Appl Microbiol Biotechnol (2016) 100:7115-7123
DOI 10.1007/s00253-016-7386-y

@ CrossMark

BIOTECHNOLOGICALLY RELEVANT ENZYMES AND PROTEINS

Magnesium ions increase the activity of Bacillus deramificans
pullulanase expressed by Brevibacillus choshinensis

Chun Zou'? « Xuguo Duan'? . Jing Wu'*

Received: 1 October 2015 /Revised: 2 February 2016 / Accepted: 7 February 2016 /Published online: 30 March 2016

© Springer-Verlag Berlin Heidelberg 2016

Abstract Addition of MgCl, to the culture medium has been
found to dramatically increase the activity of Bacillus
deramificans pullulanase expressed by Brevibacillus
choshinensis. The specific activity of the pullulanase obtained
from medium supplemented with MgCl, was also higher than
that obtained in culture medium without added magnesium
ions. In this work, the mechanism of this increase was studied.
When cultured in medium without added magnesium ions,
B. choshinensis mainly produced a thermolabile, inactive
form of pullulanase. The addition of magnesium ions led to
the production of a thermostable, active form of pullulanase.
Circular dichroism assays revealed considerable differences in
secondary structure between the active and inactive
pullulanase forms. Transmission electron microscopy sug-
gested that magnesium ion addition inhibits the shedding of
cell wall protein (HWP) layers from the cell surface.
Quantitative real-time PCR showed that magnesium ion addi-
tion represses transcription of HWP. Because the pullulanase
gene and HWP have identical promoters, pullulanase gene
transcription was also inhibited. These results suggest that
when pullulanase is expressed slowly, it tends to fold into an
active form.
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Introduction

Pullulanase (EC 3.2.1.41), which efficiently cleaves the x-1,6
linkage in amylopectin and related branched dextrins, is gen-
erally used in combination with other amylolytic enzymes (oc-
amylase, 3-amylase, glucoamylase, and so on) during starch
processing (Talekar et al. 2013). Because pullulanase can re-
markably increase product yield, improve raw material con-
version rate, and reduce reaction time (Hii et al. 2012; Zhang
etal. 2013), it has been used widely in the production of sugar
syrups (Lin et al. 2013; Singh et al. 2010), resistant starch
(Zhang and Jin 2011), fuel ethanol (Gohel and Duan 2012),
and low-calorie beers (Blanco et al. 2014).

In order to meet the demand for pullulanase resulting from
these industrial applications, current research has focused on
the over-expression of pullulanase through recombinant ex-
pression. The Brevibacillus choshinensis (formerly Bacillus
brevis HPD31) expression system has been developed for
highly efficient production of heterologous proteins
(Mizukami et al. 2010, 2014; Mu et al. 2013), due to its ease
of culture, high-efficiency synthesis of active protein, and ex-
ceptional capacity for extracellular protein secretion. In our
previous work (Zou et al. 2015), B. choshinensis was shown
to be valuable for the extracellular production of Bacillus
deramificans pullulanase. This pullulanase belongs to type I
pullulanase and the glycoside hydrolase family 13. The struc-
ture of pullulanase (Duan et al. 2015) consists of a complex
multi-domain architecture in which a catalytic module is
appended to several carbohydrate-binding (CBM) domains,
as well as many domains of unknown function (termed X
modules). Under optimal culture conditions, the pullulanase

@ Springer


http://dx.doi.org/10.1007/s00253-016-7386-y
http://crossmark.crossref.org/dialog/?doi=10.1007/s00253-016-7386-y&domain=pdf

7116

Appl Microbiol Biotechnol (2016) 100:7115-7123

activity reached 1005.8 U/mL in a 3-L fermentor.
Interestingly, MgCl, has been found to dramatically increase
the production of recombinant pullulanase.

Previous reports have shown that supplementation of the
medium with MgCl, has a negative effect on recombinant oc-
amylase production in B. brevis 47 (Adachi etal. 1991). In the
early stationary phase of growth, the cell wall protein layers,
including the outer wall protein (OWP) and middle wall pro-
tein (MWP), are shed from the bacterial surface (Yamada et al.
1981). Loss of the cell wall protein layers from the cell surface
derepresses transcription from P2, one of the major promoters
of the cell wall proteins, permitting enhanced synthesis and
secretion of cell wall proteins into the medium. The addition
of magnesium ions to the medium inhibits this shedding of the
cell wall proteins and subsequently represses the transcription-
al activity of P2. Since P2 is also the promoter used for the
production of recombinant x-amylase, «x-amylase production
is simultaneously remarkably reduced (Adachi et al. 1991).

