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Abstract [-Mannanase catalyzes endo-wise hydrolysis of
the backbone of mannan and heteromannan, which are abun-
dant in the cell wall structure of ungerminated leguminous
seeds. The mature f-mannanase originated from Bacillus
subtilis was expressed in Pichia pastoris, a methylotrophic
yeast, using the leader peptide sequence of Saccharomyces
cerevisiae o-factor. The cultivation of f-mannanase express-
ing Pichia pastoris yields up to 1.8 g/L protein. In the super-
natant the activity of the 40 kDa—total mannanase attained
a level of 1102.0 IU/mL. The properties of the f-mannanase
were characterized. Optimum pH and temperature for the
recombinant enzyme were 5.5 and 50°C respectively. The
enzyme was stable at pH 5.0-10.0 and maintained over 30%
original activity after incubating at 70°C for 30 min.
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1 Introduction

The f-Mannan is the second most abundant hemicellulose
in nature, and its highly viscous polysaccharide presents in
various feedstuffs and protein concentrates such as guar gum,
palm kernel meal, soybean meal and copra meal. The man-
nans contained in corn-soybean meal broiler diets reduced the
feed conversion ratio by more than seven points, causing low
feed intake and weight gain, and causing environmental
problems (Slominski et al., 1994). Endo-f-mannanases (EC
3.2.1.78) catalyze the random hydrolysis of the f-1,4-
mannosidic backbone of the main mannan chain. Addition of
f-mannanase was known to improve productive performance
by 4.4%—10.3% when added to poultry and swine diets, and
significantly enhanced performance and reduced lesion scores
in chicks challenged with Eimerla sp. and Clostridium
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perfringens (Jackson et al., 2003). Domestic animals do not
have secret mannanase themselves, and in general, man-
nanase constitutes only a small percentage of the proteins
secreted by hemicellulose degrading microorganisms. This
problem could be solved by cloning and heterologous
expression of mannanase encoding genes.

The f-Mannanase was first found in plants and germi-
nating seeds, further it was isolated and identified in fungi,
bacteria, even blue mussel (Shimahara et al., 1975; Araki,
1982; Akino et al., 1988; Johnson, 1990; Oda et al., 1993;
Stalbrand et al., 1993; Xu et al., 2002a; Ootsuka et al., 2006).
Because the data were available from several difficult sources
on purification and characterization of f5-1,4-mannanases,
the recombinant enzymes were still poorly produced and
expressed, and the expression level was relatively low
(Stalbrand et al., 1993; Mendoza et al., 1995; Tang et al.,
2001; Xu et al., 2002b; Mingardon et al., 2005). The f-1,
4-mannanases production strain currently used in animal
husbandry now is a Bacillus lentus patented by Chemgen
Company, the production yield of which is relative high.
Indeed expenses for the feeding industry are still high. The
f-mannanase gene of B. subtilis origin has been expressed in
the E. coli system in denatured form with low yield of enzyme
activities, but has not yet been reported expressed by means
of the yeast expression system at acceptable level. The Pichia
pastoris expression system was employed for large-scale
production of fi-mannanase in bench-top bioreactor systems
in this report.

2 Materials and methods

2.1 Materials

Restriction endonucleases, T4 DNA ligase, Pyrobest DNA
polymersase were retrieved from Takara (Tokyo, Japan).
Isopropyl-f-D-thiogalactopyranoside (IPTG) and locust bean
gum (LBG) were purchased from Sigma Chemical Co.
(St. Louis, MO, USA). Yeast nitrogen base, D-biotin were
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obtained from Amresco (Solon, Ohio, USA). Yeast extract
and tryptone were gained from OXOID Ltd. (Basingstoke,
Hampshire, England). Bovine serum albumin was retrieved
from Roche (Mannheim, Germany). EasyCompTM Kit for
Pichia transformation was purchased from Invitrogen Corpo-
ration (Invitrogen Corporation, Calif, Germany). PGEM-T
Vector was purchased from Promega (Madison, WI, USA).
The polymerase chain reaction (PCR) products purification
kit was purchased from Qiagen (Valencia, Calif, Germany).
The other chemicals used were regent grade from Beijing
Chemical Regents Company.

