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Abstract: [(-mannanase is one of the key enzymes to hydrolyze hemicellulose. At present,
most 3-mannanases are not widely applied because of their low enzyme activity and unsuitable
enzymatic properties. In this work, a new (3-mannanase from Enterobacter aerogenes was studied,
which laid the foundation for its further application. Additionally, we will further perform directed
evolution of the enzyme to increase its activity, improve its temperature and pH properties to
allow it more applications in industry. A new 3-mannanase (Man26E) from Enterobacter aerogenes
was successfully expressed in Escherichia coli. Man26E showed about 40 kDa on SDS-PAGE gel.
The SWISS-MODEL program was used to model the tertiary structure of Man26E, which presented a
core (a/(3)8-barrel catalytic module. Based on the binding pattern of CjMan26 C, Man26E docking
GallMan4 was investigated. The catalytic region consisted of a surface containing four solvent-exposed
aromatic rings, many hydrophilic and charged residues. Man26E displayed the highest activity at pH
6.0 and 55 °C, and high acid and alkali stability in a wide pH range (pH 4-10) and thermostability
from 40 to 50 °C. The enzyme showed the highest activity on locust bean gum, and the Kj; and Vax
were 7.16 mg mL~! and 508 U mg~!, respectively. This is the second 3-mannanase reported from
Enterobacter aerogenes B19. The 3-mannanase displayed high enzyme activity, a relatively high catalytic
temperature and a broad range of catalytic pH values. The enzyme catalyzed both polysaccharides
and manno-oligosaccharides.

Keywords: Enterobacter aerogenes; Beta-1; 4-mannanase; glycoside hydrolase 26; catalytic domain

1. Introduction

Mannan is a component of hemicellulose, which is second only to xylan and is widespread
in wood, tubers, beans and plant seeds [1,2]. According to the way that the sugar residues are
connected, Mannan is composed of four subfamilies: linear mannan, glucomannan, galactomannan
and galactoglucomannan. These glycans are made up of 3-1,4 linked mannose or «-1,6-linked
mannose residues [3]. Because most mannans are highly branched heterogeneous polysaccharides
with many different substituents, the biodegradation of mannans require a complex enzyme system
in which many components degrade mannans by synergistic action. The enzyme system of mannan
biodegradation involves many kinds of hydrolases which hydrolyze the main chain and side chains of
mannan, such as exo-p-mannosidase (EC 3.2.1.25), endo-f3-mannanase (EC 3.2.1.78), x-galactosidase
(EC3.2.1.22), 3-glucosidase (EC 3.2.1.21) and acetyl mannan esterases (EC 3.1.1.6) [1,4]. Mannanases can
be divided into several glycosyl hydrolase families (GH families) and their primary structures are quite
different, whereas possess high similarity in their spatial arrangements which contain ((3/x)8-barrel
folding structures and are classified as GH-A clan [5]. They usually present modular structures which

Appl. Sci. 2020, 10, 7584; d0i:10.3390/app10217584 www.mdpi.com/journal/applsci


http://www.mdpi.com/journal/applsci
http://www.mdpi.com
http://www.mdpi.com/2076-3417/10/21/7584?type=check_update&version=1
http://dx.doi.org/10.3390/app10217584
http://www.mdpi.com/journal/applsci

Appl. Sci. 2020, 10, 7584 20f18

are composed of catalytic domain(s), carbohydrate binding module(s) (CBM), and additional functional
domain(s) [6]. The hydrolysis of mannan-based polysaccharides involves two crucial enzymes,
namely, 3-mannanase (endo-f3-mannose) and (3-mannosidase (exo-f3-mannose). 3-mannanase cleaves
glucosidic bonds inside mannan to produce smaller manno-oligosaccharides, and then, 3-mannosidase
hydrolyzes these smaller manno-oligosaccharides from their non-reducing end into fermentable
mannose sugars. 3-mannanase catalyzes the degradation of mannan, glucomannan, and galactomannan
by incising the (3-1,4-mannoside bonds in the main chain in a random way, thereby degrades
the abundant heterologous mannans to manno-oligosaccharides [7,8]. -mannanase has shown
potential application values in many industrial fields, for instance, pulp bleaching, oligosaccharides
producing, food quality improving [9-12], oil drilling, feed additives and detergents [4,13]. Up to now,
a variety of 3-mannanases and their corresponding genes have been isolated, purified and identified
from microbial strains, for example, Bacillus subtilis and other Bacillus [14], Aspergillus niger [15],
Caldocellum saccharolyticum [16], Caldibacillus cellulovorans [17], Thermoanaerobacterium spp. [18],
and Penicillium purpurogenum [19]. 3-mannanases of the GH26 family are found to originate primarily
from bacteria, for example, Bacillus subtilis [20], Clostridium cellulovorans [21], Paenibacillus polymyxa [22],
Pseudomonas fluorescens, Cellulomonas fimi [23].

It is widely known that Enterobacter aerogenes is a producing strain for 2,3-butanediol and
1,3-propanediol [24], and it is also regarded as a very useful strain for isobutanol production [25],
ethanol production [26] and hydrogen production [27,28]. In our previous work, we isolated a
f-mannanase producing strain from forest soil. After physiological, biochemical and 16S rDNA
identification, the strain belongs to Enterobacter aerogenes, named as Enterobacter aerogenes B19.
From this strain, we have cloned and characterized a CH1 -mannanase with molecular weight
of 82.5 kDa [29]. In this work, another new GH26 (3-mannanase from Enterobacter aerogenes B19 was
investigated. We have successfully cloned and expressed Man26E gene in Escherichia coli, determined
biochemical characteristics and substrate specificity of the enzyme. Three-dimensional structure of the
-mannanase was homologously modeled and its active domain was analyzed. The 3-mannanase
from Enterobacter aerogenes B19 may have special potential applications in different industries.