B. choshinensis contains HWP, a cell wall protein that
shares considerable sequence homology (78 %) with MWP
from B. brevis 47. The regulatory region of the HWP gene also
shows surprisingly high homology (>85 %) with the regula-
tory region of the MWP gene (Ebisu et al. 1990). As in recom-
binant x-amylase production by B. brevis 47, HWP and
pullulanase share the P2 promoter. Despite these striking sim-
ilarities, the effect of MgCl, supplementation on pullulanase
production by B. choshinensis is diametrically opposite to its
effect on o-amylase production by B. brevis 47.

In this work, the mechanism responsible for the effects of
magnesium ions on the expression of pullulanase by
B. choshinensis was investigated. Activity analyses were con-
ducted to assess the specific activities of the pullulanases
expressed in the presence and absence of added magnesium
ions, and circular dichroism studies were conducted to assess
their secondary structures. The results suggest that the relative
rates of expression may be responsible for the observed in-
crease in activity. Changes in cell wall structure, investigated
using transmission electron microscopy, may also play a role.

Materials and methods
Bacterial strains

B. choshinensis (Takara Bio Inc.) was employed for the ex-
pression of heterologous proteins. Plasmid pNCMO?2 (Takara
Bio Inc.) was used as the expression vector. B. choshinensis
strains harboring the plasmids pPNCMO2/pulA-d2 (Zou et al.
2015), pNCMO2/pal 1 (Cheng 2015), and pNCMO2/cgt (Wu
et al. 2015) were kept in our laboratory and used for the ex-
pression of B. deramificans pullulanase (NCBI accession
number KT897705), Serratia plymuthica sucrose isomerase
(NCBI accession number YP_004505648.1), and
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Paenibacillus macerans o-cyclodextrin glycosyltransferase
(x-CGTase; NCBI accession number P04830), respectively.

Cultivation medium and conditions

Seed cultures were grown in TM medium that contained
10.0 g/L glucose, 10.0 g/L polypeptone, 5.0 g/L meat extract,
2.0 g/L yeast extract, 10.0 mg/L FeSO4-7H,0, 10.0 mg/L
MnSQOy4-4H,0, and 1.0 mg/L ZnSO4 7H,0. Shake flask stud-
ies were performed in an optimal fermentation medium that
contained 27.6 g/L glucose, 28.0 g/L beef extract, 5.0 g/L
cottonseed meal, and 12.2 g/l MgCl,-6H,0. The MgCl,-
6H,0 in this fermentation medium might be removed or re-
placed by other salts, depending on the experimental design.

Expression studies were carried out in 250-mL shake flasks
containing 50 mL of medium on a rotary shaker operating at
200 rpm. After being grown in TM medium for 12 h at 37 °C,
the seed culture (0.5 mL) was diluted into the fermentation
medium at 30 °C.

Enzyme activity assay

Pullulanase activity was determined by measuring the enzy-
matic release of reducing sugars during incubation with
pullulan (Zou et al. 2014). The reaction mixture, which
contained 1 mL 1 % (w/v) pullulan, 0.9 mL sodium acetate
buffer (100 mM; pH 4.5), and 0.1 mL appropriately diluted
enzyme solution, was incubated at 60 °C for 10 min. The
reaction was stopped by the addition of 3 mL of 3,5-
dinitrosalicylic acid solution (6.5 g/L 3,5-dinitrosalicylic acid,
185.0 g/L potassium sodium tartrate, 20.0 g/L. NaOH, 5.0 g/L
redistilled phenol, and 5.0 g/L sodium sulfite), and then boiled
for 7 min, and after which, the entire mixture was diluted to
15 mL with deionized water. The concentration of reducing
sugars was determined by measuring the absorbance of the
mixture at 540 nm. One unit of pullulanase activity was de-
fined as the amount of enzyme required to release 1 uM re-
ducing sugar per minute from pullulan under the conditions
specified.

