresis and zymograms
Sodium dodecyl sulfate polyacrylamide gel electrophore-
sis (SDS-PAGE) was performed ina 12.5% (w v1) polyact-
ylamide gel by the method of Laemmli {1970}. Proteins
were stained with Coomassie brilliant blue G-250.

Zymograms were abtained by co-polymerizing 0.2% (w v
1) locust bean gum with 12.5% (w v'1) polyacrylamide gel
as previously reported [38]. After electrophoresis, the gel
was soaked in 2.5% cold Triton X100 with gentle shaking
to remove SDS and re-fold the proteins in the gel. The gel
was then washed four times at 4°C in 50 mM potassium
phosphate buffer pH 6.0 for 30 min. After incubation for
45 min at 50°C, the gels were stained with Congo red
solution (0.1%, w v-1), and destained with 1 M NaCl. The
activity bands were observed as clear yellow halos.

Deglycosylation of recombinant 8-mannanase Purified
mannan endo-1,4-B-mannosidase was deglycosylated by
denaturing the protein at 100°C for 10 min prior to the
addition of endoglycosidase He (Endo Hy New England

Page ¢ of 12

{page number not for cifalion purposes)



Microbial Cell Factories 2009, B:59

Biolabs) at 37°C for 1 h according to the manufacturer's
instructions.

f-Mannanase assay and protein quantification

Mannan endo-1,4-3-mannosidase activity was deter-
mined using the 3,5-dinitrosalicylic acid (NS} method
[39]. The reaction was started by mixing 0.1 mL of appro-
priately diluted enzyme sample with 0.9 mL of 5 mg ml!
locust bean gum in 0.1 M citrate-phosphate buffer, pH
4.0, After 10-min incubation at 50°C, the reaction was
stopped by the addition of 5 mL IINS reagent. One unit of
mannan endo-1,4-f-mannosidase activity is defined as
the amount of enzyme releasing 1 pmole of mannose
equivalents per minute. All experiments were done in trip-
licate, and average values are reported. Protein concentra-
tion was determined with bovine serum albumin as
standard, using the Micro-BCA Protein Assay Reagent
{Biorad, USA).

Effect of temperature, pH and various reagents on enzyme
activity

The optimal temperature for mannan endo-1,4-f-man-
nosidase activity (10-min assay) was determined by the
standard activity assay as described above at various tem-
peratures ranging from 40 to 100°C. To estimate theonal
stability, the enzyme was pre-incubated in 0.1 M citrate-
phosphate buffer (pH 4.0) at various temperatures {60-
90°C) for different periods of time without substrate and
then assayed for residual activity at 50°C using the stand-
ard activity assay. The effect of pH on p-mannanase activ-
ity was determined at 80°C over a pH range of 2.5-7.0 by
using 0.1 M citrate-phosphate buffer. To estimate pH sta-
bility, the enzyme was diluted/pre-incubated in the same
buffer at different pH-values for different periods of time
at 50°C without substrate, and then assayed for residual
activity at pH 4.0. The effect of ions on mannan endo-1,4-
B-rannosidase activity was examined by incubating the
enzyme with 1 mM of various metal ions in 0.1 M sodiurm
citrate buffer (pH 4.0) at 50°C for 30 min.

Substrate specificity and kinetic parameters

The substrate specificity of purified recombinant mannan
endo-1,4-B-mannosidase was evaluated with the follow-
ing substrates at 5 mg mL*in 0.1 M citrate-phosphate
buffer, pH 4.0: locust bean gum {Sigma), guar gum
(Sigma), birchwood xylan (Roth), soluble starch (Sigma-
Aldrich), o-cellulose and carboxyl methyt celluiose
(Fluka). Activity was measured by the dinitrosalicytic add
(DNS) method as described above. For the kinetic experi-
ments, 0.1 M citrate-phosphate buffer (pH 4.5) contain-
ing 0.1 to 10 mg mL-? of various mannan substrates {i.e.,
locust bean gum (Sigma}, guar gum {Sigma), carob galac-
tomannan {low viscosity) {Megazyme), konjac glucoman-
nan (low viscosity) (Megazyme), and carob 1,4-B-D-
mannan {Megazyme), was incubated with the purified
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mannan endo-1,4-B-mannosidase at 70°C for 5 min.
Kinetic parametess (K, and v,,,,,} were calculated from the
experimentally obtained data and non-linear regression
analysis using the "GraFit" software (Erithacus Software
Lid.).

Thin layer chromatography

Locust bean gum was prepared at a concentration of 1%
(wv1)in 50 mM sodium ditrate buffer, pI1 4.5. After addi- -
tion of the purified enzyme (7.5 U for 2-mL reactions),

the solution was incubated at 40°C. Aliguots were

removed 2t various time, and heated to 100°C for 10 min.

Hydrolysis products were separated on silica plates 60 F

254 {Merck, Darmstadt, Germany) using a solvent system g
consisting of 1-propancl-nitromethane-water (7:1:2, v v--
1}, The products were detected by spraying with 5% sul-

phuric acid in ethancl followed by heating at 110°C for

about 5 min. Manno-oligosaccharides (mannose, manno-

biose, mannotricse, mannotetracse and mannopentose,
Megazyme) were used as standards.

Competing interests ;
The authors declare that they have no competing interests.

Authors’ contributions

DBC performed m:ost parts of the experiments and pre-
pared the first draft of the manuscript. DTT and TKA:
directed the study, JBG checked all data, designed the:
frame of this publication and revised the draft. JCS co-:
designed the frame of this publication, DTT, TKA, JGB and
JCS also co-supervised enzyme characterization. DH initi~
ated expression in Pichig pastoris and edited the manu-’
script. MY conceived of the study, supervised molecular:
biology work, participated in sequence alignment and:
edited the manuscript. All authors read and approved the
final manuscript.

Additional material

Additional file 1

Complete amine acld sequence of A, niger BKO1 mannan endo-1,4-f
mannosidase including native signal peptide. Aming acid sequence in
FASTA format of the entire mannan endo-1,4-fFmannosidase from
Aspergillus niger BKG1, including putative signal peptide.

Click here for file

[http:/ fwww.biomedcentral com/conient/supplementary/1475-
2859-8-59-51.pdf]

Acknowledgements
This work was supported by the National Research Council of Thailand -
(NRCT), Faculty and Student Exchange Program between Thailand and -
Neighbour Countries 2607, T2008-219 project (Hanoi University of Tech-
nalogy), Regional Center of Excellence Project (PER} {Agency for Frenu:h
Speaking Universities) and the ASEAN University Network Program

Page 10 of 12

(page number not for citation PUPasesy.



obial Cell Fagiories 2008, 8:59

NP). The authors would like to thank Prof. Truong Nam Hai and Dr.
Thi Huyen (Vietnam Academy of Science and Technelogy) for valuabie
ot on the exprassion studies; MSe. V.T.K Thoa for technical assistance;
MY fab members for their friendship and technical advices,

eferences

Phawan S, Kaur | Microbial mannanases: an overview of pro-
duction and applications. Crit Rev Biotechinol 2007, 27(4):197-216.
Gibitz G, Sachslehner A, Haktrich D: Microbial mannanases: sub-
strates, production and application. In Glycosy! Hydrolases for Bio-
riass Conversion Volume 76%. Washington, DC: ACS Symposium
Series, American Chemical Society; 2001:239-262.

Schroder R, Atkinson RG, Redgwell R} Re-interpreting the role of
endo-8-mannanases as mannan endotransglycosylase/hydro-
lases in the plant cell wall. Ann Bot {Lond) 2069, 104(2):197-204,
Tumer P, Mamo G, Karlsson EN: Potential and utilization of
thermophiles and thermostable enzymes in biorefining.
Microb Cell Faet 2007, 6:9.

Viikari L, Alapuranen M, Puranen T, Vehmaanpera }, Stika-Aho M:
Thermostable enzymes in lignoceliulose hydrolysis. Adv Bio-
chem Eng Bistechnol 2007, 108:121-145.

Puchart V, Vrsanski M, Svobada P, Pohl }, Ogel ZB, Biely P: Purifica-
fion and characterization of two forms of endo-f3-1,4-man-
hanase from a thermetolerant fungus, Aspergillus fumigatus
IMI 385708 (formerly Thermomyces lanuginosus IMIE {58749),
Bitchimica et Biophysico Aca (BBA) - General Subjects 2004,
1674(3):239-250.

Pruffacd GD, McCutehen CM, Leduc P, Parker KN, Kelly RM: Purifi-
catlon and characterization of extremely thermostable
beta-mannanase, beta-mannosidase, and alpha-galactosi-
dase from the hyperthermophilic eubacterium Thermotoga
neapolitana 5068, Appl Environ Microbiol 1997, 63(1):165-177.
Sachslehner A, Foidl G, Foidi N, Gubitz G, Haltrich D: Hydrolysis of
isolated coffee mannan and coffee extract by mannanases of
Sclerotium relfsii. ] Biotechnol 2000, 80(2):127-134.

Sanchez C: Lignocellulosic residues: biodegradation and bio-
conversion by fungi, Biotechrol Adv 2009, 27(2):185.194,

Jiang Z, Wei Y, Li D, Li L, Chai P, Kusakabe | High-level produc-
" tion, purification and characterization of a thermostable f-
mannanase from the newly isolated Bacilfus subtilis WY34.
‘Carbohydrate Polymers 2006, 66(1):88.96,

Luthi E, Jasmat NB, Grayling RA, Lave DR, Bergquist PL: Cloning,
‘sequence analysis, and expression in Escherichia coll of 2 gene
coding for a beta-mannanase from the extremely ther-
‘mophilic bacterium "Caldocellum saccharolyticum™. Appl Envi-
ron Micrabiof 1991, 57(3):694-700.

Talbot G, Sygusch J: Purification and characterization of ther-
‘mostable beta-mannanase and alpha-galactosidase from
Bacillus steorothermephilus.  Appl Environ  Microbiol 1990,
5&(11):3505-3510.

Hilge M, Gloor SM, Rypniewski W, Sauer O, Heightman TD, Zimmer-
mann W, Winterhalter K, Piontek K: High-resolution native and
complex structures of thermostable beta-mannanase from
Thermomonespora fusco - substrate specificity in glycosyl
‘hydrolase family §. Structure 1998, 6(11):1433-(444.