2.2 Construction of the expression plasmid pPIC9k-man
for use in P, pastoris host cell

B.subtilis22, an extracellular f-Mannanase producer, was
isolated from soil (data are not reported). The chromosomal
DNA of B.subtilis was prepared as described by Ausubel
et al. (1987). The PCR amplification of chromosomal DNA
was performed using basal metabolic rate (BMR) (containing
coding mature S-mannanase) and basal metabolic rate (BMR)
(right before the stop codon) according to the reported /-
mannanase gene sequence from B.subtilis (Mendoza et al.,
1995). Two specific restriction sites (EcoRI at the 5" end
and Notl at the 3’ end of the coding sequence, in bold) were
incorporated into the PCR primers. The primers used for the
PCR are described as below.

BMF: 5-CGGAATTCCACACCGTTTATCCCG TCAAC-3".
BMR: 5“TTGCGGCCGCAAACCGATTTTCAAAAGAA-3".

A 50-pL PCR mixture contained 500 ng of DNA, 2 mM of
each dANTP, 30 pM of each primer and 5 mM of additional
magnesium chloride, 2.5 U Pyrobest DNA polymersase. The
reaction mixture was denatured for 5 min at 94°C followed by
35 cycles under the conditions of 94°C, 1 min; 57°C, 1 min;
72°C, 1 min and then completed at 72°C for 10 min.

The PCR products were characterized by agarose gel
electrophoresis and extracted. Purified products were ligated
into pGEM-T vector according to the manufacturer’s instruc-
tions and transformed into high efficiency competent cells
DH-50. The plasmid was digested with the restriction enzymes
EcoRI and Notl and purified using Gel Purification Kit.
Meanwhile, the expression vector pPIC9k was also digested
by the same restriction enzymes and purified. The engineered,
mature-ff-mannanase-coding sequence was directionally
cloned into the E.coli/Pichia shuttle vector. The ligation
product was transformed into E.coli competent cells DHSa:.
The E.coli transformants were selected on plates containing
the antibiotic, ampicillin at a concentration of 50 pg/mL.
The verification of inserting the PCR fragment into the
correct translational reading frame was confirmed by DNA
sequencing. Sequencing primers (5’AOX1 and 3'AOX1) were
obtained from Invitrogen.

P, pastoris GS115 strain was selected to be a host strain.
The pPIC9k-man plasmid DNA was purified from E.coli cells

and linearized with the restriction enzyme BglII to allow inte-
gration of the vector DNA into the chromosomal DNA. Pichia
transformation was performed using the EasyCompTM Kit,
and the transformants were selected on the regeneration
dextrose base (RDB) plates. The presence of the man gene in
the transformants was confirmed by PCR using yeast genomic
DNA as the template.

2.3 Expression of f-mannanase from transformed
P. pastoris

For the screening of strains and for the optimization of culture
conditions in shaking flasks, buffered complex medium
containing glycerol (BMGY) and buffered complex medium
containing methanol (BMMY) were used for the growth of
the cells and for the induction, respectively, according to Invi-
trogen’s instructions. f-Mannanase-producing P. pastoris
cells were grown in 25 mL BMGY at 30°C to a cell density of
4.5. Transferring the cells into 25 mL BMMY at the desired
temperature initiated induction. Methanol was added every
24 h to maintain the induction. The induction was interrupted
when the enzyme concentration in the medium leveled off,
usually after a period of 96 h. A f-mannanase-containing
cell free culture supernatant was obtained by centrifugation.
Several induction conditions were investigated: pH values of
4,5, 6 and 7, methanol concentrations of 0.4%, 0.5%, 1%, 2%
and 3% (adding every 24 h) and temperatures of 20°C and
30°C.