2. Materials and Methods

2.1. Strains, Medium, Plasmids and Reagents

Enterobacter aerogenes B19 was isolated and preserved by our laboratory. Escherichia coli DH5c
and pMD18-T simple vector were bought from Takara. Escherichia coli BL21(DE3) and pET-28a (+)
vector were provided by Vazyme Biotech Co. (Nanjing, China). Locust bean gum, konjac powder
and p-nitrophenyl-f-p-mannopyranoside were purchased from Sigma (St. Louis, MO, USA).
The 6x His-Tagged Protein Purification kit was provided by Cwbiotech (Beijing, China). The DNA
purification kits, restriction endonuclease, 2x premix LA Taq and T4 DNA ligase were offered by
Takara (Dalian, China). All other reagents were analytical grade. Escherichia coli strains grew at 37 °C
and 200 rev min~! in Luria-Bertani (LB) medium which was composed of 0.5% NaCl, 0.5% yeast
extract, 1% tryptone, 1% glucose. LB agar medium was prepared by adding 2 % (w/v) agar in LB
medium. 50 pg mL~! of ampicillin and 40 pg mL~! of X-Gal were added in LB agar medium for
screening positive clones. 50 g mL™! of kalamycin was added in LB agar medium for screening the
transformants, and 24 ug mL~! of IPTG (isopropyl-beta-D-thiogalactopyranoside) was mixed in LB
medium to improve the expression of recombinant proteins. Congo-red dyeing medium consisted of
LB agar medium and additional 1% konjac powder.

2.2. Cloning of the p-Mannanase Gene and Sequence Analysis

The cloning of 3-mannanase gene was carried out according to the standard method. The genomic
DNA extracted from Enterobacter aerogenes B19 was used as the template DNA and amplification of
-mannanase gene was performed by PCR method. In the light of the gene sequence of a published
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f-mannanase from Pantoea agglomerans A021 (GenBank accession no. ACN30272), we input the amino
acid sequence of 3-mannanase (published) from Pantoea agglomerans A021 into NCBI to search for
homologous sequences, and highly homologous sequences from Enterobacter ludwigii strains and
Enterobacter cloacae complex strains were obtained. We analyzed 5’'-terminal sequence and 3’-terminal
sequence of these homologous proteins and designed a pair of degenerate primers. The forward
primer was 5'-CGCGGATCCATGAGTACTTTTACTGTAGTACCCG-3' and the reverse primer was
5-CCCAAGCTTTTAACTCAGAACGCTGCCGTTCCAT-3’. The PCR reaction system was composed of
1 pL DNA template (1 ng uL™1), 2 uL each primer (10 umol L), 20 uL double-distilled H,O and 25 uL
2% premix LA Taq. The PCR amplification was carried out as follows: initial template denaturation at
94 °C for 5 min, then 35 cycles, each containing 30 s at 94 °C, 30 s at 58 °C, 90 s at 72 °C, and finally an
extension for 10 min at 72 °C. The PCR products were assayed by agarose gel electrophoresis and purified
by the DNA Purification Kit. The target gene was ligated to plasmid pMD19-T (Takara) by T4 ligase to
construct the recombinant vectors. Then, the recombinant vectors were transferred into Escherichia coli
DH5a. The recombinant positive clones were cultured overnight, and a plasmid extraction kit was used
to extract the recombinant vectors and further verified by DNA sequencing. The gene sequence of the
-mannanase was analyzed by the NCBI ORF Finder tool (https://www.ncbi.nlm.nih.gov/orffinder/).
The corresponding amino acid sequence of the -mannanase was translated by EMBOSS Transeq
(http://www.ebi.ac.uk/Tools/st/emboss_transeq/), and the isoelectric point and molecular weight were
predicted by ProtParam (http://web.expasy.org/protparam/). Signal peptide was examined by SignalP
4.0 [30] (http://www.cbs.dtu.dk/services/SignalP/). The homologous sequences of the amino acid
sequence of Man26E were searched out by BLASTp tool (http://www.ncbi.nlm.nih.gov/BLAST/).
Alignment of multiple sequences were carried out by Clustal Omega tool (https://www.ebi.ac.uk/Tools/
msa/clustalo/).

2.3. Structural Simulation and Analysis for the Active Region

The analysis of Man26E secondary structure was fulfilled using PredictProtein program
(https://www.predictprotein.org/). The tertiary structure of Man26E was simulated by the method
of homologous modeling with the crystallographic structure of a f-mannanase from Bacillus subtilis
str. 168 (PDB ID. 2WHK-A, 47.97% identity) as a template and the SWISS-MODEL tool
(http://swissmodel.expasy.org/). The structural model was evaluated with Molprobity program
(http://molprobity.biochem.duke.edu/index.php) and SAVES v5.0 tool (https://servicesn.mbi.ucla.edu/
SAVES)/). The structure was visualized and analyzed using PyMol software. On the basis of the
crystallographic structure of a homologous GH26 3-mannanase CjMan26 C (PDB ID. 2VX7) from
Cellvibrio japonicus in complex with mannose residues, the modeled structure of Man26E was
superimposed with that of CjMan26 C in complex with GallMan4, the modeled structure of Man26E
in complex with GallMan4 was obtained and the active region of Man26E was analyzed using PyMol
2.3.2. Schematic diagram of the interactions of Man26E with manno-oligosaccharide GallMan4 was
plotted with ChemDraw Prime 19 software.