Kote NY, Patil AG, Mulimani VH: Optimization of the production
‘of thermostable endo-beta-1,4 mannanases from a newly
isolated Aspergillus niger gr and Aspergiilus flavus gr. Appl Bio-
chem Biotechnol 2009, 152(2):213-223,

Luo H, Wang Y, Wang H, Yang ], Yang Y, Huang H, Yang P, Bai Y, Shi
P, Fan Y, et ol: A novel highly acidic beta-mannanase from the
acidophilic fungus Bispora sp. MEY-1: gene cloning and over-
expression in Pichia pastoris, Appl Microbiol Biotechnol 2009,
- B2(3):453-461,

Politz O, Krah M, Thomsen KK, Borriss R: A highly thermostable
‘endo-(l,4)-beta-mannanase from the marine bacterium
Rhtodathermus maorinus. Appl  Microbiol  Blotechnol 2000,
53(6)%:715-721.

- Cantarel Bi, Coutinho PM, Rancurel C, Bernard T, Lambard V, Hen-
rissat B: The Carbohydrate-Active EnZymes database
- (CAZy): an expert rescurce for Glycogenomics. Nucleic Acids
Res 2009:D233-238.

“Ethier N, Talbot G, Sygusch | Gene cloning, DNA sequencing,
‘and expression of thermostable beta-mannanase from Bacil-

22

20.

21,

.
23,

24,

25

26,

7.

8,

29,

30.

3l

32

33.

34,

35.

36

37

http://www. microbialcelifactories.com/content/8/1/58

fus  stearothermophiius. Enviror  Microbiol 1998,
64(1 1):4428-4432.

Aparicio R, Fischer H, Scote D, Verschueren KH, Kulminskaya AA,
Eneiskaya EV, Neustroev KN, Craievich AF, Golubey AM, Polikarpov
b Structural insights into the beta-mannosidase from T, ree-
sei obtained by synchrotron small-angle X-ray solution scat-
tering enhanced by X-ray crystallography. Biachemistry 2002,
41(30):9370-2375.

Bourgault R, Qakley A, Bewley |, Wikke MC: Three-dimensional
structure of (I,4)-beta-D-mannan mannanohydrolase from
tomato fruit. Protein Sd 2005, 14(5):1233-1241.

Thu DT, Cucng DB: Purification and characterization of an
endo-P- |, 4-mannanase from Aspergillus sp. BK. Journal of 5c-
ence ond Technology {Vietramese) 2004, 42(5):38-43.

Cregg JM, ed: Pichia Protocols. 2nd edition. Fotawa, New Jersey:
Humana Press; 2007,

Sabini E, Schubert H, Murshudov G, Wilson KS§, Siika-Aho M, Penttila
M: The threa-dimensional structure of a Trichoderma reesel
beta-mannanase from glycoside hydrolase family 5. Aca Crys-
tafogr D Biol Crystallogr 2000, 56(Pt 1):3-13.

Ademark P, Varga A, Medve ], Harjunpaa V, Torbjorn D, Tjerneld F,
Sulbrand H: Softwood hemiceflulose-degrading enzymes
from Aspergillus niger; Purification and properties of a f-man-
nanase. Journal of Biotechnology 1998, 63(3):199-210.

Arzujo A, Ward P: Hemicellulases of Bacillus species: prelimi-
nary comparative studies on proeduction and properties of
mannanase and galactanases. Journal of Applied Bacteriology 1998,
68:253.-261.

Chen X, Caa Y, Ding Y, Lu W, Li D: Cloning, functional expres-
sion and characterization of Aspergilfus sulphureus beta-man-
nanase in Pichia pastoris. | Biotechnol 2007, 128(3):452-461,
Duruksu G, Ozturk B, Biely P, Bakir U, Oget ZB: Cloning, expres-
sion and characterization of endo-beta-f,4-mannanase from
Aspergillus fumigatus in Aspergillus sojae and Pichia pastoris.
Biatechnol Prog 2009, 25(1):271-276.

Setati ME, Ademark P, van Zyl WH, Hahn-Hagerdal B, Smlbrand H:
Expression of the Aspergillus oculeatus endo-beta-| 4-man-
nanase encoding gene (manl) in Saccharomyces cerevisice
and characterization of the recombinant enzyme. Pratein Expr
Purif 2001, 28(1):105-114.

Stalbrand H, Saloheimo A, Vehmaanpera §, Henrissat B, Penciila M;
Cloning and expression in Saccharemyces cerevisiae of a Tri-
chodermo reesel beta-mannanase gene containing a celinlose
binding domain. Appl Environ Micrabiol 1995, 61(3):1090-1G57.
van Zy! PJ, Moodlay V, Rose SH, Roth RL, van Zyl WH: Production
of the Aspergillus aculeotus endo-1,4-beta-mannanase in A.
niger. | Iad Microbiol Biotechnel 2009, 36{4):611-617.

Roth R, Moodley V, van Zy! P: Heterologous Expression and
Optimized Production of an Aspergillus aculeatus Endo-1,4-p-
mannanase in Yarrowia lipofytica, Molecular Biotechnology 2009,
43(2):112-120.

Hagglund P, Erikssen T, Collen A, Nerinckx W, Claeyssens M, Stal-
brand H: A cellulose-binding module of the Trichoderma reesef
beta-mannanase Man3A increases the mannan-hydralysis of
complex substrates. | Biotechnol 2003, 101(1):37-48.

Gasser B, Saloheimo M, Rinas U, Dragosits M, Redriguez-Carmona E,
Baurann K, Giutiani M, Patrilli €, Branduardi P, Lang C, et al.: Protein
folding and conformational stress in microbial cells produc-
ing recombinant proteins: a host comparative overview.
Microb Cell Foct 2008, 7:11.

He X, Liu N, LiW, Zhang Z, Zhang B, Ma Y: tnducible and consti-
tutive expression of a novel thermostable alkaline f-rman-
nanase from alkaliphilic Bacifius sp. N16-5 in Pichia pastoris
and characterization of the recombinant enzyme, Enzyme and
Microbiol Technology 2008, 43(1):13-18,

Artsan-Atac |, Hodits R, Kristufek D, Kubicek CP: Purification, and
characterization of a f-mannanase of Trichoderma reesel C-
30, Applied Microbiology and Biotechnology 1993, 39(1):58-62.

Aradjo A, Ward OP: Extraceflular mannanases and galactan-
ases from selected fungi. fournal of Industrial Micrebiclogy end Bio-
technology £990, 6(3):171-178.

Sachslehner A, Haltrich D: Purification and some properties of
a thermostable acidic endo-beta-l,4-d-mannanase from
Sclerotium (Athelia) rolfsil,  FEMS Microbiology Letters 1993,
177(1):47-55.

Appl

Page 11 of 12

(page number not for citation purposes)



23
Microbjal Cell Factories 2009, 8:59

3B, Yamabhai M, Emrat §, Sukasemn S, Pesatcha P, Jaruseranes N, Burana-
banyat B: Secretion of recombinant Bacillus hydrolytic
enzymes using Escherichio coll expression systems. Journal of
Biotechnology 2008, 133(1):50-57.

39. Miller GL: Use of Dinitrosalicylic Acid Reagent for Determina-
tion of Reducing Sugar. Anadiytical Chemistry 1959, 3 1(3):426.428.

40. Larkin MA, Blackshields G, Brown NP, Chenna R, McGettigan PA,
McWilliam H, Valentin F, Wallace IM, Wilm A, Lopez R, et al: Clustal
W and Clustal X version 2.0, Bioinformotics 2007,
23(21):2947-2948.

41. GouetP, Courcelle E, Stuart, DI, Metor F: ESPript: analysis of mul-
tiple sequence zlignments in PostScript. Bioinformatics 1999,
§5(4):305-308,

http:/iwww.microbialcelifactories.com/content/8/1/59

Publish with Biokied Ceuteal and every
scientist can read your work free of charge

*BioMed Central will be themost significant development for
dissemninating the results of biomedical research in our lifetima.*
Sir Pattl Nurse, Cancer Research UK
Your research papers will be:
+ available free of charge to the entire biemedical community
+ peer reviewed and publishedimmediately upon acceptance
+ gited in PubMed and archived on PubMed Central
+ yours — you keep the copyright

Submit your manuscript here: i Biohvledcentral

http/ivawebiomedcentral.comAnfo/publishing_adv.asp

Page 12 of 12

(page numnber not for citation purposes) |



24

vy H s 4 3
7 WA I8 Lﬁmﬂmau‘lmu mannanase mm% Bacillus licheniformis

5 swmuwmmummueiusﬂuwswqmmmwwwﬁmﬁms Microbial Cell Factories mtﬂmﬁmi

",]‘lﬂﬂ'ﬁ'5'“’@‘11'1«1'!'14’3‘1)’1@1’311@@\1?4114ﬂ']'iﬂﬁuﬂi@\ﬂﬂﬂﬂﬂix‘lﬂﬂmﬁll ‘lJf’ﬂ impact factor Iﬂf} ISI=3.34 ﬂﬁ “}N
__jw_gi)f_ilﬂu?jl‘ilﬂuwaﬂ (corresponding author)

o Songsiriritthigul, C.; Buranabanyat, B.; Haltrich, D.; Yamabhai, M., Efficient recombinant expression

séretion of a thermostable GH26 mannan endo-1,4-beta-mannosidase from Bacillus licheniformis in
fierichia coli. Microb Cell Fact 2010, 9, (1), 20.

- fanadieandfeiifie veangam Buiail dninnmeaasiedse wiedymn yrudyde
ﬂﬂ'ﬂH'liwﬁﬁﬁ‘i‘mﬂﬂITi uag Az, TG GEGENERG! HnsundalSuaon Wunuitedauveulad

pase Fasaldinniouuafisy Bacillus licheniformis DSM 13 tag DSM 8785 maaﬂmmﬂmiﬂwh’ﬂu

wamau“lcﬁﬂmvﬂuammw F!'iiﬁﬁﬁ'lﬁl“lfuﬂ uabhimed mrfnywenlad mannanase nndotRen 91

';i;mmmummms A1 udeuLAfGRe b gnsenanelyl mannanase 18 a0t s Taandy
anﬁa.nse ABNT PCR 1 muwuﬂé”iﬂﬂauwﬂﬂuwmﬁmmwsumﬂmmaaﬂiﬂaﬁ Escherichia coli

ression system nasanhmsmganzinmnzanlunsedaeled uaymsm‘lwumm TGLERIT!
'"lcﬁwmqm il Bmnesinumddaie samsinninuhamnsondaeulsildiuamnn

ﬂuklwnﬂmaummummsau LaNUAMINILIY n3Ae1e A mm‘”ﬂvmimlﬂﬂmuaﬂq’ﬁmww
QamnAT T fes ey zi@onlunaanidfuiidsnglunihse’l



13 25
Songsirizitthigul gt al. Microbiol Cell Factories 2010, 9:20 ;
http:/fwww.microbialcelifactories.com/content/9/1/20 MlCRO BEAL CEL;—

FACTORIES

Efficient recombinant expression and secretion of a
thermostable GH26 mannan
endo-1,4-B-mannosidase from Bacillus
licheniformis in Escherichia coli

Chomphunuch Songsiriritthigult!, Bancha Buranabanyat2, Dietmar Haltrich® and Montarop Yamabhai*2

—_

Abstract
Background: Mannans are one of the key polymers in hemiceliulose, a major component of fignoce!lulose, The
Mannan endo-1,4-B-mannosidase or 14-B-0-mannanase (EC 3.2.1.78), commonly named B-rannanase, is an enzyme
that can catalyze random hydrolysis of B-1,4-mannosidic linkages in the main chain of mannans, glucomannans and
galactomannans. The enzyme has found a number of applications in different industries, including food, feed,
pharrmaceutical, pulp/paper industries, as wel! as gas well stimulation and pretreatment of lignocellulosic biomass for
the production of second generation biofuel. Bacilius licheniformis is a Gramn-positive endospore-forming
microorganism that is generally non-pathogenic and has been used extensively for large-scale industrial production of
various enzymes; however, there has been no previous report on the cloning and expression of mannan endo-1,4-B-
mannosidase gene (manB) from B. licheniformis.