After optimization, the transformed strain was grown in
fermentation basal salts (FBS) medium (containing CaSO,,
K,SO,, MgSO,, H;PO, and glucose) in a fermenter with the
volume of 5 L at 30°C, and pH was controlled and kept around
5.0. Glucose was fed to increase the cell density. After the
consumption of glucose, the temperature was lowered to 20°C
and induction by 0.4% methanol containing trace elements
was started. After an induction period of 96 h the production
rate leveled off, the fermentation was interrupted. The
concentration of secreted total supernatant proteins was
analyzed by sodium dodecyl sulfate polyacrylamide gel elec-
trophoresis (SDS-PAGE) and expressed ;-mannanase activity
in the culture supernatants was also determined using the
standard curve analysis of f-mannanase at every 12 h of
induction phase.

2.4 Determination of protein content and SDS-PAGE

The protein concentrations of the culture supernatants were
determined by method of Coomassie Brilliant Blue G-250
using bovine serum albumin as a standard (Thomas, 1978).
The SDS-PAGE was done according to the method of
Laemmli (Laemmli, 1970). Gels were stained for protein with
Coomassie Brilliant Blue R-250.

2.5 Measurement of enzymic activity and other properties

The p-Mannanase activity in culture supernatants was
determined by adapting the dinitrosalicylic acid method for
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reducing sugar analysis according to Stalbrand et al. (1993).
As LBG was used as the substrate, the main component
of which is galactomannan with a backbone chain of f-1,
4-linked mannosyl substituted with -1, 6-linked galactosyl
side-groups. Enzyme assay was carried out by mixing 50 L of
appropriately diluted enzyme samples with 450 L of 50 mM
sodium citrate buffer, pH 5.5 containing 0.5% LBG. The mix-
ture was incubated at 50°C for 10 min and the reaction was
stopped by adding 1 mL of the dinitrosalicylic acid reagent.
After 10 min in a boiling water bath and quickly cooling to
room temperature, the degree of enzymatic hydrolysis of the
LBG was determined spectrophotometrically by measuring
the absorbance at 540 nM.

The following properties of the recombinant f-mannanase
were investigated: pH and temperature optimum, pH and
temperature stability was determined according to methods
reported previously (Chesson, 1987).

2.6 Analysis of sugar

Sugar released from LBG was analyzed by Ion Chromato-
graphy under the following conditions: column, Carbopac™
4 x250 mm (DIONEX-2500); mobile phase, NaOH and
NaAc; column temperature, 60°C; flow rate, 1.0 mL/min; and
detector, ED50- Electrochemical Detector.

3 Results

3.1 Construction of expression plasmid

Based on the f-mannanase sequence reported from B.subtilis
by Ausubel et al. (1987), a pair of PCR primers was designed
to amplifying the man gene. The man gene fragment con-
sisted of 987 bases encoding a 329 amino acid peptide. The
amplified clones were sequenced in its entirety and found
to be identical with f-mannanase gene sequence in the
National Institutes of Health (NIH) genetic sequence data-
base GenBank. The DNA fragment encoding the mature
f-mannanase was digested with EcoRI and Nofl from
pGEM-T vector and cloned into the same enzyme-digested
vector pPIC9k downstream of the alcohol oxidase I (AOXI)
promoter. The resultant construct harbored a single open
reading frame encoding an 85 amino acid translation product
consisting of the a-factor secretion leader peptide. Before the
secretion of the peptide into the culture medium, the signal
peptide should be cleaved off by the KEX2 gene products at
the site (Glu-Lys-Arg-X). The integrity of the recombinant
plasmid was confirmed by direct DNA sequencing. This con-
structed vector was linearized with Bg/II and transformed into
the competent cells of Ppastoris GS115. The transformants
were selected on RDB plates and confirmed by colony PCR.
Eighty-one colonies presenting strong amplification products
were used for small-scaled expression trials.
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3.2 Expression of B.subtilis f-mannanase by P. pastoris