Sucrose isomerase activity was determined using 100 g/L
sucrose, solubilized in 50 mM citrate buffer (pH 6.0), as the
substrate (Li et al. 2013). The reaction was initiated by adding
100 uL appropriately diluted enzyme to 900 pL sucrose so-
lution, and then incubated at 30 °C for 15 min. The reaction
was terminated by placing it in a boiling water bath. The
product was analyzed using high-performance liquid chroma-
tography (HPLC), which was conducted using an Elite 2000
HPLC System (Hitachi High Technologies Inc., USA).
Analyses were carried out using a Syncronis Amino 12156
column (4.6 x 250 mm, Thermo Fisher Scientific Inc., USA)
at 40 °C and a refractive index detector. The mobile phase,
which contained 80 % (v/v) acetonitrile and 20 % (v/v) water,
was maintained at a flow rate of 0.8 mL/min. One unit of
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enzyme activity was defined as the amount of enzyme neces-
sary to release of 1 pmol isomaltulose per minute.

Alpha-CGTase activity was measured as previously report-
ed (Li et al. 2009). One unit of x-CGTase activity was defined
as the amount of enzyme required to release 1 pmol of o-
cyclodextrin per minute.

SDS-PAGE gel electrophoresis

Enzyme samples were stained with Coomassie Brilliant Blue
R-250 dye by heating at 100 °C for 10 min before electropho-
resis. Electrophoresis was performed on an SE 250 mini-
vertical electrophoresis unit (GE Healthcare, USA) using
5 % stacking and 12 % running gels. After electrophoresis,
the running gel was stained for 1 h using an aqueous solution
containing 0.1 % Coomassie Brilliant Blue R-250, 25 %
isopropanol, and 10 % acetic acid. The stained gel was then
destained using an aqueous solution containing 5 % ethanol
and 10 % acetic acid.

Ion exchange chromatography

Ion exchange chromatography was applied to purify
pullulanase from the culture medium. The supernatant was
dialyzed overnight against 20 mM sodium phosphate buffer
(pH 7.0). This sample was loaded onto a DEAE-Sepharose
column pre-equilibrated with 20 mM sodium phosphate buff-
er (pH 7.0) and eluted with a linear gradient of NaCl from 0 to
1 M in the same buffer at a flow rate of 1 mL/min. The con-
tents of the fractions were confirmed using SDS-PAGE and
the enzyme activity of each fraction was determined. Fractions
containing the desired enzyme were pooled.

Size-exclusion chromatography

Size-exclusion chromatography was carried out with an
AKTA avant 25 system (GE Healthcare, USA) equipped
with a Superdex 200 10/300GL column (GE Healthcare,
USA). The elution buffer was 50 mM sodium phosphate
buffer (pH 7.0). Samples were eluted at a flow rate of
0.4 mL/min and the column effluent was monitored
using UV spectrometry at 280 nm. Four peptides, in-
cluding «-glucosidase, bovine serum albumin, chymo-
trypsinogen A, and chicken ovalbumin were used as
molecular weight standards (Sigma-Aldrich, Shanghai,
China). The calibration curve (Fig. S1) of molecular
weight versus elution volume was obtained with the
molecular weight standards.

Circular dichroism analysis

Circular dichroism (CD) analyses were conducted using a
BioLogic Mos-450 spectropolarimeter (BioLogic Science

Instrument, Grenoble, France) equipped with a 1 mm quartz
cuvette. The samples were diluted to a protein concentration
of 0.05-0.20 mg/mL in 20 mM sodium phosphate buffer
(pH 7.0). Ellipticity data of the enzymes in the far-ultraviolet
(195-250 nm) spectrum was continuously collected.
Secondary structure content was calculated from the CD spec-
trum using the self-consistent method (Sreerama and Woody
1993).

Transmission electron microscopy

B. choshinensis cells withdrawn from the culture medium
were fixed with 5 % glutaraldehyde in 100 mM sodium
phosphate buffer (pH 7.0) at 4 °C for 3 h. After repeat-
ed dehydration with increasing concentrations of etha-
nol, the fixed cells were embedded in epoxy resin and
sliced into sections that were approximately 50 nm
thick. The sections were stained for morphological ob-
servation using uranyl acetate solution and lead citrate.
Finally, the sections were examined using a Hitachi
H-7650B (Hitachi, Japan) transmission electron micro-
scope at an accelerating voltage of 80 kV.