Results; The mannan endo-14-f-manncsidase gene {mans;, commonty known as -mannanase, from Baciilus
licheniforenis stcain DSM13 was cloned and overexpressed in Escherichia cofi. The enzyme can be harvested from the cell
lysate, periplasmic extract, or culture supernatant when using the pFLAG expression system. A total activity of
approximately 50,000 units could be obtained from 1-l shake flask cultures. The recombinant enzyme was 6 X His-
tagged at its C-terminus, and could be purified by one-step immobilized metal affinity chrematography (IMAC) to
apparent homageneity. The specific activity of the purified enzyme when using locust bean gum as substrate was
1672 + 96 units/mg. The optimal pH of the enzyme was between pH 6.0 - 7.0; whereas the optimal temperature was at
50 - 60°C. The recombinant B-mannanase was stable within pH S5 -12 after incubation for 30 min at 50°C, and within pH
6 - 9 after incubation at 50°C for 24 h. The enzyme was stable at temperatures up to 50°C with a half-life time of activity
(11/2) of approximately 80 h at 50°C and pH 6.0. Analysis of hydrotytic products by thin layer chromatography revealed
that the main progucts from the bioconversion of locus bean gum and mannan were various manno-ofigosaccharide
products {M2 - M) and mannose.

Conclusion: Cur study demonstrates an efficient expression and secretion system for the production of & relatively
thermo- and aikali-stable recombinant 8-mannanase from B licheniformis strain DSM13, suitabte for various
biotechnolegical applications.

—

Background an enzyme that can catalyze random hydrolysis of §-1,4- -
The Mannan endo-1,4-B-mannosidase or 1,4-B-D-man- mannosidic linkages in the main chain of B-1,4-mannans, -
nanase (EC 3.2.1.78), commonly named B-mannanase, is  glucomannans and galactomannans; thus it transforms .
the abundant heteromannans to manno-oligosaccharides

;C°;’ESP°';“’E“CE¢;‘0“‘3“’9@5”*-35-‘*’f c [1,2) and a smali amount of mannose, glucose and galac-

School of 3ictechnology, Institute of Agricuttural Technology, Suranarce .

University of Technolegy, 111 University Avenue, Nakhon Ratchasima, Thailand tose [3]. Mannan endo-1.4 [3 ménnomd?ses are prodl,fced :
t Contributed equally by a number of plants, bacteria, fungi, and by various :
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tebrates. The enzyme has found a number of appli-
i different sectors [4], including food, feed, phar-
. and pulp/paper industries, gas well
“lation [1], as well as pre-treatment of lignocellulosic
# the production of second generation bicfuel
The application of mannan endo-1,4-B-mannosidase
roduction of prebiotic manno-oligesaccharides
eap. agricultural by-products such as copra has
gained significant interests [5-8].
Hus' licheniformis is a Gram-positive endospore-
g microorganism that belongs to the B. subtilis
he genus Bactllus. It is generally non-patho-
d has been used extensively for large-scale indus-
duction of exoenzymes such as subtilisins or
my! s_g,';"zi'rid the antibiotic bacitracin [9]. Recently, the
6.of B lichenifermis strain DSMI13 has been
“and it was revealed that it contajns many new
-of potential interest for biotechnological applica-
10 So far, there has been no previous report on
'glor_iiﬁé and expression of mannan endo-1,4-B-man-
'_".'-'gene (manB) from B. licheniformis; however,
T w_e':#e some preliminary reports on the property of
ve enzymes [11,12]. In this work manB from B.
irmmis strain DSM13, which has been used exten-
in industry, was cloned and overexpressed using an
Hia coli expression system [13]. The recombinant
&' was highly expressed and efficiently secreted info
eriplasmic space and subsequently into the culture
Amino acid sequence analysis revealed that the
nzyme belongs to the glycosyl hydrolase family GH26
1 'I"'h:e properties of the recombinant enzyme are also
eported, and our results demonstrate that recombinant
1 endo-1,4-B-mannosidase from B. licheniformis is
rmo- and alkali-stable, and thus suitable for various
ustrial applications.

estlts
and expression of mannan endo-1,4-B-
asidase from Bacillus ficheniformis
oligonucleotide primers for cloning of the manB
ene éncoding mannan endo-1,4-p-mannosidase from B.
icheniformis DSM13 were designed from its complete
mic database, according to the DNA sequence of
ydhT (NCBI accession number NC006322}, encod-
ng a hypothetical protein similar to mannan endo-1,4-
eta-mannosidase. The gene was cloned into the pFLAG
xpression vector such that the hypothetical native signel
eptide was replaced with the E. coli OmpA signal pep-
tide included in this vector. This allows the secretion of
ecombinant enzyme into the periplasmic space and
ubsequently into culture broth. In addition, the DNA
quence encoding a hexahistidine together with a stop
?Q:C:!:On was incorporated into the reverse primers o cre-
ate a His-tagged fusion enzyme to facilitate further puri-

" Page2 _'of_1.3_.";- L

fication. The manB gene was under control of the tac
promoter and could be induced for high expression u'smg-: ;
Isopropyl B-D-1-thiogalactopyranoside (IPTG). Amino:
acid sequence analysis revealed that the mannan endo-
1,4-B-mannosidase from B, licheniformis has a theoretical =
molecutar mass of 41 kDa, and belongs to glycosyl hydro-:
fase family GH26, according to the CAZy (CArbohydrate-
Active EnZymes) databank [15]. This family is a member
of clan Glyco hydro tim or TIM barrel glycosyl hydrolase
(GH) superfamily, which comprises 26 mernbers, includ-
ing a-amylase and celiulase. The deduced amino acid
sequence alignment of B. licheniformis mannan endo-1,4-
B-mannosidase with other bacterial B-mannanases from
family 26 is shown in Fig. 1. The enzyme shows the classi-
cal TIM (B/c)8-barrel architecture. The catalytic domains
of GH26 members are located at the C-terminus, and
conserved amino acid residues of this glycosyl kydrolase
family are also shown in Fig. 1. The mannan endo-1,4-B-
mannosidase from B. lickeniformis is highly similar to
ManB from E. subtilis 7-2 [16] and B. subtilis strain 168
[17] with 82% identity, whereas its similarity to GH26 B-
mannanases from other bacterial species is significantly
less (11-20% identity}.

Expression and secretion of mannan endo-1,4-f-
mannosidase

The recombinant mannan endo-1,4-B-mannosidase pro-
duced in this study was fused with the E. coli OmpA sig-
nal peptide and thereby could be efficiently secreted into
the periplasmic space and culture medium as has been
previousty reported for this expression system and vari-
ous secreted Bacillus-derived enzymes [13]. Both the effi-
clent expression and extracellular location after induction
with IPTG are evident from Fig. 2. At 4 h after induction,
a large fraction of the recombinant enzyme was accumu-
lated in the periplasmic space, and after inducing over-
night, more enzymes could be found in the culture
medium than in the periplasmic space. Comparison of
the yield of recombinant B. licheniformis mannan endo-
1,4-B-mannosidase in different compartments at various
induction conditions in shake flask is given in Table L.
The highest specific activity could be obtained from
perisplasmic extract after induction with 0.5 mM IPTG
overnight, whereas the largest total activity could be
obtained from the three fractions after induction with 1
mM IPTG for 4 h. Nevertheless, other conditions yield
only slightly different results. Routinely, we obtained 45 -
50,000 U of total mannan endo-1,4-B-mannosidase activ-
ity from a 1- shake flask culture. To prepare the enzyme
for purification and analysis in the next step, we preferred
to use the cytoplasmic and especially the periplasmic
extract, as the enzyme was highly concentrated, facilitat-
ing the subsequent affinity purification step.
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Figure 1 Amino acid sequence alignment of ManB from B. licheniformis and other mannan endo-1,4-fi-mannosidases belonging to glyco-
syl hydralase family 26 (GH26). a-Helices are displayed as squigales; B-strands are rendered as arrows. The eight B-strands forming the core of the
TIM-Darrel are referred as 51 10 58, whereas the eight a-helices connecting these B-strands are referred to as H1 to HB. A white character in a box in-
dicates strictidentity, while a black character in a frame indicates similarity across a group, The catalytic glutamate residues are tocated at position 167
and 266 of f-mannanase from B, subtilis Z-2 {16). Multiple sequence alignmeni was done by CLUSTAL W [38] followed by ESPript [37] to display the

secondary structure of the B-mannanase from B. subtitis Z-2, 2QHA The similasity of different enzymes is shown as % identity, based on the sequence
of 8. licheniformis DSM13 {1009%); B. subtifis 2-2 (81.90%); B subtilis 168 (81.90%}; £. celiviose {19.90%); C acetobutylicum (15,27%); A. tumefaciens (13.82%)
and M. loti(11.08%). Key: 8 subtilis 2-2 (Bacillus subtilis Z-2, PDB code; 20HA); 8. fichenifarmis BSM 13 {Bacitlus icheniformis DDSM 13, NCBl accession num-
ber NCO06322); 8 subtilis 168 (Bacillus subtilis subsp. subtilis str, 168, NCBI accession number NCO00964); P. celiuiosa [Pseudomonas cellulose, NCO10995);
C acetobutylicum (Clostridium acetobutylicum str, ATCC 824, NCGO3030); A, tumefaciens (Agrobacterium tumefaciens str. C58, NCBI accession number

.