After screening, the recombinant strain that expresses the
secretory protein at high level was obtained. The activity of
the f-mannanase reached 263.0 IU/mL in flask culture.
Among the expression parameters investigated using shasking
flask cultures, the induction temperature was most important.
At 20°C the level of expression ff-mannanase was four times
higher than at 30°C. In ferment culture f-mannanase expres-
sion was initiated by changing carbon source from glucose
to methanol. Induction of f-mannanase was initiated at
about 28 h after inoculation, as the biological mass reached
150-170 g/L, by adding 100% methanol containing 12 mL
of PTM1 trace salts/L. Sample analysis at 12 h intervals was
also performed to show the increasing amounts of f-man-
nanase presented in the culture medium until the 96 h. Figure 1
shows the time course of f-mannanase activity in a fermenter
with the volume of 5 L. The ferment culture supernatants
were also analyzed by SDS-PAGE, and the expressed prod-
ucts showed bands of molecular mass of about 40 kDa
(Fig. 2). The secreted total supernatant protein concentration
in the induction phase was traced and observed to attain
the high-level expression of more than 2 g/L after 96 h of
induction, The scanning result showed that the secreted
f-mannanase protein band (in lane 1-7 of Fig. 3) achieved
about 90% of the total supernatant proteins, and the product
of f-mannanase was estimated about 1.8 g/L.
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Fig.1 Time course of f-mannanase activity in a fermenter with
the volume of 5 L. Note: induction of -mannanase was initiated
by adding 0.4% methanol containing 12 mL of PTM1 trace salts/L;
sample analysis at 12 h intervals was performed; f-Mannanase
activity in culture supernatants was determined by adapting the
dinitrosalicylic acid method for reducing sugar analysis using LBG
as substrate according to Stélbrand et al. (1993).

3.3 Effects of pH and temperature on activity and stability

The f-mannanase activity was measured at various pHs under
the stated condition. The optimum pH could be detected at
about 5.5 (Fig. 3), and stable pH in the incubation at 50°C for
30 min was investigated at 5—10 (Fig. 3). Optimum tempera-
ture could be detected at around 50°C (Fig. 4). The enzyme
activity was relatively stable below 70°C in incubation for
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Fig.2 SDS-PAGE analysis of expressed [-mannanase in a
fermenter with the volume of 5 L at different induction times. Note:
proteins were stained with Coomassie Brilliant Blue R-250; target
protein is indicated by an arrow; lane 1, a sample of the supernatant
after 12 h of initial 0.4% methanol containing 12 mL of PTM1
trace salts/L induction; lane 27, after 24, 36, 48, 60, 72 and 84 h
initial 0.4% methanol induction; lane 8, a sample of the supernatant
before methanol induction; lane 9, molecular mass standards
indicated in kDa.

1207

X

< 100}

Z

2 sof

Q

g

5 oo}

g

£ a0}

2

=

£ 20}
0 . A A . ) . . . .
0 1 2 3 4 5 6 7 8 9101

pH

Fig. 3 Effects of pH on f-mannanase activity () and stability
(A). Note: the pH optimum, expressed in percent of maximum, was
determined by measuring the activity under standard conditions
using buffers of different pH buffers, 50 mM phosphate-citrate
(pH 2.2-8) and 50 mM glycine-NaCl-NaOH (pH 9-10); the pH
stability was determined by incubating the enzyme at different pH
values for 30 min at 50°C; the residual activity is shown as percent
of the original activity.
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Fig. 4 Effects of temperature on f-mannanase activity. Note:
the temperature optimum, expressed in percent of maximum, was
determined by measuring the activity at various temperatures in
phosphate-citrate buffer, pH 5.5.

30 min, and the investigated residual activity of f-mannanase
was over 30% (Fig. 5).
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Fig. 5 Effects of temperature on -mannanase stability. Note: the
enzyme incubated at different times at 70°C and f-mannanase
activity were determined by measuring the activity under standard
conditions; the residual activity is shown as percent of the original
activity.