2.4. Expression of Man26E in Escherichia coli

The recombinant pMD19-T -Man26E plasmids and pET-28a (+) vectors were cleaved by Bam HI
and Hind III, and then the products were ligated by DNA ligase to form the recombinant expression
pET-28a (+) -Man26E vectors. The vectors were transformed into competent Escherichia coli BL21
(DE3). Positive transformants were selected on the LB resistant plates with 50 g mL~! kalamycin.
Moreover, the positive transformants were further confirmed by DNA sequencing. Then, the screened
positive transformants were applied for Congo-red dyeing assay established by Teather and Wood [31].
A positive transformant with maximum hydrolytic circle was picked out and used for further culture
and analysis. The transformant grew in 50 mL of LB liquid medium with 50 ug mL~! kanamycin
at 37 °C and 200 rev min~'. When the biomass (represented by ODyggg) achieved 0.8, IPTG was
supplemented into the medium at a final concentration of 1 mmol L~!. After IPTG treatment for
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8 h at 32 °C, the cells and the supernatant were gathered respectively. Then, the cells were washed
twice with stroke-physiological saline solution and resuspended in 10 mL of 100 mmol L~! phosphate
buffer (pH 7.0). The cell suspension was processed by ultrasonication for 20 min in an ice-water bath.
The cellular debris was detached by centrifugation for 30 min at 11,000 g and 4 °C, and the resulting
supernate was preserved at —20 °C for f-mannanase assays.

2.5. Purification. of Man26E

Affinity chromatography of the stored supernatant was carried out on a nickel-chelate column with
a 6x His-Tagged Protein Purification kit in accordance with the operation manuals. After equilibration
with binding buffer containing 10 mmol L~ imidazole, the column was eluted with elution buffer
containing 500 mmol L~! imidazole. The active components were combined and imidazoles were
removed by dialysis with 100 mmol L™! phosphate buffer (pH 7.0), and the enzyme liquid was stored
at —20 °C. The purified enzyme was used for SDS-PAGE and enzyme activity assays.

2.6. Activity Measurement and Protein Examination

The activity of 3 mannanase was calculated by determining the amount of reducing sugar
produced from the substrate, which was quantified by reacting with 3,5-Dinitrosalicylic acid (DNS)
reagent. The enzyme reaction system included 0.1 mL of enzyme solution with appropriate dilution
and 0.9 mL of 0.5% (w/v) locust bean gum prepared by100 mmol L7! citric acid buffer (pH 6.0).
After incubation at 50 °C for 10 min, the enzyme reaction was stopped with 1.0 mL DNS reagent
and the solution after reaction was boiled for 20 min. The mannose (Sigma) taken as the standard
was treated under the same condition to make a standard curve. After the reaction solution cooled,
its absorbance at 540 nm was determined colorimetrically. And the quantities of reducing sugars were
computed from the standard curve. One unit (U) of 3-mannanase activity meant the quantities of
enzyme required to produce 1 pmol of reducing sugar (calculated as D-mannose) from the substrate
per minute. The protein was quantified according to the Bradford’s method [32] with bovine serum
albumin as a standard. The homogeneity and molecular weight of Man26E was detected by 12%
SDS-PAGE in light of Laemmli’s description [33]. The protein bands were visualized by staining
with Coomassie brilliant blue R-250. The low molecular weight calibration kit (TaKaRa, China) was
used as the protein marker, which was composed of phosphorylase b (97.4 kDa), albumin (66.2 kDa),
ovalbumin (43 kDa), carbonic anhydrase (31 kDa), trypsin inhibitor (20.1 kDa), and «-lactalbumin
(14.4 kDa).

2.7. Analysis of Enzymatic Characteristics

The characterization of Man26E was investigated with 0.5% locust bean gum as the substrate.
Three replicates were set in all experiments independently. So as to obtain the optimal pH value,
the enzyme reaction solution was incubated for 10 min at different pH (pH 3-10) conditions and
50 °C, and the enzyme activity was quantified according to the standard method. To test pH stability,
the enzyme solutions were preincubated in the range of pH 4 to 10 for 1 h at 37 °C, and then the
residual activities were measured. The buffers with different pH values included 100 mmol L~! sodium
citrate (pH 3-6), 100 mmol L~! sodium phosphate (pH 7-8) and 100 mmol L~! glycine-NaOH (9-10).
To examine the optimal temperature, the enzyme activities were determined after the reaction mixtures
were incubated at 40, 45, 50, 55, 60, 65, and 70 °C for 10 min, respectively. The thermostability of
Man26E was investigated by preincubating the enzyme in 100 mmol L™! citric acid buffer (pH 6.0) at 40,
50 and 60 °C respectively for different time (15, 30, 45 and 60 min), then the residual enzyme activities
were determined. For investigating the action of metal cations on the purified 3-mannanase activity,
the enzyme solutions were preincubated in 100 mmol L™ citric acid buffer (pH 6.0) containing 1, 5 and
10 mmol L~! various ions for 5 min at 40 °C, separately, the enzyme activities were assayed at 50 °C
and pH 6.0. The reaction group without adding any ions was used as a control. In this experiment,
the metal ions included Ni%*, Zn2t, Mg2+, Co?t, Mn?t, Cu?t, K, Fe?*, and Ca?*.
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2.8. Substrate Specificity and Kinetic Parameters

For investigating the substrate specificity, the reaction solutions containing 5 mg mL~! various
substrates were incubated for 10 min, and the enzyme activities were quantified according to the
dinitrosalicylic acid (DNS) method as described above. The tested substrates included locust bean gum,
konjac powder, starch, manno-oligosaccharides, sodium carboxymethyl cellulose (CMC-Na), xylan and
p-nitrophenyl-3-p-mannopyranoside (pNPM). Relative activities against the various substrates were
determined using locust bean gum as the control. The enzyme reactions were performed at 50 °C for
10 min with 0.1 mg mL~! to 20 mg mL~! of LBG as the substrate, and then the dynamic parameters
(Km and Vmax) of Man26E were computed from Lineweaver-Burk double-reciprocal chart [34].