NC003063) and M. loti {Mesorhizobium loti MAFF303099, NCB! accession number, NCO02678).

v

Enzyme purification and assay

The crude enzyme from the periplasmic extract was used
for affinity purification on Ni-NTA agarose. The enzyme
could be purified to apparent homogeneity using this
one-step purification protocol as shown by SDS-PAGE
analysis (Fig. 3, panel A). Mannan endo-1,4-B-mannosi-
dase activity of the purified enzyme was shown by in-gel
activity staining (Fig. 3, panel B} as weil as by the standard
P-mannanase assay. Recombinant ManB showed a
molecular mass of approximately 45 kDa on SDS-PAGE,
confirming the theoretical mass of 41 kDa. The specific
activity of the homogenous enzyme was 1672 + 96 U/mg
under the standard assay conditions. We routinely
obtained a total of approximately 40,000 U of purified
enzyme (equivalent to < 25 mg) from 1-I cultures.

Effect of pH and temperature

The optimal pH of mannan endo-1,4-B-mannosidase
activity from B. licheniformis was at pH 6.0 - 7.0 (Fig. 4,
panel A), Notably, the enzyme shows a significant activity
up to pH 9.0, and is more active at this pH when using
glycine buffer than potassium phosphate buffer. The
enzyme was stable within pH 5 - 12 after incubation for
30 min at 50°C (Fig. 4, panel B), and within pH 6 - 9 after

incubation at 50°C for 24 h (Fig. 4, panet C). The optimal
temperature for ManB activity was 50 - 60°C for the 5-
min assay (Fig. 4, panel A). The enzyme was stable up to
55°C after incubation for 30 min at pH 6.0 (Fig. 5, panel
B}. In addition, it showed a half-life time of activity, T1/2
of approximately 80 h at 50°C and pH 6.0, while t1/2
decreased considerably to only 3 min at 60°C {Fig. 5C).

Substrate specificity and kinetic parametets

The relative activity of ManB from B. licheniformis for
various substrates was determined as shown in Table 2.
The enzyme exhibited highest activity on glucomannan
prepared from konjac followed by pure 1,4-f-D-mannan
and the galactomannan locust bean gum (LBG). The
activity of the enzyme with highly substituted galacto-
mannan from guar gum and copra meal was negligible
when using the standard assay. However, we found that
partial hydrelysis of copra meal after incubation occurred
after incubation of this substrate with the enzyme for 2 to
3 days {data not shown).

Furthermore, the kinetic constants for the hydrolysis of
selected substrates were determined. Because of the
extremely high viscosity of LBG solutions, especialiy at
higher concentrations necessary for the determination of
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Table 1: Yield of recombinant 8. ficheniformis mannan endo-1,4-B-mannosidase in different cell compartments of E. coli

nl.ﬁdﬁction Culture supernatant Periplasmic Space Cytaplasm Total
4 hr Ovn 4 hr Ovn 4hr Ovn 4 hr ovh
8,659 15,076 13,509 9,983 15,189 24,502 37,357 49,561

Total Protein 147 170 445 17.8 186 163 378 351

Hma/Ly

A 5838 89.0 304 560 1.7 156 99,0 141

8,437 14,171 19,649 13,488 10,589 24,480 38,675 52,139
137 156 450 20.5 137 199 319 376
61.7 1.1 437 660 773 123 121 139
13,561 14,402 17,647 13,232 24,502 26,632 55,710 54,266
153 175 385 202 163 168 356 363
88.9 824 447 656 150 159 157 149

“The typical yield of the overexpression of recombinant mannan endo-1,4-B-mannosidase frem B. ficheniformis in E, coli grown in 1-liter shaken

escribed in Materiat and Method,

the kinetic constants, low-viscosity LBG was prepared by
partial hydrolysis [18] and used as a substrate in addition
to'glucomannan from konjac and pure 1,4-B-D-mannan.
;-__\__?_(fhen present in saturating concentrations, low-viscosity
LBG was the preferred substrate as judged both from the
highest turnover number keat and specificity constant
keat/Km (Table 3).

:Product analysis by thin-layer chromatography

‘Product analysis by TLC after hydrolysis of various sub-
strates confirmed that the recombinant enzyme is indeed
dn endo-8-mannanase. Various manne-oligosaccharide
‘products (M2 - M6) as well as mannose were found after
‘enzymatic hydrolysis of locust bean gum and mannan
(Fig. 6). When mannohexaose (M6) was used as a sub-
‘strate (Fig. 7), the main products were M2, M3 and M4,
suggesting random hydrolysis of this oligosaccharide.
‘After extensive overnight digestion, mannose (M1) could
‘be observed as well. Analysis of hydrolysis products when
using different manno-oligosaccharides (M2 - M5) as

:._j'_ﬂa'sk cultures is reported. Celts were cultivated and enzymes from varicus compartments were harvested after induction for4and 20 h as

substrates revealed that ManB from B. licheniformis can-
not cleave mannobiose, mannotriocse or mannotetraose,
whereas mannopentaose was hydrolysed only after exten-
sive incubation overnight, generating M2 and M3 as
products (Fig. 7).

Piscussion

B. licheniformis strain DSM13 was used as the source for
the isolation of the mennan endo-1,4-B-mannosidase
gene, manB since this strain has been used extensively for
large-scale production of various industrial enzymes
including serine protease (subtilisin} or c-amylase [9].
The genome of strain DSM13 has recently been
sequenced, and a number of new genes of potential bio-
technological applications have been identified [10]. The
mannan éndo-1,4-B-mannosidase gene was cloned by
PCR cloning, using primers designed from the published
genome database. This is the first report on the cloning,
expression, and characterization of recombinant mannan
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Figure 2 Expression and secretion of recombinant mannan endo-1,4-i-mannosidase (ManB) from . licheniformis. A) The pFLAG-CTS system
(Sigma) was used for the expression of recombinant f-mannanase, Enzyme expression was under the control of tac promoter, which can be induced
for overexpression by IFTG, The vector contains the ampicillin resistant gene, and a hexahistidine tag was incorporated C-terminally. The mature en-
zyme was fused to the £ coff OmpA signal peptide (shown in 3 box) for secretion into the periplasmic space, B) Cells were grown until O0ggy reach
~10before IPTG was acded to a final concentration of ¥ mM, and incubation continued at 28°C. Samples were taken at 0,4 h, and overnight 20 h, of
1) after induction with IPTG. Culture supernantant, periplasmic and cytosolic fractions were prepared as described in Material and Method, Approxi-
mately equal amounis of total protein in the periplasmic and cytesolic fraction were loaded onto each lane,

E

>,

endo-1,4-B-mannosidase from B. licheniformis. Other
reports on recombinant Bacillus mannan endo-1,4-B-
mannosidases were dealing with enzymes from B. subtilis
[16,19-23]. B. stearothermophilus [24], and B. circulans
[25].

Manpan endo-1,4-B-mannosidases can be classified
into two distinct famities, glycosyl hydrolase (GH) family
5 and 26, based on amine acid sequence similarities and
hydrophobic cluster analysis [14]. Family GH5 was for-
merly known as cellulase family A and encompasses

- =

M C ft wl w2 wd el e2

o

482 kD —> |-,

325 kD — |5 §

A B

Figure 3 Coomassie staining and zymograrm analysis of purified
recombinant mannan endo-1,4-f-mannosidases from B. licheni-
foremis. SDS-PAGE analysis of purified recombinant B-mannanase is
shownin panel A, M, marker; C, controf £ cofflysate; |, input {Crude ex-
tract); Fr, Row through; wi-3, wash 1-3; e1-2, enzyme from 1stand 2nd
elution Panel B iflustrates zymogram analysis of the purified enzyme,
Cnly 1/1000 of the amount used in the iefi panel was loaded cnto the
gel, White bands indicate mannan endo-14-B-mannosidase activity.

i

diverse enzymes |26}, whereas glycosyl hydrolase family
26 comprises only members with mannan endo-1,4-f-
mannosidase (EC 3.2.1.78) and B-1,3-xylanase (EC
3.2.1.32) activities [14]., Amino acid sequence analysis of
mannan endo-1,4-B-mannosidase from B. licheniformis
revealed that the enzyme belongs to family GH26. In
addition, we also cloned and expressed the mannan endo-
1,4-B-mannosidase gene (manB) from B. licheniformis
strain DSM 8785, The two enzymes have onty one amino
acid different, and the properties of these two heterolo-
gously expressed recombinant enzymes are identical
(data not shown). '
The expression and production of the recombinant.
mannan endo-1,4-B-mannosidase reported here is based
on a previously published E. coli expression system [13].
The mature mannan endo-1,4-f-mannosidase gene was
fused to the E. coli ompA signal sequence and is under
the control of tac promoter. Thus, the enzyme could be
efficiently secreted, and harvested from the culture,
medium, periplasm, or cell lysate fraction, depending on .
the culture condition, When the gene was induced for .
over-expression by 1 mM IPTG for 3 - 4 h, we routinely
obtained about 25 mg of recombinant enzyme from the.
cytoplasmic and periplasmic extracts of 1-liter cultures, .
which contain more than 40,000 units of purified
enzyme. Undet the induction with IPTG, a significant
fraction of the enzyme was still found in the cytosol. This
could indicate that the over-expressed enzyme possibly
saturates the bacterial secretion system [27]. It should be
mentioned that no optimization aiming at increased
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24 Effect of pH on the activity {A) and stability (B, C} of B. icheniformis mannan endo-1,4-B-mannosidase, The optimal pH was deter-
{48 50°C using 0:5% LBG in 50 mM of different buffers (A}. The pH stability was determined by measuring the remaining activity after incubaticn
tvarious pH values at 56°C for 30 min (B) and 24 h (). The buffers used were acetate buffer (black square} from pH 2 - 6; patassim phosphate buffer;
Slack circe) from pht 6 - 9; and glycine busfer {black triangle) from pH 8- 12,

izyme yields was performed. Thus, by applying opti-
mized culture and induction conditions together with a
le ' fermentation strategy, considerably higher
'iﬁfii_riént protein yields can be expected. Thus, our
ression system is highly efficient for expression of
terial B-mannanses and should be applicable for other
mes as well. More importantly, the extracellular loca-
‘the enzyme might be of interest for large-scale
ultivations as it circumvents the necessity of cell disrup-

an endo-1,4-B-mannosidases are active on vari-
annans and substituted mannans, but display negli-
0’ low activity towards other plant cell wall
accharides [3,28}. The enzymes randomly hydrolyse
nkages in diverse substrates such as pure mann-
ns, galactomannans, glucomannans and galactogluco-
_a_ris [4]. In this study, we found that B. licheniformis
anB shows the highest relative activity for glucoman-
an prepared from konjac followed by pure low-molecu-
r mass  14-B-D-mannan of DP (degree of
olymerization} < 15 and high-viscosity (high molecular
__é's')_-loc:ust bean gum. However, we were not able to
etect notable activity for guar gum and copra meal using

tandard assay of 5-min incubation. Based on the
Kinetic' characterization and judged from the specificity
onstant keat/Km, the galactomannan locust bean gum
{low viscosity) is the preferred substrate, however the dif-
erences in the specificity constant are not very pro-
unced when compared to kenjac glucomannan and
ure mannan. Apparently, B. licheniformis ManB prefers
oluble and low-substituted mannan substrates. This is
‘evident from a comparison of the relative activity on solu-
le LBG, a galactomannan from Ceratonia siliqua with a
annose-to-galactose ratio of 4:1, and soluble guar gum,
galactomannan from Cymopsis tetragonoloba with a
wannose-to-galactose ratio of 2:1 [1]. While the former is
‘good substrate, the activity on the latter is negligible

during the 5-min standard assay. Similarly, activity on
copra mannan, an insciuble galactomannan with a very
low degree of galactosyl substitution, is very low [29].