3.4 Reactivity for substrate by f-mannanase

The f-mannanase was incubated with 1% locust bean gum
at pH 5.5 and 50°C for 24 h. In locust bean gum, mannose-
oligosacchrides were mainly released by [-mannanase,
including 40.1% mannose, 35.9% mannobiose, 23.6%
mannatriose and 14.5% mannopentaose, respectively

(Fig. 6).

4 Discussion

The -Mannanase was tested and its effectiveness in chick
diets was confirmed as early as in 1982. In the early 1990s,
ChemGen developed a Bacillus lentus f-mannanase into
Hemicell® Feed Enzyme that was the first patented feed
enzyme. Afterwards, Hemicell® Feed Enzyme was distrib-
uted and applied worldwide. It improves energy and protein
utilization and body weight uniformity, adds matrix values
in hens, broilers, and pigs, and brings economical and
environmental benefits to animal farmers.

In order to enhance the application of f-mannanase, it is
essential to improve the production levels of the enzymes.
In addition to the traditional screening and breeding methods,
the f-mannanase genes from different origins such as
Caldocellum saccharolyticum (Luthi et al., 1991), Bacillus
subtilis (Ausubel et al., 1987), Thermoanaerobacterium
polysaccharolyticum (Cann et al., 1999), Clostridium
cellulolyticum (Tamaru and Doi, 2000) and Trichoderma
reesei (Stalbrand et al., 1995) were cloned and heterologously
expressed in Escherichia coli, Saccharomyces cerevisiae and
Clostridium acetobutylicum, but the improvement was trivial.
P. pastoris was also employed by Tang et al. (2001) and Xu



30 Yu QIAO, et al.

o 3-mannobiose-8.000

60.0 -

50.0 = 2-mgnnose-5.875

40.0 —
- 4-mannotriose-8.925

30.0 —
r 5-11.250

20.0 __ 6-mannopentaose-12.450

10.0 M

0.0

_1().()_|||||||||||||||||||||||||||||||||||||||||||rni|n|
0.0 5.0 10.0 15.0 20.0 25.0 30.0 35.0 40.0 45.0

Fig. 6 Ion Chromatography chart of hydrolysis products from locust bean gum by f-mannnanase. Note: locust bean gum (1%)
was hydrolyzed by f-mannanase at pH 5.5 and 50°C for 24 h; IC: column, CarbopacTM 4 x 250 mm; carrier, NaOH, NaAc; column

temperature, 60°C.

et al., (2002b) to express ff-mannanase genes from Agaricus
bisporus and Mpytilus edulis, which yielded 3.3 and
41.04 U/mL specific enzyme activity. In the present experi-
ment, the f-mannanase expressed in P. pastoris reached a
crude enzyme activity of 1102.0 IU/mL, which was the
highest level reported to date. The enzyme was secreted into
the medium, which facilitates its separation from the host
yeast. The pH and temperature optima of the recombinant
enzyme were close to that of the wide type.

It was reported that f-mannanase was toxic to the host as
it was capable of degrading the cell walls of P. pastoris. This
prevented the accumulation and production of -mannanase.
In this study it was found that reducing the induction tem-
perature can effectively improve the production level and par-
tially solve the problem. Although the concentration of total
protein in the cell culture supernatant varied only slightly
with the induction temperature, when the induction tempera-
ture was reduced from 30°C to 20°C, there was a significant
increase in the concentration of f-mannanase activity from
398.0to 1102.0 IU/mL when expression was allowed to occur
at lower temperature. The possible reason is that at low tem-
peratures the expression rate is reduced allowing more time
for correct folding of the f/-mannanase to take place. Similar
results were obtained for an antifreeze protein expressed in
P. pastoris (Li et al., 2001) when an induction temperature
of 23°C was used. Low temperatures have been shown to
improve the solubility of heterologous proteins in E.coli
(Broeze et al., 1978; Vasina et al., 1997).
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