3. Results

3.1. Gene Cloning and Sequence Assay

A B-mannanase gene was successfully amplified with the PCR method from Enterobacter aerogenes
B19. The ORF of the 3-mannanase gene contained 1047 bp encoding 348 amino acids. The molecular
mass (Mw) and isoelectric point (pl) of the enzyme were predicted by ProtParam to be 38.61 kDa and
5.15, respectively. SignalP predicted that no signal peptide existed in the amino acid sequence. BLASTp
result showed that Man26E shared high identity in the amino acid sequence (above 97%, Query cover
100%) with many Enterobacter bacteria strains, which included a Pantoea agglomerans A021 strain,
Enterobacter ludwigii strains and Enterobacter cloacae strains. However, up to now, there are few reports on
the identification, structure analysis, purification and heterologous expression of these 3-mannanases.
Multiple sequence alignment of Man26E (GenBank accession no. ANA84055.1) and other bacterial
B-mannanases from Enterobacter ludwigii (GenBank accession no. WP_078773900.1), Bacillus subtilis
strain 168 (PDB ID: 3CBW_A), Bacillus subtilis strain 168 (PDB ID. 2WHK_A), Pantoea agglomerans
(GenBank accession no. ACN30272.1) and Bacillus subtilis Z-2 (PDB ID. 2QHA_A) were done by
Clustal Omega (https://www.ebi.ac.uk/Tools/msa/clustalo/). The result showed that Man26E had
98.85% sequence identity with WP_078773900.1, 98.28% with WP_108648449.1, 47.97% with 2WHK_A,
97.70% with ACN30272.1, 47.97% with 2QHA _A and 47.41% with 3CBW_A. Although the similarity
between three Enterobacter strains and three Bacillus subtilis strains was less than 50%, a large number
of highly conserved amino acid residues were found in their sequences. The residues which have been
considered to be involved in the catalysis of GH26 enzymes were conserved, and they were Glu183
(putative catalytic acid-base) and Glu282 (putative catalytic nucleophile) in Man26E (Figure 1).

3.2. The Structural Prediction and the Catalytic Region Analysis

The amino acid sequence of Man26E was assayed with NCBI CDD program (https://www.ncbi.
nlm.nih.gov/cdd) and only one CDD matches obtained in Man26E was Glycosyl hydrolase family
26 (9 aa-340 aa). The result showed that Man26E belonged to GH26 family with a (3/x)8 TIM barrel
domain. The secondary structure, which was analyzed with SOPMA tool (https://npsa-prabi.ibcp.
fr/cgi-bin/npsa_automat.pl?page=/NPSA/npsa_sopma.html), included 29.89% alpha-helix (104 aa),
17.53% extended strand (61 aa), 45.40% random coil (158 aa) and 7.18% beta-turn (25 aa). 3-mannanase
from Bacillus subtilis str. 168 (PDB ID. 2WHK-A) has 47.97% similarity (>30%) in the amino acid
sequence with Man26E, so it can be used as the template for homology modelling. The final structural
model covering residue 5 to 348 of Man26E was constructed with SWISS-MODEL tool, based on the
structure of B. subtilis 3-mannanase (PDB ID. 2WHK-A). The rationality of the structure model of
Man26E was evaluated with SAVES v5.0 tool, the Ramachandran plot was drawn using the PROCHECK
program (Figure 2b).
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Figure 1. Multiple analysis of amino acid sequences of Man26E (GenBank accession no. ANA84055.1)
with other mannan hydrolases. Man26E and the Genbank accession numbers and PDB ID of these
hydrolases were listed on the left side of the figure. Identical, highly conserved (residues with strong
similar properties), and conserved residues (residues with weak similar properties) among sequences
are marked by asterisk (*), colon (:), and dot (.), respectively. The residues participate in catalytic action
are marked as dark shade.

The result evaluated with SAVES v5.0 tool revealed that there were 91.1% of total residues
(266 aa) in most favoured regions, 8.6% residues in additional allowed regions (25 aa), 0.3% residues
in generously allowed regions (1 aa) and no residues in disallowed regions. MolProbity analysis
indicated that 95.3% of all residues (326/342) were in favored regions. 99.4% of all residues (340/342)
were in allowed regions and there were two outliers. The modeled three-dimensional structure of
Man26E (Figure 2a) contained nine -helixes, nine 3-strands and a few of loops. These loops that
connected 32 and «3, 33 and o4, 34 and «5, and 35 and (36 usually consisted of 20-30 amino acid
residues. This structural characteristic implies that the catalytic domain of Man26E allows for much
more flexibility, which may affect its function. The modeled structure of Man26E did not contain
disulfide bond. Although the similarity of amino acid sequences are less than 50%, the modeled
three-dimensional structure of Man26P almost completely overlapped those of BsMan26A or BCman
(Figure 2¢,d).
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Figure 2. Homology modeling of p-mannanase of Man26E. (a) The predicted 3D-structure
of Man26E based on B. subtilis 3-mannanase (2WHK_A). The figure was generated using the
program SWISS-MODEL and the software PyMol 2.3.2; C-terminus (bright blue), N-terminus (red);
(b) Ramachandran plot of the homology-modeled structure of Man1E based on B. subtilis f-mannanase;
(c) the overlap between Man26E (represented in gray) and BCman (represented in blue); (d) the overlap
between Man26E (represented in gray) and BsMan26A (represented in yellow).