There have been a number of reports on the character-
jzation of mannan endo-1,4-3-mannosidases, both native
and recombinant, from various organisms as summarized
in Additional file 1. The pH and temperature optima as
well as the stability of the enzymes are clearly varying,
depending on the sources of the enzymes. Typically, the
enzymes from non-bacterial sources show lower pH and
temperature optima as well as lesser stability (See Addi-
tional file 1). The specific activity {from 3.8-8300 U/mg)
and kinetic parameters (Km ranging from 0.3-10.2, Vmax
from 3.8-2000) of the mannan endo-1,4-B-mannosidases
from various sources, when using LBG as a substrate,
vary greatly as shown in Additional file 1. This obviously
reflects differences in the structure of the enzymes, for
example highly thermostable mannan endo-1,4-B-man-
nosidase tend to have lower specific activity compared to
their mesophilic counterparts {24,30,31]. In this respect,
the B. licheniformis ManB described in our report is char-
acterized by a very high specific activity of 1672 U/mg as
well as by a relatively high stability. However, when com-
paring different mannan endo-1,4-B-mannosidases it is
important to note that locust bean gum, which is a stan-
dard substrate for measuring mannan endo-1,4-B-man-
nosidase activity, is highly viscous and difficult to
prepare. [t can be assumed that the large discrepancy of
enzyme activity in some of the reports can in part result
from various techniques used in substrate preparation.
For example we were not able to estimate with confidence
the kinetic parameters when using high-viscosity, com-
mercial LBG as a substrate, Thus, only the kinetic param-
eters when using low-viscosity - LBG, low-viscosity
glucomannan from konjac, and B-mannan are reported
here.
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Figure 5 Effect of temperature on activity (A} and stability (B, C) of B. licheniformis mannan endo-1,4-f-mannosidase. The optimal tempera-
ture was determined using 0.5% LBG in 50 mM citrate buffer, pH 6.0 (A). The temperature stability was determined by measuring ihe rernaining activity
afeer incubation without substrate at various temperatures at pH 6.0 for 30 min, and measuring the residual activity using the standard assay (8). Panel
C iliustrates the remaining enzyme activity after incubation at 60°C (ieft) and 50°C {right} at various time points.

L

TLC analysis of hydrolysis products confirmed that
recombinant B. licheniformis mannanse is an endo-man-
panase, which can efficiently and randomly cleave higher
malecular weight mannans containing more than six

mannose monomers. The enzyme could only cleaved
mannopentaose after an extended incubation for 12 k'
and had no detectable activity against mannobiose, -tri- :
ose or -tetraose. This property suggests that this enzyme
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?;ra'b[é"'z'é_:Substrate specificity of B. ficheniformis mannan
“ado-1,4-p-mannosidase

Relative activity {36)

219

166

100

nd

nd

Activity of mannan endo-1,4-8-mannasidase from B.
niformis was determined under standard assay conditions
ing &ach substrate at a concentration of 5 g/l The refative
clivity with the standard substrate locust bean gum (high
scosity) was defined as 100%.

0 apparent activity at standard assay condition was

cted.

d:be applicable for the generation of prebiotic
o-olignsaccharides (MOS), as higher oligosaccha-
farmed wili not be hydrolyzed further. Extensive
] ysis of cheap and commercial available locust bean
_guim can therefore result in a mixture of MOS containing
s oligosaccharides that may have a diverse prebiotic
d anti-obesity (8] effects in different regions of the gut.

r oligosaccharides are currently discussed as prebi-
ics with enhanced persistence that can reach more dis-
ions of the gut, and thus show their positive effect
in that region {32].

clusion

results demonstrate an efficient system for expres-
2nd secretion of a relatively thermo- and alkali-stable
annanase from B. licheniformis, which is suitable for
tstrial applications. In addition, the expression and
cretion system that is used in this study could be
__Opﬁé'd for procuction of other enzymes as well.
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Methods

Bacterial strains and culture conditions

Bacillus licheniformis DSM13 (ATCC 14580) was
obtained from DSMZ; German Culture Collection of
Microorganisms and Cell Cultures (Braunschweig, Ger-
many). Cells were grown at 37°C and kept in M1 medium.
Escherichia coli DH5o {Life Technologies) was used in
the molecular cloning experiments, whereas E. coli Top10
{Invitrogen) was used for expression of the recombinant
enzyme. The E. coli strains were grown in Luria broth
(LB) containing 100 pg/ml of ampicillin for maintaining
the plasmid.

Molecular cloning of mannan endo-1,4-B-mannosidase
from Bacillus licheniformis

The gene of the mature mannan endo-1,4-$-mannosidase
was cloned by a PCR-based method. The primers
B.liManfwXhol: CTG TGC CTC GAG CAC ACA CCG
TTT CTC CGG TG, and B.liManrveHiBgl2: CTG TGC
AGA TCT TCA ATG GTG ATG GTG ATG GTG TTC
CAC GAC AGG CGT CAA AGA ATC GCC were used
for PCR amplification of manB, These primers were
designed using the published sequence from the geromic
database of B. licheniformis DSM13 (NCBI accession
number. NC006322, REGION: 739316740398), and were
compatible with the Xhol and Bglll cloning sites of
pFLAG-CTS expression vectors (Sigma). The DNA
encoding native signal peptides were omitted, and the
gene of the mature enzyme was fused with the E. coli
OmpA signal peptide instead in order to enable efficient
secretion into the periplasm and culture media. In addi-
tion, DNA encoding a hexahistidine tag was incorporated
into the reverse primers to generate 6 x His tagged
recombinant enzymes for further purification. PCR reac-
tions were performed according to the recommendations
from the manufacture in a thermal cycler from MJ
Research. Templates were prepared by boiling a single
colony of B. licheniformis in 100 ul of water for 5 min, and
50 pl of that solution were directly used in the PCR reac-
tion. The PCR reaction {total volume of 100 ul} consisted
of 0.5 uM of primers, 0.2 mM dNTP, 3 units of Pfu DNA.
polymerase (Promega), and 10 x reaction buffer, provided

Vmax Km keat kecat/Km
{nmol min-1mg-1) (mg ml-1) (-1 (mg-1s-Tml}
30,400 149 21,000 1,410
45,300 17.5 31,200 1,790
26,400 152 18,200 1,200
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Figure 6 Thin layer chromatography analysis of hydrolysis products using LBG and Mannan as substrates. Products from LBG and mannan
hydrolysis at various tme points are iliustrated. Std: & standard mixture of MY - ME; 2 min, 5 min, 10 min, 15 min, 30 min, 80 min, 12 hare the reaction
products afterincubation at 2, 5,10, 15, 30 and 60 min, and 12 h respectively; SB: substrate blank.

pa

5.

by the manufacturer. The amplifications were done as fol-  ligated into the pFLAG-CTS expression vector that has:
lows: initial DNA denaturation at 95°C for 2 min; 30  been cut with corresponding enzymes. The ligation reac-:
cycles of denaturation at 95°C for 45 sec, annealing at  tions were transformed into E. coli DH5x. The DNA .
58°C for 1 min, extension at 72°C for 2.5 min, and a final  sequence and the integrity of the constructs were deter—__'::
extension at 72°C for 10 min. The PCR products were mined by automated DNA sequencing (Macrogen,
separated on 1% agarose gels containing ethidium bro-  Korea). .
mide and visualized under a UV transilluminator. PCR
products were purified using PCR purification kits (Qia-
gen, Germany). The PCR products were then cut with
appropriate restriction enzymes (Xiol and Bglil) and

Expression of recombinant enzymes :
Freshly transformed E. coli Top 10 harbouring the recom- -
binant maxB gene was inoculated into 5 ml of LB broth:
containing 100 pg/ml of ampicillin at 37°C for 16 h. After .
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Figure 7 Thin Jayer chromategraphy analysis of hydrolysis products using various manno-oligosaccharides as substrates. Hydrolysis prod-
ucts when using manncbiose (M2), mannotriose {M3}, mannotetraose {M4), mannopentaose (M5) and mannohexacse (M6} 25 substrates are shown,
Stdh: 3 standard mixture of M1 - M&; 2 min, 5 min, 10 min, 15 min, 20 min, 60 min, 12 h are the reaction progucts after incubation at 2, 5,10, 15, 30 and
60 min, and 12 h respectively; 5B substrate blank. :
S
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Afovernight culture was inoculated into 250-
B E'::o_'r_oth containing 100 pg/ml ampicillin and
- iiatil the optical density at 600 nm reached
5, [PTG was added into the culture broth
entration of 0.1 - 1.0 mM. The culture was
ncubated with vigorous shaking (250 rpm)
+am temperature) for 3 - 4 h. The culfure
""" d chilled in an icebox for 5 min and cen-
00'% g for 10 min at 4°C to separate cells
s atant. To extract the periplasmic content, the
suspended in 2.5 ml of cold (#°C) spheroplast
0 M Tris-HCL pH 8.0, 0.5 mM EDTA, 0.58 M
nd 20 ug/ml phenylmethylsulfonyl fiuworide
ot incubation for 5 min on ice, bacterial celis
{lected by centrifugation at 8,000 x gat 4°C for 10
suspended in 1-2 ml of ice-cold sterile water
nted with 1 mM MgCl, and incubated on ice for

thh frequent shaking. The supernatant of
mately 1~ 2 ml was then collected by centrifuga-
00 x g at 4°C for 15 min as the periplasmic frac-
x_t'r:a'ct the cell lysate, the precipitated cells from
ous step were washed once with lysis buffer (50
€L 0.5 mM EDTA), resuspended in 1 - 2 ml
ffer, and sonicated (Ultrasonic Processor; 60
pulser 6 sec, for 2 min) on ice. The cell debris
‘spun down at 8,000 x g and the supernatant was
s the cell lysate.

ul

stion of recombinant mannan enda-1.4-f-

sidase’’

od metal affinity chromatography (IMAC) was
ed for purification of 6 x His-tagged recombinant p-
annanase by gravity-flow chromatography, using Ni-
A Aparose according to the manufacturer protocok
'-""_I'he periplasmic extract was loaded onto a col-
washed three times with increasing concentra-
imidazole of 5, 10 and 20 mM. The enzyme was
uted by elution buffer containirg 250 mM imida-
nd dialyzed using a dialysis membrane (Pierce Bio-
logy, 10-kDa molecular-weight cutoff) to remove

trophoresis and zymogram analysis
enaturing. sodium dodecyl sulfate-polyacrylamide gel
ectrophoresis (SDS-PAGE) was performed according to
ethod of Laemmli {33], in a 12% (w/v) polyacrylam-
el. The protein samples were briefly heated (3 min)
¢ loading buffer at 100°C using a heat block (Eppen-
_dorf). Protein bands were visualized by staining with
omassie brilliant blue R-250. The molecular weight
tkers were from Biorad.