Real-time quantitative PCR

Total RNA was extracted using the Simply P Total RNA
Extraction Kit (BioFlux, Hangzhou, China), following the
manufacturer’s instructions. After treatment with DNase I
(Fermentas International Inc., Ontario, Canada) to eliminate
genomic DNA, the extracted RNA was used as the template
for cDNA synthesis. First-strand complementary DNA
(cDNA) was synthesized using the RevertAid™ First-Strand
cDNA Synthesis Kit (Thermo Fisher Scientific,
Massachusetts, USA), following the manufacturer’s
instructions.

The expression levels of the two genes encoding
pullulanase and HWP were measured. The 16S rRNA gene
was used as an internal control to normalize the results. The
sequences of the primers used during quantitative real-time
PCR (qPCR) are listed in Table 1. The qPCR analyses were
performed using an ABI StepOne Real-Time PCR System
(Applied Biosystems, SanMateo, CA, USA) with the Real
Master Mix Kit (Tiangen, Beijing, China). Amplification
was carried out in a 20-puL mixture containing 9 puL
2.5 x RealMasterMix/20 x SYBR solution, 1 uL forward
primer, 1 uL reverse primer, 1 uL cDNA, and 8 uL. DEPC-
treated water. The cycling program for qPCR included the
following: 94 °C for 1 min; followed by 35 cycles of 94 °C
for 10 s, 55 °C for 30 s, and 68 °C for 15 s. The data were
analyzed by using the 272ACT model (Livak and Schmittgen
2001).
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Table 1 Primer sequences used

Sequence (5'-3") Products length (bp)

during qPCR amplification Gene Primer
pulA-d2 pulA-F
pulA-R
HWP HWP-F
HWP-R
16S rRNA 16S rRNA-F
16S rRNA-R

CGTGTCTCATACTCTGTCC 103
ATCGTCACCGGAATAGTAG
CTCGCTTTGACTATGTACTGG 149
TTTGGTGCCGTGACTACTTC
TCGTGTCGTGAGATGTTG 112
CCTTCCTCCGTCTTGTC

Results

Effects of magnesium ions on the expression of pullulanase
by B. choshinensis

In previous work, supplementation of the growth medium
with 60 mM MgCl, substantially stimulated the production
of pullulanase. In this work, to determine the ion that specif-
ically improved the pullulanase production, the recombinant
strain was cultured in a series of media containing 60 mM
concentrations of different salts (MgCl,, MgSO,, NaCl, or
Na,S0,), using a medium without addition of these ions as
the control. As shown in Fig. 1, MgCl, and MgSOj, slightly
stimulated the cell growth, while NaCl and Na,SO,4 had no
obvious effect on cell growth. The protein concentration and
pullulanase activity obtained from the medium containing
NaCl or Na,SO,4 were almost identical to those of the control.
When the medium was supplemented with MgCl, or MgSO,,
the protein concentration reached 2.40 and 2.51 mg/mL,
which was lower than that of the control by 30.4 and
27.3 %, respectively. On the other hand, the pullulanase activ-
ity reached 543 and 534 U/mL, which represent 5.4- and 5.3-
fold increases compared with that of the control, respectively.

After the fermentation was complete, the supernatants ob-
tained from the fermentations performed in control or magne-
sium ions-containing medium were incubated with 60 mM
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Fig. 1 Effects of different salts on the expression of pullulanase by
B. choshinensis. Dry cell weight (DCW) (filled bar), protein
concentration (open bar), pullulanase activity (slashed bar)
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MgCl, or 10 mM EDTA, respectively. Both treatments result-
ed in a negligible change in the pullulanase activity.

Effects of magnesium ions on the expression of other
heterologous proteins by B. choshinensis

Three foreign proteins (sucrose isomerase and «x-CGTase)
were expressed by B. choshinensis in medium supplemented
with 60 mM MgCl, or a control medium without MgCl, sup-
plementation. The results are listed in Table 2. The addition of
magnesium ions slightly stimulated cell growth, but inhibited
protein expression. When fermentation was conducted in a
medium supplemented with magnesium ions, the activities
of sucrose isomerase and x-CGTase declined by 11.1 and
10.1 %, respectively, compared with those of the control.
Interestingly, the specific activities of these two heterologous
proteins changed only slightly when the medium was supple-
mented with magnesium ions, while the specific activity of
pullulanase was significantly enhanced when the medium was
supplemented with magnesium ions.