Three-dimensional structure of Man26E indicated that it had a saddle-shaped active center
(Figure 3a).

In terms of the three-dimensional map (Figure 2a), six key loops in the active region of
Man26E participated in binding in the saddle -shaped active site. CjMan26C (PDB ID. 2VX7) from
Cellvibrio japonicus, a homologous -mannanase (GH26) crystallographic structure in complex with
mannose residues in PDB, was chosen as the template of substrate docking for Man26E. Man26E had
30.45% sequence homology (comparatively high in PDB) with CjMan26C, and the conserved active
center of Man26E showed high similarity to that of CjMan26C. The substrate docking for Man26E and
CjMan26C were shown in Figure 3b,c. The result indicated that all the residues located in the loops
around the active region, except for Glu282 and Asp256, could form potential hydrogen bonds with the
substrate. These residues included Trp318, Asp317, Asn316, Asn315, Trp314, Glu282, Tyr258, Asp256,
Arg237, Asn236, Ala235, Asp234, Phel89, Trp188, Glul87, Glul83, His182, Argl79, Lys133, His114,
Trp79, Asp74, Tyrd3 and Phe40 (Figure 3d). The acid-base catalytic glutamate (Glu183) was at the loop
between (-strand 4 and «- helix 6, and the nucleophilic glutamate (Glu282) was at the N-terminal
end of 3-strand 8. The binding of Man26E to mannan was mainly mediated by a hydrophobic plane
composed of a strip of solvent-exposed aromatic rings of tryptophans, which included Trp318, Trp314,
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Trp188, and Trp79. Moreover, many hydrophilic and charged residues, such as Asp317, Asn316,
Asn315, Tyr258, Asp256, Arg237, Asn236, Asp234, Glul87, His182, Argl79, Lys133, His114, Asp74 and
Tyr43, surrounded the four aromatic rings in the binding site. All these residues were so oriented that
their side chain groups could form hydrogen bonds with a polysaccharide, thus exercising certain
functions in the binding of Man26E with mannan, and as a result, affecting the catalytic function.

Catalytic cleft

F40 \N315

‘ D74 §Y43

H114‘\\ __y R179

Figure 3. The active apparatus of Man26E. (a) Schematic representation of surface electrostatic potential
distribution for Man26E. The catalytic cleft on the upper part of the molecule was indicated by an
arrow. The figure was made using the software PyMol 2.3.2; (b) sketch map of surface electrostatic
potential distribution for Man26E docking GallMan4; (c) sketch map of surface electrostatic potential
distribution for CjMan26C docking GallMan4. GallMan4 represented in red; (d) the structural elements
participating in the Man26E active center. Residues were shown in ball-and-stick model. The conserved
catalytic residues (Glu183, Glu282) and other hydrogen-bonding polar residues that surrounded the
exposed tryptophan residues (containing Trp79, Trp188, Trp314 and Trp318) jointly constituted the
active center of Man26E. The catalytic residues were shown in green, the hydrophilic and charged
residues in light blue, and the exposed tryptophan residues in yellow.

On the basis of the binding mode of CjMan26 C, GallMan4 was docked into the Man26E modeled
structure (Figure 4).
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Figure 4. Diagrammatic sketch of the interactions of Man26E and manno-oligosaccharide GallMan4.

The catalytic device, which was located at the —1 subsite, consisted of the catalytic acid/base
Glul83, and nucleophile Glu282. The mannose at the —2 subsite made several interactions with
Man26E. O2 produced a polar connection with the side chains of Trp314. The exocyclic oxygen
made polar interactions with Trp314 and Tyr43, O3 and O6 also formed hydrogen bonds with Tyr43.
The amino acid residues interacting with the substrate were less conserved a at the -2 subsite of
CjMan26C and Man26E, and only the residue Trp314 in Man26E was structurally equivalent to Trp373
in CjMan26C. The catalytic nucleophile was likely to stabilize its position by interacting with Arg179
and Tyr258. His182 and Glu282 made hydrogen bonds with O2 of the —1 subsite sugar in its distorted
conformation. Other two polar interactions between the —1 subsite sugar and Man26E occurred at O3
which formed polar links with the imidazole ring of His114 and carbonyl oxygen in the side chain
of Glul83. Unusually, no more polar interactions were found between the —1 sugar and Man26E.
The sugar at the +1 subsite made limited polar interactions with Man26E. O3 hydrogen bonded to
carbonyl oxygen in the side chain of Glul83, whereas O6 produced a polar link to the side chain of
Asp234 (Figure 3d). Man26E had a hydrophobic platform extending from the-1 subsite, in which Trp314
stacked against the sugar ring, while Trp188 took on the same planar orientation as the pyranose sugar
at the +1 subsite (Figure 3d). At the +2 subsite, Asp234 interacted with O2 and O3, whereas Arg237
made polar connections with O1, O2 and the endocyclic oxygen at almost equal distances.

3.3. Gene Expression and Protein Purification

The screened positive transformants from antibiotic resistant plates were applied for Congo-red
dyeing assay. Obvious hydrolytic circles presented around Escherichia coli BL21(DE3) harboring pET-28a
(+) —Man26E colonies, but no hydrolytic circles around Escherichia coli BL21(DE3) harboring pET-28a
(+) and Escherichia coli BL21(DE3) colonies were found, indicating that the positive transformants could
produce 3-mannanase and some enzymes were secreted out of the cells (Figure 5a).