~zymogram of mannan endo-1,4-B-mannosidase
ivities was generated by an in-gel activity assay using
5% iocust bean gum as substrate, copolymerized with
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10% {w/v) polyacrylamide. The enzyme samples were
mixed with the loading buffer in the absence of reducing
agent, and then applied onto 2 polyacrylamide gel. After
electrophoresis, the gel was soaked in 2.5% Triton X-100
for 30 min at 4°C, and incubated in sodium phosphate
buffer pH 7.0 2t 50°C for 1 h. The gel was then rinsed with
de-mineratized water, stained with 0.1% Congo red solu-
tion and gentle shaking for 20 min prior to destaining
with 1 M NaCl for 20-30 min, and thereafter was placed
in 5% acetic acid for 3 min (optional). Mannan endo-1,4-
B-mannosidase activity was detected as clear zones
against red (after staining with Congo red) or blue back-
ground (after soaking in 5% acetic acid).

Protein determination
Protein concentration was determined by the method of
Bradford [34] using bovine serum albumin as standard.

Enzyme assays

Standard mannan endo-1,4-B-mannosidase activity was
assayed using the dinitrosalicylic acid (DNS) method
[35]. The substrate, 0.5% locust bean gum (Sigma), was
dissolved in 50 mM sodium citrate buffer, pH 6.0 by
homogenizing at 80°C, heated to the boiling point, cooled
and stored overnight with continuous stirring. After that
insoluble was removed by centrifugation. An appropri-
ately diluted enzyme solution {0.1 m!) was incubated with
0.9 m! of the substrate solution at 50°C for exactly 5 min.
The amount of reducing sugars liberated in the enzyme
reaction was assayed by mixing 100 pl of the enzyme
reaction with 100 pl DNS solution, heating at 100°C for
20 min, cooling on ice, and diluting with 300 pi of de-ion-
ized water before measuring the absorbance at 540 nm.
One unit of mannan endo-1,4-B-mannosidase activity is
defined as the amount of enzyme that liberates 1 pmol of
reducing sugar {using D-manncse asa standard) per min-
ute under the experimental conditions given.

Effect of pH and temperature on enzyme activity

The optimal piH of mannan endo-1,4-B-mannosidase
activity was measured between pH 2.0 - 12.0 under stan-
dard assay condition, using three buffer systems (each 50
mM): sodium acetate (pH 2.0 - 6.0), potassium phosphate
(pH 6.0 - 9.0), and glycine (pH 9.0 - 12.0). To determine
the pH stability of mannan endo-1,4-p-mannosidase,
enzyme samples were incubated at various pH values
using the same buffer systems as above at 50°C for 30 min
or 24 h, and then the remaining enzyme activity was mea-
sured under standard assay condition.

The temperature dependence of mannan endo-1,4-B-
mannosidase activity was measured by incubating the
enzyme samples with the substrate at temperatures rang-
ing from 4 - 100°C in 50 mM citrate buffer pH 6.0. Ther-
mal stability of the enzyme was determined by incubating
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enzyme samples in 50 mM citrate buffer, pH 6.0, at vari-
ous temperatures ranging from 4 - 80°C for 30 min, then
the remaining enzyme activity was measured under stan-
dard assay condition. In addition, the thermal inactiva-
tion kinetics at 50 and 60°C were determined in 50 mM
citrate buffer, pH 6.0, by measuring the residual enzyme
activity at certain time points assayed under standard
condition.

Relative activity and kinetic parameters

The relative activity of B. licheniformis mannan endo-1,4-
p-mannosidase against konjac glucomannan, 1,4-p-D-
mannan, locust bean gum, guar gum and copra meal was
determined by pre-incubating 5 mg/ml of each substrate
in 0.1 M phosphate buffer pH 7.0 at 50°C for 30 min with
constant agitation using a Thermomixer comfort (Eppen-
dorf AG, Hamburg, Germany). After adding the purified
enzyme (276 ng), the reaction was incubated at 50°C with
shaking for 5 min, and then terminated by boiling for 10
min. The release of reducing sugars was detected by the
DNS method as described above. Relative mannan endo-
1,4-B-mannosidase activities against various substrates
were calculated by converting A, to pmoles of mannose
released.

For determination of the kinetic parameters, various
concentrations of different substrates in 0.1 M phosphate
buffer pH 7.0 [konjac glucomannan, low viscosity (3-19.5
mg/ml); 1,4-B-D-mannan (3-30 mg/mi); locust bean gum,
low viscosity (3-39 mg/ml)] were incubated with the puri-
fied mannan endo-1,4-p-mannosidase (138 ng) at 50°C
for 5 min. The Vmax and Km values were calculated by
non-linear regression analysis, using the GraphPad Prism
software (GraphPad Software Inc,, San Diego, CA).

Mannose, konjac glucomannan {low viscosity} and 1,4-
8-D-mannan (prepared by controlled hydrolysis of carob
galactomannan, DP < 15) were purchased from Mega-
zyme International (Bray, Ireland). Locust bean gum
(LBG} was isolated from Ceratonia siliqua seeds (Sigma-
Aldrich). Low-viscosity locust bean gum was prepared
according to a previously published protocol {18]. Guar
gum was purchased from Sigma-Aldrich, while copra
meal was bought from a local market in Nakhon Rat-
chasima province, Thailand.

Thin-layer chromatography

Hydrolysis of 15 mM substrates (manno-oligosaccharides
M2-Mé}, 0.1 mg LBG (high viscosity} and 0.1 mg of 1,4~
B-D-mannan by mannan endo-1,4-fB-mannosidase was
carried out in a 30-pl reaction mixture, containing 0.1 M
phosphate buffer, pH 7.0, and 13.8 ng (for M2 - M6), 276
ng {for LBG) or 2.76 ug (for 1,4-B-D-mannan) of purified
enzyme. The reaction mixture was incubated at 50 °C
with shaking for 2, 5, 10, 15, 30, 60 min, and 12 h prior to
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termination of the hydrolysis reaction by boiling for 5
min. A sample of each reaction mixture was applied five
times (one pl each) to a silica TLC plate (6.0 x 10.0 em),
and then chromatographed twice {2 h each) using a -
mobile phase containing n-propanol: ethanol: water
(7:1:2} {v/v), followed by spraying with 5% sulphuric acid
and heating at 180°C for 3 min. A mixture of M1-Mé (5
nmol each) was used as standard. Manno-oligosaccha-
rides (M2-M6), galacto-manno-oligosaccharides (OGM2
and OGM3), mannose and galactose were from Mega-
zyme, and Jocust bean gum was from Sigma-Aldrich. §ili-
caget 60 F254 aluminam sheet, n-propanoct and ethanol
were purchased from Merck (Damstadt, Germany).

Additional material

Additional file 1 Properties of various mannar endo-1,4-f-mannosi-
dases; pdf format; A summary of properties of different mannan
endo-1,4-B-mannosidases, i.e. Source, GH family, pH and temperature
optima, yield, stability, specific activity, kinetic parameter using LBG
as substrate, and reference [38-50},
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= g 4 ar b}
) mIeRnHmNIIelumInfoniTvesey kysiiioMe Uiy mannanase 10D B. Licheniformis

Relative activity (%)
Substrate
pETManBsub pFManBlil3
Glucomannan {Konjac) 128 219
1,4-b-D-Mannan 205 166
Locust bean gum 100 106
Guar gum nd nd

Copra meal nd nd
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G ‘¢ ¢ o o &
) mensaassTmManaoamansvesewluiiielguiy mannanase 11M¥? B. licheniformis

Substrate
Kinetics LBG low
Glucomannan f-D-mannan
. viscosity
Vmax pETManBsub 17,000 45,000 14,600
olmin'mg”')  pFManBlil3 30,400 45,300 26,400
Km pETManBsub 53 18.1 11.8
{mgml ) pFManBli13 14.9 17.5 15.2
keat pETManBsub 12,400 32,700 10,600
(s} pFManBlil3 21,000 31,200 18,200
keat/Km pETManBsub 2,400 1,800 900
(mg*s'ml) pFManBli13 1,400 1,800 1,200
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.ol Paenibacillus polymyxa (1994)
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edw uAiileanniam Lmz1;ﬂmﬂ'iﬁwﬁ'ﬂ%'qmuﬁnﬁﬂﬁmwwﬁ?@ﬁaﬁ o Uaz o Tngwudn Sr1dudu DNA
WDUFORIT & MTOURD B. subtilis ribosomal 165RNA 100% d o8 o miloufiu B. licheniformis
ribosomal 16sRNA 99% faganslumanuinluduisuesivay
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Tablz 1. Characienstics of the bacterial strain OA 1

Bacillus subtilisfamyioliguelaciens

Characteristics

Reaction

Crram rzaction
Fermemtative production of acid From ¢
~ alveerol
- ervthritol
- D-arabinose
- L-arabmose
- vibose
- I3-xylose
- L-xylose
- ndoniiol
< Prmethyi-T-xyloside

- galacrose

-0 ghacose
ST e frugtose
-1 mannose
- Lo sorhose

- thanmosy

- duleitol

S nosiiol

il

- sorbiie]