Detection of expressed pullulanase as active and inactive
forms by heat treatment

Pullulanase has previously been expressed in Escherichia
coli. This recombinant pullulanase showed excellent thermo-
stability (a half-life of 150 h) at 60 °C (Duan and Wu 2015).
Heat treatment was therefore carried out to detect the forms of
pullulanase expressed in B. choshinensis.

The supernatants obtained from fermentations conducted
in medium supplemented with magnesium ions or in control
medium were incubated at 60 °C for 30 min; the residual
activities after heat treatment only decreased by 2.6 and
2.2 %, respectively. Although the pullulanase activities
remained almost unchanged after heat treatment, the protein
concentrations decreased by 75.9 and 51.3 %, respectively.
The protein components of the supernatants before and after
heat treatment were analyzed by SDS-PAGE. After heat treat-
ment, the majority of the pullulanase (79 kD) obtained from
the control medium precipitated as insoluble protein, while
that obtained from the medium supplemented with magne-
sium ion addition remained soluble (Fig. 2). The thermolabile
protein with negligible pullulanase activity will be referred to



Appl Microbiol Biotechnol (2016) 100:7115-7123 7119
Table 2  Effects of magnesium ions on the expression of heterologous proteins by B. choshinensis
Enzymes MgCl, added DCW Protein Enzyme activity Specific activity

(mM) (mg/ concentration (U/mL) (U/mg)

mL) (mg/mL)

Sucrose isomerase 0 3.7 2.85 619 218

60 5.1 2.34 550 235
«-CGTase 0 3.9 227 77.3 30.7

60 5.1 1.90 69.5 40.7
Pullulanase 0 4.1 3.45 100 29.1

60 4.5 2.40 543 226

as the “inactive form,” while the thermostable protein with
substantial pullulanase activity will be referred to as the
“active form.”

Purification, kinetic parameters, and thermostability
of pullulanase

The recombinant proteins obtained from the medium with or
without added magnesium ions were purified to homogeneity
by ion exchange chromatography and size-exclusion chroma-
tography (Fig. S2). The kinetic constants of the purified
pullulanases with and without added magnesium ions were
determined under identical conditions, using pullulan as sub-
strate at 60 °C, pH 4.5. As shown in Table 3, both pullulanases
showed similar K,,, values. The values of k., and k../K,, of
pullulanase obtained from the medium without magnesium
ions were 499 s ' and 471 mL/mgs ', respectively, while

kDa M 1 2 3 4 5 6
N —————

"’H"'"

97.2 - 79 kDa

443

200 ==

201 =

Fig. 2 SDS-PAGE analysis of protein components before and after heat
treatment. Proteins obtained from the control medium (without
magnesium ions) are shown in lanes 1 to 3: /, culture supernatant
before heat treatment; 2, soluble fraction of medium supernatant after
heat treatment; 3, insoluble fraction of medium supernatant after heat
treatment. Proteins obtained from the medium supplemented with
magnesium ions are shown in lanes 4 to 6: 4, culture supernatant before
heat treatment; 5, soluble fraction of medium supernatant after heat
treatment; 6, insoluble fraction of medium supernatant after heat
treatment

those were 3.00 x 10° s and 2.97 x 10> mL/mg's ' respec-
tively for the pullulanase with magnesium ions added in the
medium.

The purified enzymes were incubated at 60 °C, pH 4.5 to
evaluate their thermostabilities. As shown in Fig. S3, the
pullulanases expressed in the medium with or without mag-
nesium ion addition showed similar thermostabilities (a half-
life of 170 h).

Determination of aggregation state of pullulanase
by size-exclusion chromatography

Pullulanase has a strong tendency to form aggregates when
expressed in E. coli, which strongly influences its activity
(Duan et al. 2015). Therefore, the effects of magnesium ion
supplementation on the aggregation state of pullulanase were
investigated. As shown in Fig. S4, the native molecular weight
of the pullulanase protein expressed in medium-supplemented
magnesium ions was found to be 150 kD by size-exclusion
chromatography. The same result was obtained with
pullulanase protein expressed in control medium. These re-
sults indicate that both pullulanase proteins form dimers in
solution.