The transformant with a maximal hydrolytic circle was picked out and cultured in LB medium
with 1 mmol L™ IPTG at 32 °C, 200 rev min~! for 8 h. The cell and the supernate were collected
respectively for 3-mannanase assay. The results showed that total f-mannanase activity reached
497.9 U/mg in the crude extract. SDS-PAGE assays revealed that the molecular mass of the recombinant
protein was about 40 kDa (Figure 5b). The crude enzyme liquid was purified with a 6x His-Tagged
Protein Purification kit, and The purified enzyme appeared a single band of approximately 40 kDa on
SDS-PAGE gel (Figure 5b), which contained a 6x His-Tag (the Mw about 822.85 Da).
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Figure 5. The activity analysis of positive colonies dyed by Congo-red and SDS-PAGE analysis.
(a) 1 and 2: Escherichia coli BL21(DE3) harboring pET-28a (+)-Man26E; 3: Escherichia coli BL21(DE3)
harboring pET-28a (+); 4: Escherichia coli BL21(DE3). (b) SDS-PAGE analysis. Lane M: Marker; Lane 1:
Escherichia coli BL21(DE3) control; Lane 2: Escherichia coli BL21(DE3) harboring pET-28a (+)-Man26E

Lane 3, Lane 4 and Lane 5: The purified Man26E.

3.4. Enzymatic Properties of Recombinant Man26E

The properties of recombinant 3-mannanase were investigated under different pHs (3-10) and
temperature (40-70 °C) conditions. The recombinant Man26E had the maximal activity at pH 6.0 and
kept over 75% of the highest activity at 5-9. The recombinant Man26E still showed more than 60%
relative activity at pH 4.0 and pH 10.0, but no activity at pH 3.0 (Figure 6a). The enzyme activities at
other pH values were significantly different from that at pH 6.0 (p < 0.01).
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Figure 6. Influence of pH and temperature on the enzyme. (a) enzyme activity at different pH values;
(b) pH stability of the enzyme; (c) enzyme activity at different temperatures; (d) thermostability of

the enzyme.
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In addition, the recombinant Man26E exhibited a good pH stability and over 80% of the optimal
activity was maintained after incubation at 50 °C and pH 5-8 for 60 min. Its stability rapidly decreased
when pH values was below 5.0 and gradually declined in the range of pH 8.0-10.0, but remained
about 40% residual activity at pH 3.0 and 65% residual activity at pH 10.0 after incubation at 50 °C
for 60 min (Figure 6b). The optimal temperature for most 3- mannanases is between 40 and 75 °C.
As shown in Figure 6¢c, Man26E had the optimal temperature at 55 °C. The recombinant Man26E was
active at 40-70 °C, and kept more than 60% relative activity in the temperature range of 45 to 65 °C.
Man26E still remained about 40% relative activity at 70 °C. The enzyme activities at other temperatures
were significantly different from that at 55 °C (p < 0.01). For testing thermostability, the purified
enzyme was first pretreated at different temperatures for 60 minutes, and then the enzyme activity
was determined. The enzyme was stable up to 40 °C for 60 min, and maintained more than 80% of
its activity. At temperatures above 50 °C, its stability decreased gradually, but remained about 60%
residual activity at 50 °C and nearly 40% residual activity at 60 °C for 60 min (Figure 6d).

Different kinds of metal ions (1, 5 and 10 mmol L~!) were respectively added into the solution of
the purified enzyme and preincubated at 55 °C for 10 min, and the residual activity was measured
according to the standard method. Among these additives, the action of metal cations on the activity
of the recombinant Man26E was quite interesting, as shown in Figure 7.

For example, Co?" and Mn?* enhanced remarkably the f-mannanase activity, especially 5 mmol L~}
of Co?* and Mn?* increased enzyme activity by 72% and 60%, respectively. Fe?* at 1 mmol L~}
and 5 mmol L1 showed activation on the recombinant Man26E, but at 10 mmol L~! had no effect.
Ni?*, K* and Ca?* at 5 mmol L~! had activation on the recombinant Man26E, whereas at 1 and
10 mmol L™! displayed varying degrees of inhibition effect. All three concentrations of Mg?* and Cu?*
showed inhibition on the recombinant Man26E. Zn?* at 1 mmol L~! reduced the enzyme activity of the
recombinant Man26E, but at 5 and 10 mmol L~! had little impact. Except for no significant difference
(p > 0.05) between 1 mmol L™! of K* and the control group, between 1 mmol L™! of Ca?* and the
control group, between 5 mmol L~!, 10 mmol L~! of Zn?* and the control group, 10 mmol L~! of Fe?*
and the control group, other experimental groups showed significant differences (p < 0.01) with the
control group.
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Figure 7. Action of metal cations on enzyme activity. ® No significant difference between the group
and the control group.
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3.5. Substrate Specificity and Kinetic Parameters

The ability for the recombinant Man26E to catalyze various substrates was examined (Figure 8).
The enzyme had the highest activity on locust bean gum galactomannan (100%), followed by
glucomannan from konjac powder (73.93%) and manno-oligosaccharides (70.89% relative activity).
The LBG group displayed significant differences (p < 0.01) with the KP group and the MOS group, but the
KP group and the MOS group showed no significant difference (p < 0.01). However, the recombinant
Man26E had no activity on starch, CMC-Na, xylan and pNPM. Therefore, the enzyme acted specifically
on the 3-1,4-mannose glycoside bonds of mannopolysaccharides, and it suggested that the types of
the branched chain in mannan might affect the enzymatic hydrolysis of polysaccharide. Locust bean
gum and Konjacmannan are the most commonly applied substrates for assessing kinetic parameters.
The kinetic parameters of the recombinant Man26E hydrolyzing locust bean gum were measured in
100 mmol L™ citric acid buffer (pH 6.0) at 55 °C. Calculated according to the Lineweaver-Burk Plot,
the values of Ky, and Vipax were 7.16 mg mL~! and 508 U/mg, respectively.