- emethyl-D-mannoside
- ao—methyl-D-glucoside
- N-ncetyl-glucosanune
-amygdaline

-arbuline

Pve

- ve = Ciram postlive bacteria
+ = Pogitive reaction
= Negative reaction

Remoark :

ar
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Tabig 1. (continued) Characieristics of the baclerial strain OA 1

SYRELAANNSASIAILATITT

Bacilius sublilissamyloliqualfaciens

Characteristics

Reaction

Fermentative producion of acid from  (continued)

v

cseuline
saticine
cellobrose
| .
rnanliese

lactose

- melibiose

SULTOSC

- trehalose

H

:

imuiine
melezitose
D-ratfinose
starch

alycogene

- xyhtol

l

2

1

1

1

fi-gentinbiose
[-turanose
D-lyxase
D-agatose
D-fucose
L-fucose
D-arabitol
L-arabitol
yluwonale
2-kero-gluconaw

S-keto-gluconale

Roprark @

wye = Cram posilive bactenia
+ - Positive reaction
. = Negative regetion

- Al w A . “ po A
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Table 1. {vontinued) Characteristics of the bacterial sirain OA 1 @ Bacilius subliis/amyloliguetaciens

Characteristies Reaction

B-valicondase prodeciion
(ortho-mire-phenyl-B-ID-galactopyranoside)
Argimine dihydrolase production
Sesme decarbosylase produciion
Crnilhune decarboxylase production
Chruie unlizauon
H-8 prodoction
Urease production
Fryplophane deaminase production

Indole producton of iryptophane

Avetoin praduction
Hydrolysis of gelatin -

Reduction of nitrate

Rewmark : ~ve = Gram positive bactena
& = Positive reaction
- = Nggative reaction
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Tabie 2. Characteristics of the bacterial strain QA 2 . Paenibacillus polymyxa

Characteristics Reaction

(Grani reaciion g

Fermentative prodeciion of acd from -
- ghveerol
- erythritol -
- Darabinose .
- | arabinose .
- ribose
- D-xyloge ' -
- L-aviose -
- aclontiol .
- Br-methyl-D-ayvloside .
- palactose £
- ) - glucose :
- 17 = [ruciose
- D) - mannose
- Lo sorbose -
- thamnose .
- duleital .

- nestet .

- maatntol "
- sorhital .
- ae-miethyl-D-mannoside .
- we-mmgthiyl-D-glucoside

- Naeewyl-glucosanine
- amyuedaline

- arbunng "

Renrark :

= (Gram positive bacleria
+ = Positive reaclion
. = MWegative reaction
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Table 2. {continued) Characteristics of the bactarial strain OA 2

SIERAZLAYANITATIVILATIEN

Paeribacilius pofymyxa

Characteristics

Reaction

Fermemative prodoction of acid from : (sontinucd)

ssculine

s

sabicine

1

- celiohiose
maltage

fuciose

mehbiose

3

SUCTOSE
- irehalose

Smabing

melezitose

1

- Deraflinose

starch

- glycopene

xylitol

]

B-gentiabiose
- [rwaranose

- D-dyxose

s

D-ragatose

D-fucose

1

[.-fucose

t

D-arabited

1-arabiiol

vlnconate

- 2-ketp-gluconale

- 3-keto-zluconate

Remark : — ve

= Gram positive baclenia

= Poagiive reaction

= Negative reaction
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Table 2. {continued) Characteristics of the baclerial strain QA 2 © Paenibatillus polymyxa

Characteristics Reaction

S-palactosidase production !
tortho-nitro-pheny)-B-D-galactopyranoside)
Argne dihydrolase production

Lysine decarbaxylase production

Ornithine decarboxylase production @
Ciwate ailization =
s production -
Urease production
Teyptophane deaminzse production =
Tndale production of yplophane
Aveton production

Hydrolysis o) gelatin

Reduaction of nitrate -

Remurd » = ve = (rani pusitive bacieria
= Pogitive reaction
- = Degative reaction
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Table 3. Characteristics of the baclerial strain OA 3 © Chryseobacterium indologanes

Characteristics Reaction

Grarm reaction
Reduction of nirate
Indole production of trypphane
Fermenative of acid from glucose
Arginine dihydrolase
Urease production
Hydrolysis of escualin
Hydrolysis of gelatin
[i-ealnctosidase production
(p-nilro phenyl-Begalactopyranoside)
,;‘xssisniimion of:
- Glacose -

- Arabinose

- Manoose )
- Manulai r
- Meaceryl-glucosamine )
« Muliose )

- Gluconate g
- Caprate .
- Adipaic -
- Male
- Cilraie
- Phenyl-acetate -

Cytochrome oxidase

Remark : - ve = Cramnegative bacteria
+ = Positive reaction

- = Negative reaction
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Figure 2. Cell morphology of the bacterial strain QA |
{x100 objective, phase-contrast microscoepe)
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uzwinluszdvgeamasTy Tﬂe;"l,ﬂwmmmu‘lnnmum « ¥in fanuadhaenldfidendo 4 1w EARIEGILIEE
1M (mannanase) Tﬂmﬂmau'lcﬁw”lﬂmammﬂafﬂwﬂsum‘n T tazuyanGe mmu"ﬁwmmuuﬂmﬂmm
ausonaalildluySnannn daitlidszgndlFluszdugramns suldde’ld

oulsniausnfietonlasl mannan endo-1,4-B-mannosidase 13 iS051 Aspergillus niger BKO1
Sauonuionesralunamies ewes Ussmadsaum dhusulafluassga glycosyl hydrolase 5 finu
a11udou183 (thermostable) eunsoranlAuT MR Avunia 243 ug Ae Hadfeslasldszuums
LEANDDRVBITTA Pichia pasotoris Tﬂamu"lmﬂ%zgﬂﬂi‘%'@aaﬂmuanmaém‘lﬂ“tufugﬂaL%Taﬁﬂﬁ’ﬁﬂ'mm"am'i
Lﬁmﬁmﬂﬁ wlvilduSaniae mnmﬁmﬂ:ﬁwnimu"quﬁﬁygﬂﬁumiqﬁqulma (elycosylation) ¥h1#
mmuﬂTnmﬂmummﬂmmmrﬁ SDS-PAGE 1111 53 kDa

s,au"iqmmﬂwmuwummﬁmimqwumﬁﬂﬁnummmwummsauiﬂfm Aot nadiad
oamnndl do virwaE AAtnuiiunsanie « WAy &b 1T samsiins e g eo um Wl

LS ar
1

’J']’é]‘élﬂ'fﬂli Lmuﬂ'lﬂ’ﬂmlfuﬂiﬂﬂN‘lﬂL'ﬂlﬂ“’T;Tllul‘uﬂ'l'iﬂWﬂ’ﬂﬂiiMﬁJﬂ\ilﬁlu‘lcﬁuﬂ’E}% Yo E)Qﬁ'll“h’ﬁl“lf&lﬁ Ltaﬁﬂ’lﬂ'l
anutlunIafe & AR Lauhlwummmueﬂ mannan mﬂﬂimswmaq %Wﬂwwmwuﬂ"lﬂﬂ uaz
150886 xylan 910U birchwood 1iAnTios Avamans Km mmwulmuumamsmmumqq 18uA konjac
glucomannan (ﬂ’nﬂ,lﬁﬁﬂﬁﬁ%’i), locust bean gum galactomannan, carob galactomannan (mmwﬁmﬁq), and 1,4-
beta-D-marnan (mmwﬁmﬁ"w) 19 0.6 mg mL-1, 2.0 mg mL-1, 2.2 mg mL-1 182 1.5 mg mL-1 AINEIAY AU
A1 keat 1D 215 5-1, 330,571,292 571 and 148 1 AT iﬂﬂﬂ'ﬁ%zﬂ§1wﬁé1ﬂéﬁﬂidi}ﬁﬁ1ﬁﬂ§ keat/Km €13
glucomannan Lﬂuﬁﬁm@umvmmauaulw mannanase 1 u’f)f]’ﬁ]’lﬂumm’maﬂﬁ?Lﬂﬂw‘?jﬂ"!ﬂﬂﬁmiuﬂﬂ
AVUATHLUAULY (thin Jayer chromatography) WU Namwaﬂmﬂmsaatfffmﬂfn‘mmu lucust bean gum fio

mannobiose (162848 mannotriose 1) manno-oligosaccharides mmﬂiwagﬂummamﬂuaﬂ

dreulen o ﬁuﬁ’ﬂmﬁ‘lﬁﬁmuﬁfuﬁamﬂmﬁ mannan endo-1,4-beta-mannosidase (manB) ¥3o(iju
mmﬂﬂuimmiﬂmmulmu beta-mannanase 1110 Bacillus licheniformis A1W1S DSMI3 iazanoius
DSM 8785 mﬁwammﬂﬁmumnm’mmmaaumEJ mewaaﬂiwmﬁ BRI L (LGRS Shuwafised
aoans uavuan”hmm"luaﬂﬁ'mﬂﬁu rlwdnnmuafiGen b mefiiinnuadondeiumnn Taold
FmaTnaufuingao3Ems PCR uazmh]uﬁmaaﬂi‘tﬂmﬂummumn lunuanise Escherichia coli Falu
iz'uunmmmaawmsau‘lmw'lﬂwmuwumu aunsammsfiufoaeulsd 1anie aoluaad Tudau
$947197HIMHITAUTAS (periplasmic space) wienmhdsaie Tnormsondaeuladidifuinouge fel
ANAATTUTINY FZUIY 50,000 units snmadsdniiEnsing o das eulniildnndFneiug
SeanTsuTTInTadIq 6xtlis-tag iBuBYRY C-terminus SenrmiliifuSqne s onazazain
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AeiEAs et B 01518 immobilized motal affinity chromatography (IMAC) 19w TuA 199
fenssuvouo il (specific activity) TR IHUTgMTUEUT01Y locust bean gum WumisdaduAe 1672 +-
96 units/mg Tﬂﬂaﬂnzﬁmmzauiumsﬁﬁ%ﬂsmmaqmu‘lcﬁﬁaejﬁqmmﬁ Zo perurafon uasfininay
Hunsame W b & o awddy liannsanusnudunsamaen g & - ol 11w mo
1t figungd ¢o sernimmen uarannsanumaudunsadieszndi s - € 1B we Sl
gamgll o owwaiFos daunrunumulugamgiiang wuh en it emsanuaiudouldds