Structure analysis of pullulanase by circular dichroism

The effects of magnesium ion addition on the secondary struc-
ture of pullulanase were investigated using CD spectropho-
tometry. Figure 3 and Table 4 show the CD spectra and the
content of secondary structures predicted by CD, respectively.
The pullulanase expressed in medium supplemented with

Table 3  Kinetic parameters of pullulanases expressed with or without
added magnesium ions

MgC12 added 1<m (mg/ l’l'lL) kcat (Sil) kcat/ Km
(mM) (mL/mg-s'l)
0 1.06 499 471

60 1.01 3.00 x 10° 297 x 10°
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Fig. 3 CD spectra of pullulanase samples. The CD spectrum of
pullulanase obtained from the control medium (without magnesium
ions) is shown by the solid line. The CD spectrum of pullulanase
obtained from the medium supplemented with magnesium ions is
shown by the dotted line

magnesium ions showed 12.6 % more o-helix and 11.3 %
more (3-sheet than the pullulanase expressed in medium with-
out magnesium ions.

Morphological alterations of cell wall structure

Morphological alterations in cell wall structure were exam-
ined by transmission electron microscopy (Fig. 4). When cul-
tured in control medium, the recombinant strain was
surrounded by a rough outer layer, which may be composed
of HWP (Ebisu et al. 1990) and a thin inner wall at 12 h
(Fig. 4a). At 24 h, it was surrounded only by the thin inner
wall (Fig. 4b), which may be composed of peptidoglycan
(Yamada et al. 1981); the outer layer disappeared. However,
when cultured in the medium supplemented with magnesium
ions, the recombinant strain was surrounded by an intact outer
layer, even at 48 h (Fig. 4c¢).

Transcription level of genes in B. choshinensis

The transcription levels of the pu/A-d2 and HWP genes were
investigated using qPCR. As shown in Fig. 5, the mRNA level
of pulA-d2 and HWP genes were almost same at 12 h, whether
the medium was supplemented with magnesium ions or not.
The transcription level of these two genes markedly increased
from 18 h when the recombinant strain was cultured in

Table 4 Content of secondary structures predicted by CD

MgCl, added(mM) Helix (%) Strand (%) Turns (%) Disordered (%)

0 21.0 22.4 19.7 38.0
60 33.6 11.1 26.1 332

@ Springer

Fig. 4 Transmission electron micrographs showing alteration of the cell
wall structure of B. choshinensis. Cells were grown without magnesium
ions for 12 h (a) and 24 h (b); cells were grown with magnesium ions for
48 h (c). The cells in (a) and (¢) were surrounded by a rough outer layer
and a thin inner wall. The cells in (b) were surrounded only by a thin inner
wall
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Fig. 5 Transcription levels of B. deramificans pulA-d2 (a) and
B. choshinensis HWP (b) genes in B. choshinensis cells cultured in the
medium with (open) or without (filled) added magnesium ions

medium without magnesium ions. However, the transcription
levels of these genes increased slowly, or even decreased,
when the medium was supplemented with magnesium ions.
When the recombinant strain was cultured in control medium,
the mRNA levels of the pu/A-d2 and HWP genes at 24 h were
4.8- and 2.7-fold greater than the levels at 12 h, respectively.
When the recombinant strain was cultured in medium supple-
mented with magnesium ions, the transcription level of these
two genes at 24 h were 1.8- and 0.9-fold of the levels at 12 h,
respectively.

Discussion

In this study, supplementation of the medium with magnesium
ions was observed to remarkably enhance the production of
B. deramificans pullulanase by B. choshinensis. The structure
of B. deramificans pullulanase was simulated by SWISS-
MODEL. It was observed that there is no metal-ion-binding
site in the inner structure of pullulanase. Therefore, magne-
sium ions are unlikely to tightly bind to the protein structure in
the process of pullulanase biosynthesis. Addition of magne-
sium ions or EDTA to the supernatant collected from the fer-
mentation broth made no change to the enzyme activity. This

indicates that the increased pullulanase production did not
result from the activation of pullulanase activity by magne-
sium ions. Protein concentration assays suggested that mag-
nesium ions did not enhance protein production, either. On the
contrary, addition of magnesium ions led to decreased protein
production. Therefore, the increased enzyme activity must be
the result of enhanced specific activity.