100
80+
60

40

Relative Activity (%)

20

1 1 T T

LBG KP Starch MOS CMC-Na Xylan pNPM

Figure 8. Substrate specificity of the recombinant Man26E. LBG: locust bean gum; KP: konjac powder;
MOS: manno-oligosaccharides; pNPM: p-nitrobenzene-p-pyranoside.

4. Discussion

Hemicellulose biomass is considered as a renewable source of sugar next to cellulose. In order
to make better use of hemicellulose, more attention should be paid to hemicellulase producing
bacteria. In recent years, culturable 3-mannanase producing bacteria have been isolated from many
sources. Enterobacter aerogenes, which is a gram-negative bacillary microorganism from Enterobacteriaceae,
is widely found in water, soil and other environments. Enterobacter aerogenes is one of the members of the
normal intestinal flora, but also an important conditional pathogenic bacteria. Enterobacter aerogenes can
ferment a variety of sugars to produce clean and regenerated energy, such as ethanol [26], hydrogen [28],
butanediol [35]. Here, we first reported a 3-mannanase (Man26E) from Enterobacter aerogenes.
Although a large number of highly homologous sequences with Man26E are found in NCBI library.
However, at present, there are only a few reports about 3-mannanase from Enterobacteriaceae strains,
such as Klebsiella pneumoniae SS11 [36], Klebsiella oxytoca KUB-CW2-3 [37], Enterobacter sp. N18 [38],
Enterobacter ludwigii MY271 [39], Enterobacter asburiae SD26 [40] and Pantoea agglomerans A021 [41].
Man26E belonged to GH26 family whose overall structure of domain possessed ([3/x)8 TIM barrel
domain [42]. The modeled 3D structure of Man26E was close to the standard for a good quality model
which is 90% of total residues in the most favoured regions [43], indicating that it was reasonable and
reliable. The modeled structure of Man26E is similar to those of BCman (PDB ID. 2QHA) [44] and
BsMan26A (PDB ID. 3CBW) [45]. A major difference among the three structures lies in the number
and the position of - helix, 3-strand and loop. In addition, no disulfide bond was found in Man26E,
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however, a disulfide bond exists between Cys75 at 3-strand 2and Cys95 at - helix 4 in BsMan26A,
between Cys66 at 3-strand 2and Cys 86 at «- helix 4 in BCman, respectively.

The conserved active center of Man26E showed high similarity to that of CjMan26C (PDB ID.
2VX7) from Cellvibrio japonicus, suggesting that the similar binding patterns of mannose are present
in their active centers. The acid-base catalytic residue and the nucleophilic residue in GH26 family
B-mannanases are highly conserved, and are all glutamate. For instance, they are Glu183and Glu282
in Man26E, Glu221 and Glu338 in CjMan26C [46], Glul76 and Glu275 in BsMan26A, respectively.
The four enzymes contain a similar platform composed of four solvent-exposed tryptophan rings,
which are Trp318, Trp314, Trp188 and Trp79 in Man26E, Trp302, Trp298, Trp172 and Trp72 in BCman,
Trp373, Trp298, Trp226 and Trp167 in CjMan26C, Trp328, Trp324, Trp198, Trp98 in BsMan26A. Two of
the four aromatic residues exhibit highly conserved properties in GH26 enzymes, they are Trp172
and Trp298 in BCman, Trp198 and Trp324 in BsMan26A, Trp373 and Trp226 in CjMan26C, which are
equivalent to Trp188 and Trp314 in Man26E, respectively. The platform is involved in the binding of
the active domain to the substrate. Yan et al. [43] have demonstrated that Trp298 and Trp172 are very
important for binding and catalysis. We speculated that Trp188 and Trp314 may have similar functions.

The Man26E- GallMan4 and CjMan26C- GallMan4 complexes display the interactions between
GallMan4 and the -1, -2, +1 and +2 subsites in the active region. However, the positions and
quantities of hydrogen bond between amino acid residues and sugars are different. For example,
at the -2 subsite, only Trp314 and Tyr43 in Man26E made limited interactions with the mannose,
by comparison, an amount of interactions are found, involving Arg374, GIn385, Trp373 and Asp130
in CjMan26C. In GH26 3-mannanases, the residues binding the substrate at the —1 subsite show
strict conservative feature, such as His114, His182, Glu183 and Glu282 in Man26E have structural
equivalents in CjMan26C and CjMan26A, which correspond to His156 and His143, His182 His220
and His211, Glu221 and Glu212, Glu338 and Glu320, respectively [46]. At the +1 subsite, Glu183
and Asp234 of Man26E formed limited polar interactions with the sugar, whereas in CjMan26C and
CjMan26A, the equivalents to Asp234 of Man26E are Asp266 and Asn257, respectively. The +2 site is
quite different among Man26E, CjMan26C and CjMan26A. In Man26E, Asp234 and Arg237 produced
polar connections with the sugar. For CjMan26C, Ser268 and Arg269 generates interactions with the
sugar, however, the equivalent loop in CjMan26A does not exist any residues near +2 subsite.