9

pungll &o puruwaiBee waziianiedin (T1/2) Yssine <o Falus fgamgdl o svrwaiFoa Tuanie
anudlunsadie b wamsinseiasTasmsusndaurugsuL (thin layer chromatography) WU
ﬂaﬂaﬂ‘ﬂﬁ AIINATSHDEERIY locus bean gUm mannan fp manno-oligosaccharide ﬂmmmqq FIaLLA M2 - M6

mummﬁna mannose

ﬁaumuhmnmwuaﬂmeﬂw mannan endo-1,4-beta-mannosidase (manB) Hi@&ﬂuﬂ‘ifﬂﬂﬂuiﬂﬂ
il 411014 1] beta-mannanase 138 Bacillus subtilis 168 'aﬁmﬂﬂauuawmﬁwamau%ﬂﬂmﬂummu
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ﬂﬁﬂaﬂﬁmﬁf locus bean gum mannan 1D manno- oligosaccharide wmmeq (.-’NLLFE M2 - M6 iquwamma
mannose YUY uAEMNTONER M4 1dinndnewlsiann B, licheniformis
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Innnaniuiqninely mindysansussfadofivane
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UATINIFEH ﬂ?@ﬂummwauq 'nmmﬂumsaaaﬁ’ﬁa%amwﬂszmm lignocellulose fdhmmenssisuna
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MAELIN v NEnIATHaEl

Autoclave:

Balance:

Centrifuge machine:

Deep freezer - 70°C:

ELISA reader:
Electroporator :

Freezer -20° C:

Gel Document set:
Gel dryer:

Gel electrophoresis:

Heat Box:

Incubator shaker:

Incubator:

Laminar hood:

Membrane transfer:

Microcentrifuge:

pH meter:
PCR machire:

Rotator:
Shaker:
Sonicator:

Spectrophotometer:

Stirrer:

Thermomixer:

Hiclave HA-3000MIV, Hirayama, Japan

Precisa 205A, Precisa Instruments, Switzerland

Precisa 3000C, Precisa Instruments, Switzerland

Sorvall RC5C phus, Kendro laboratory Products, USA
Eppendrof centrifuge 5810 R, Eppendrof, US

Heto, Ulira Freeze, Denmarlc.

Sunrise, TECAN, Austria

Eppendrof 2510, Eppendrof, USA

Heto, HLLF 370, Denmark.

MyBio LFT420, DAIREIL Denmark

White/Ultraviolet Transilluminator GDS7500, UVP, USA
Digital Graphic Printer UP-D890, Sony, Japan.

Drygel sr. SLAB GEL Dryer model SE1160,

Hoefer Scientific Instruments, USA

Mini Protean® 3 cell, BioRad, USA

HB1, Wealtee Corp., USA

(C24 Incubator shaker, New Brunswick Scientific, USA
Memmert, BE 500, WTB Binder BD115,

Shel-Lab 2020 Low Temperature Incubator, Sheidon, USA
Holten LaminAir HBB 2448, Denmark.

BH2000 Series Classli Biological Safety Cabinets,
BHA120 & BHA180, Clyde-Apac,

Semi Phor, Hoefer Scieﬁtiﬁc instruments, USA

Mini spin pius, Eppendrof, USA

Eppendorf 54154, Eppendorf, Germany

Ultra Basic pH meter UB-10, Denver Instruments, Germany
DINA Engine PTC 200 peltier Thermatl cycler, MJ Research, USA
Certomat TCC, B. Braun Biotech International, Germany
Rotator AG, Fine PCR, Korea

Innova 2300 platform shaker, New Brunswick Scientific, UK Certomat TC2Z,
B. Braun Biotech Intemational, Germany

Waken GE100 Ultrasonic processor, Japan

Uhtrospec 2000, Pharmacia biotech, UK

Variomag Electronicrithrer Poly 15, Germany

Magnetic stirrer MSH300, USA

Hot plate stirrer Labtech, Korea

Thermomixer compact, Eppendrof, USA
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AAFHIN N: HANTIATIEHA1AUIEY DNA Yo38U 16sRNA

DNA of PCR products cloned into pGEMT EcoRl sites, sequenced by Macrogen
{Korea)

>Isolatel

ACTAGTGATTACEGC TACCTTG T ACGACTTCACCCCARTCATC TGTCCCACCTTCGGUGGLTGGCTCCATARAGETTACCTCACT
GACTTCGGETGTTACAAACTC TCETGGTGTGACGGGCGSTGTGTACAAGGCCCGGGAACGTATTCACCGCGGCATGCTGATCCGCS
ATTACTAGCGATTCCAGCTTCACGCAGTCGAGTTGCAGACTGCGATCCGARCTGAGAACAGATTTETCGGATTGGCTTARCCTCGT
GETTPLGCTGCOCTPTGETCTGTCCATTGTAGCACGTGIGTAGCCCAGGTCATAAGGGGCATGATGATTTGACGTCATCCCCACCT
TCCTCOGETTTGTCACCGECAGTCACCTTAGAGTGCCCARCTGARTGCTGGCARCTAAGATCAAGEGTTGCECTCGTTGCGGGACT
TAACCCAACATCTCACGACACGAGCTGACGACARCCATGCACCACCTGTCACTOTGCCCCCEAAGGGGACGTCCTATCTCTAGGAT
PGTCAGAGGATETCARGACCTGGTRAAGGTTCTTCGCGTTGCTTCGAATTARACCACATGCTCCACCGCTTGTIGLGGGCCCCCETCA
ATTCCTTTGAGTTTCAGTCTTGCGACCGTACTCCCCAGGCGEAGTGCTTAATGCGTTAGCTGCAGCACTAAGGGGCGGARACCCCC
TAACACTTAGCACTCATCGTTTACGGCETGGACTACCAGGGTATCTARTCCTGTTCGCTCCCCACGCTTTCGCTCCTCAGCGTCAG
TTACAGACCAGAGAGTCGCCTTCGCCACTGGTGTTCCTCCACATCTCTACGCATTTCACCGCTACACGTGGAATTCCACTCTCCTC
PTCPGCACTCAAGTTCCCCAGT M ICCAATGACCCTCCCCGGTTGAGCCGGGGGCTTTCACATCAGACTTAAGAAACCGCCTGCGAG
CCCMTACGCCCAATAATTCCGRACAACGCTTGCCACCTACGTATTACCGCGGCTGCTGGCACGTAGTTAGCCGTIGGCTT TCTGGT
TAGETACCGTCARGSTGCCGCOCTATT PTEAACCGGCACTTGTTC T TCCCTAACARCAGACCTTTACGATCCGAAARCCTTCATCACT
CACGCBECGTTGCTECETCAGACTTTCGTCCATTGCGSARGATTCCCTACTGCTGCCTCCCGTAGGAGTCTGGGCCGTGTCTCAGT
CCCAGTGTGGOCAATCACCCTCTCAGETCGECTACGCATCGTTGCCTTGGTGAGCCESTTACCTCACCAACTAGCTAATGCGCCGCG
GGTCCATCTGTARGTGGTAGCCEARGCCACCTTTTATGTCTGARCCATGCGGTTCARRCAACCATCCGGTATTAGCCLCGETTTICC
CGGAGTTATCCCAGTCTTACAGGCAGGTTACCCACGTGTTACTCACCCGTCCGCCGCTANCATCAGGGAGCRAGCTCCCATCTGTC
CGCTCGACTTGCATGTATTAGGCACGCCGCCAGCGTTCGTCCTGAGCCAGGATCARACTCTAATC

>Isolate?

GATTAGAGTTTGATC CTGEGCTCAGGACGARCGCTGGCGGCETGCCTAATACATGCAAGTCGAGCGGACAGATGGGAGCTTGCTCLC
TGATGTTAGCGGCGEACGEGTGAGTAARCACGTGGGTAACCTGCCTGTARGACTGEGATAACTCCGGGARMCCGGEGCTAATACCGG
ATGGTTGTTTCAACCECATEETTCARACATAAAAGETGGC TTCGGCTACCACT TACAGATGGACCCGCGGLGCATTAGCTAGTTGE
TGAGGTARTGGCTCACCAAGGCAACGATGCGTAGCCGACCTGAGAGGETGATCEGGCCACACTGGGACTGAGACACGGCCCAGACTC
CTACGEGAGGCAGCAG T AGGEAATCTTECECARTGGACGARAGTCTGACGGAGCAACGCCECLGTCAGTGATGARGGTTTTCGGATC
GTARAGCTCTGYTGTTAGGGARGARCAAGTACCGTTCGAATAGGGCEGGTACCTTGACGGTACCTAACCAGARAGCCACGGCTAACT
ACSTGECAGCAGCCGCECTAATACGTAGGTGGCARGCGTTGTCCGGAATTATTGEGCGTARAGGGLTCGCAGGCGGTTTCTTAAGT
CTGATGTGARAGCCCCCGGCTCAACCGGEGAGGGTCATTGGARACTGGGEEGAACTTGAGTGCABAAGAGGAGAGTGGAATTCCACGT
GIAGCGCTGAAATGCGTANAGATGTGGAGGAACACCAGTGGECGAANGCEGACTCTCTGETCTGTAACTGACECTCGAGGAGCGARAGC
GTGGGEAGCGAACAGGATTAGATACCCTGGTAGTCCACGCCGTAAMCGAT GAGTGCTAAGTGTTAGGGGGTTTCCGCCCCTTAGTG
CTGCAGCTAACGCATTAAGCACTCCGCCTGRGGAGTACGETCGCARGACT GARACTCABAGGAATTGACGGGGEGCCCGTCACARGCG
GTGGAGCATGTGGTTTAAT TCGAAGCAACGCGARGARCCTTACCAGGTCTTGACATCCTCTGACAATCCTAGAGATAGGACGTCCC
CTTCGGEGGCAGAGTGACAGGTGGTGCATGGTTGTCGTCAGCTCGTGTCCTGAGATGTTGGGTTARGTCCCGCAMACGAGCGCAACT
CTTGATCTTAG T TGCCAGCATTCAGTIGGGCACTCTAAGGTGACTGCCGGTGACAAACCGGAGGAAGGTGGGGATGACGTCAAATC
ATCATGCCCCTTATGACCTGGGCTACACACGTGCTACAATGGACAGRRCANAGGGCAGCGAMACCECGAGGTTAAGCCAATCCCAC
AAATCTGTTCTCAGTTCGGATCGEAGTCTGCARCTCGACTGCGTGAAGCTGGAATCGCTAGTAATCGCCGATCAGCATGCCGLGEY
GAATACGTTCCCEGGCCTTGTACACACCGCCCGTCACACCACGAGAGTTTGTAMCACCCGARGTCGECTGACGTARCCTTTTAGGAG
CCAGCCGCCGAAGGTGGGACAGATGAT TGGGGTGAAGTCGTARCAAGETAGCCGTARTCACTAGTG
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