When cultured in control medium, B. choshinensis mainly
produced a thermolabile, inactive form of pullulanase, while
the pullulanase produced in medium supplemented with mag-
nesium ions consisted mainly of a thermostable, active form.
The values of k., and k.,/K, of pullulanase without added
magnesium ions were only 16.6 and 15.9 % of those with
magnesium ion addition, respectively. The pullulanase
expressed in medium supplemented with magnesium ions
showed higher catalytic efficiency compared with that without
magnesium ions. The native molecular weight of pullulanase
was not influenced by the addition of magnesium ions, indi-
cating that the quaternary structure of pullulanase was not
affected by the addition of magnesium ions to the medium,
despite the fact that the pullulanase from B. deramificans has a
strong tendency to aggregate. The CD assay showed that the
active and inactive forms of pullulanase had significantly dif-
ferent secondary structures. These results suggest that the ad-
dition of magnesium ions may facilitate the folding of
pullulanase expressed in B. choshinensis.

When other foreign proteins (sucrose isomerase and «-
CGTase) were expressed by B. choshinensis, addition of mag-
nesium ions to the medium decreased both protein production
and enzyme activity. These negative effects are consistent
with effects seen previously when a-amylase was expressed
by B. brevis 47 (Adachi et al. 1991). In that case, the mecha-
nism of added magnesium ions was thought to inhibit protein
production by inhibiting the shedding of OWP and MWP
from the cell surface. Thus, the P2 promoter in B. brevis 47,
which is shared by the cell wall proteins and the recombinant
protein, was repressed. Considering the high homology be-
tween HWP and MWP, a similar mechanism may reduce pro-
tein production in B. choshinensis. The current morphology
observations and mRNA quantitation results support this
interpretation.

The enhancement of pullulanase specific activity that re-
sults from supplementation of the medium with magnesium
ions, which is distinctive from other proteins, is probably de-
pendent on the particular nature of pullulanase. Previous re-
ports have shown that misfolded proteins and even insoluble
inclusion bodies are normally generated during pullulanase
expression, especially when it is synthesized at a high rate.
This may be related to the high molecular weight and compli-
cated structure of pullulanase (Chen et al. 2014; Duan et al.
2013). When the recombinant strain was cultured in control
medium, a higher transcription level of the pu/A-d2 gene was
observed, which could lead to a rate of protein synthesis that is
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Fig. 6 Time profiles obtained from shake flask cultures. Symbols
represent biomass (square), protein concentration (circle), and
pullulanase activity (#riangle) in the medium with (open) or without
(filled) added magnesium ions

higher than the rate that occurs in the presence of magnesium
ions. This accelerated rate of protein synthesis may result in
hasty protein folding, which may be inadequate for
pullulanase, which requires a meticulous folding process to
achieve its active form. As a result, the pullulanase activity
obtained without magnesium ions in the medium was lower
than that obtained in the presence of magnesium ions.

The Sec-dependent secretion pathway was chosen for the
secretion of recombinant proteins in B. choshinensis
(Mizukami et al. 2010). In this pathway, the pre-proteins were
transported through the cytoplasmic membrane and then
folded to be mature proteins (Udaka and Yamagata 1993;
Van Mellaert and Anné 2002). Morphological alterations
showed that the addition of magnesium ions inhibited the
shedding of HWP from the cell wall. This may strengthen
the structure of the cell wall and act as an obstacle to the
translocation of proteins into the medium (Sidhu and Olsen
1997; Udaka et al. 1989). Therefore, more time was allowed
for the correct folding of pullulanase after translocation.

Notably, at 12 h, the protein concentration and the
pullulanase activity obtained in the presence of added magne-
sium ions were almost the same as those in the absence of
added magnesium ions (Fig. 6). Morphological examination
and mRNA quantitation also suggest identical cell conditions
and protein expression levels. The discrepancies appeared on-
ly after 12 h. This is consistent with our hypothesis that the
presence of HWP on the cell wall favors the production of the
active form of pullulanase. When HWP is shed from the cell
wall after 24 h, most of the pullulanase synthesized was in the
inactive form, as observed from the protein concentration and
enzyme activity between 24 and 48 h.
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