The activity (497.9 U/mg) of the recombinant Man26E was higher than those of 3-mannanases
from Bacillus circulans K-1 (481.55 U/mg) [47] and Bacillus sp. JAMB-750 (36.3 U/mg) [48], however,
lower than those of 3-mannanase from Clostridium thermocellum (520 U/mg) [49] and Pantoea agglomerans
AQ21 (514 U/mg). The molecular mass of Man26E was predicted to be 38.61 kDa and the purified
enzyme was about 40 kDa evaluated by SDS-PAGE. It has been reported that the molecular weights of
- mannanases from a variety of sources are in the range of 30-80 kDa [50]. Exceptionally, a GH26
f-mannanase from Clostridium thermocellum shows low molecular weight of 15 kDa [51], and the
other 3-mannanase from Thermoanaerobacterium polysaccharolyticum has a high molecular weight of
120 kDa [52]. The optimal pH value (6.5) of the recombinant Man26E is comparable to those of
B-mannanases from Bacillus subtilis WL7 [53], Pantoea agglomerans A021, Bacillus subtilis WL-3 [54],
Bacillus sp. SWU60 [55] and Bacillus subtilis (TBS2) [56]. Most bacterial 3-mannanases have the highest
activity from neutral to alkaline pH. For instance, 3-mannanases (GH 26) from Bacillus sp. CFR1601 [57],
Bacillus subtilis BCC41051 [58], Bacillus licheniformis [59] and Bacillus subtilis B23 [20] are optimally
active at pH 7. 3-mannanases (GH 26) from Bacillus N16-5 (GH 26) [60], Bacillus licheniformis THCM
3.1 [61] and Bacillus sp. strain JAMB-750 [62] are optimally active at pH 9.6, 9.0 and 10.0, respectively.
Bacterial 3-mannanases show remarkable stability in the range of pH 6-9 [50]. Exceptionally, the activity
of B-mannanase from Acinetobacter sp. ST 1-1 is maintained over 80% in the range of pH 3-10 [63].
The optimal temperature (55 °C) of Man26E is similar to 3-mannanases from Bacillus sp. CFR1601,
Pantoea agglomerans A021, Erwinia carotovora CX]JZ95-198 [64] and Bacillus subtilis WL7. However,
-mannanases from Bacillus N16-5 (GH 26) and Caldicellulosiruptor Rt 8B.4 (GH 26) [6] show the highest
activity above 70 °C. Interestingly, 3-mannanase from Thermotoga neapolitana 5068 exhibits maximum
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activity at 92 °C [65]. The recombinant Man26E is less stable than those of 3-mannanases from
Pantoea agglomerans A021, Bacillus subtilis B23, Bacillus sp. SWU60 and Enterobacter sp. N18. However,
the thermostability of Man26E is better than those of 3-mannanases from Cellulosimicrobium sp. strain
HY-13 [66] and Sphingomonas sp. ERB1-3 [67]. Similar results to Man26F have been reported that Co?*
shows positive action on the activities of the recombinant 3-mannanases from Enterobacter sp strain
N18 and Bacillus subtilis WY34 [68], and Mn?* performs positive effect on the -mannanases from
Bacillus sp. N16-5 and Bacillus subtilis WY34. The activation of Fe>* on the recombinant Man26E is
different from several published 3-mannanases. For instance, Fe?* inhibits the activity of f-mannanase
from Paenibacillus cookie [69], however, Fe?* makes no difference in f-mannanases from Bacillus subtilis
WY34 and Cellulosimicrobium sp. strain HY-13. The inhibition of Mg?* and Cu?* on the recombinant
Man26E is in consistent with several reported (3-mannanases [38,70,71].

The substrate specificity of the recombinant Man26E is the same as those of Bacillus circulans
NT 6.7 [72], Bacillus subtilis WY34, Bacillus sp. N16-5, Bacillus stearothermophilus [73], Bacillus circulans
CGMCC 1416 [74] and Bacillus subtilis WL-3, which show higher activity toward LBG than toward
KGM. By comparison, the substrate specificity of Man26E is different from those of 3-mannanases
from B. licheniformis mannanase [48], Bacillus sp. SWU60, Bacillus subtilis WD23 [75] and Paenibacillus
cookie, which show more activity against glucomannan than against galactomannan. It has been
reported that the K, values of 3-mannanase are between 0.0095 and 27.4 mg mL~!, and the Vax
values are ranging from 29 to 16,666.7 pmol mL~! or mg min~! [50]. The K,, value (7.16 mg mL™!)
of the recombinant Man26E for LBG is similar to the values (7.22 mg mL™!) reported for a 3-mannanase
from Bacillus nealsonii PN-11 [76]. The K,, value of the recombinant Man26E is significantly lower than
those of BCman from Bacillus subtilis Z-2 (10.2 mg mL™1) and Bacillus subtilis YH12 (30 mg mL™1) [77].
Distinguishingly, the Km value of the B-mannanase from Paenibacillus cookie is 0.0095 mg mL~!
for LBG.

Man26E displayed many excellent features, for example, acid and alkali tolerance, high stability
over a wide range of neutral-to-alkaline pH, good thermostability, high stability in the presence
of various metal ions. These characteristics suggested that Man26E could have great potential for
commercial application in the biofuels, the food/feed and paper/pulp and other industries. In addition,
the simulation of the three-dimensional structure and the analysis of the active domain of this
mannanase will help to understand the structure- function relationship, and lay a foundation for the
molecular modification of the enzyme to improve its enzymatic properties.
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