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ABSTRACT

Endo B-1,4-mannanases (f3-mannanases, EC 3.2.1.78), belonging to CAZy GH5 and GH26 families,
catalyze the hydrolysis of structurally different mannans. In this study, the mannanase encoding gene
of Aspergillus aculeatus VN was expressed in Aspergillus niger D15#26 using pAN 52-4 vector, under the
control of PgpdA promoter and TtrpC terminator. In order to improve the hydrolytic capacity of this
GH5 on lignocellulosic substrate, the family 1 carbohydrate-binding module (CBM1) of Aspergillus niger
cellobiohydrolase B was artificially fused at the C-terminal end of this enzyme with a natural linker.
Both mannanase and mannanase-CBM genes were successfully expressed in A. niger D15#26, producing
proteins with molecular masses of 54 and 79KkDa, respectively. The Michaelis-Menten constants,
pH activity profiles and temperature optima of three enzymes (wild-type mannanase, recombinant
mannanase and recombinant mannanase-CBM) were similar, but the fused mannanase-CBM enzyme
was more thermostable. Cross-comparison of the three enzymes for softwood hydrolysis in association
with Trichoderma reesei enzymatic cocktail showed that mannanase-CBM improved the glucose yield
compared to wild-type and recombinant mannanases.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Lignocellulosic biomass is seen as the main raw-material source
for future production of bioethanol. The main bottleneck in
biomass conversion for biofuel production is the enzymatic depoly-
merization of cell wall polysaccharides into fermentable sugars
(Demirbas, 2007; Sanchez and Cardona, 2008). The 3D structure
of lignocellulose is formed by a network composed essentially
of cellulose, hemicelluloses and lignin (Kirk and Cullen, 1988;
Sanchez, 2009). Hemicellulose is a generic term covering vari-
ous complex heteropolysaccharides including xylans and mannans
(Kirk and Cullen, 1988). Mannans present in large amounts in
wood as glucomannan or galactoglucomannan. Hardwood contains
2-5% glucomannan with a glucose/mannose ratio of 1:1.5 (or 2)
(Timell, 1967; Wiedenhoeft and Miller, 2005). Galactoglucoman-
nan is the main component of softwood hemicellulose (15-25%
wood dry mass) (Timell, 1967). Its polymer backbone is com-

Abbreviations: wt-Man, wild-type mannanase purified from Aspergillus aculeatus
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posed of pD-mannopyranose and D-glucopyranose. The residues
in the main chain are partially substituted by «-1,6-linked D-
galactosyl side group. The backbone polymer C-2 and C-3 positions
can be acetyl-substituted. Molar galactose/glucose/mannose ratios
are approximately 1/1/3 or 0.1/1/3 (or 4), for galactose-rich or
galactose-poor softwood, respectively (Timell, 1967; Wiedenhoeft
and Miller, 2005).

Cellulose and hemicelluloses of lignocellulosic substrate are
depolymerized by a cocktail of hydrolytic enzymes mainly com-
posed of cellulases and hemicellulases (Kirk and Cullen, 1988; De
Vries and Visser, 2001). Hemicellulases present two main interests
for the bioethanol production industry: (i) release of fermentable
sugars such as mannose and xylose; (ii) synergy with cellulases
to enhance depolymerization of the substrate. Such synergy was
demonstrated by Murashima et al. (2003) between cellulases and
xylanases, and was explained by a degradation of the xylan network
allowing cellulases access to deeper structures.

Endo-1,4-3-p-mannanases (1,4-B-D-mannan mannohydro-
lases EC 3.2.1.78) are the major enzymes involved in hemicellulose
degradation in wood. They catalyze the random hydrolysis of
1,4-3-p-mannopyranosyl linkages in the mannan backbone. Based
on sequence similarities, these enzymes are grouped into glycoside
hydrolase families 5 and 26 (Dhawan and Kaur, 2009; Cantarel et al.,
2009). Both families contain 3-mannanases from bacteria and fila-
mentous fungi. Moreover, 3-mannanases are also present in plants,
where they play a role in seed germination (Yuan et al., 2007).
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Complete depolymerization of mannans requires coopera-
tion from enzymes acting on the main chain (B-mannosidase,
B-mannanase and [3-glucosidase) and enzymes acting on the side-
chain substituents (acetyl mannan esterase and o-galactosidase)
(Moreira and Filho, 2008).

Many plant cell wall degradation enzymes from a range of bac-
teria and fungi have a complex molecular architecture consisting
of one or more catalytic domains and at least one non-catalytic
carbohydrate-binding module (CBM) that function independently
of the catalytic domains (Warren, 1996). The major function of
CBMs is to facilitate the association of the parent enzyme with
its substrate by increasing the local concentration of the enzyme
and consequently enhancing its activity (Linder and Teeri, 1997,
Shoseyov et al., 2006). In addition, some CBMs have been shown
to directly assist hydrolysis by disrupting crystalline structure,
thereby increasing substrate access (Shoseyov et al., 2006). CBMs
have been classified into families according to amino-acid sequence
similarities and 3D structures (Cantarel et al., 2009). Family 1 CBMs
are exclusively found in fungi, and in many cases show to bind to
cellulose, while CBMs belonging to different families can bind to
chitin (family 12), xylan (family 22), mannan (family 27), or starch
(family 26) (Cantarel et al., 2009).

The efficiency of complex molecular enzymes against insolu-
ble substrates has been exploited to design chimeric enzymes. A
synergistic effect was observed with the fusion between feruloyl
esterase, xylanase and CBM1 in the release of ferulic acid from
corn bran (Levasseur et al., 2005). We also recently demonstrated
that the addition of a CBM1 to the Pycnoporus cinnabarinus laccase
improved significantly the delignification of pulp (Ravalason et al.,
2009).

Carbohydrate-binding modules have been found at either the
C-terminus or N-terminus in 3-mannanases (Benech et al., 2007;
Hagglund et al., 2003; Sunna et al., 2000). Fungal mannanases
from A. niger, A. aculeatus to date do not contain a CBM (Benech
et al., 2007; Do et al,, 2009). In the present study, we focused
on a 3-mannanase from an A. aculeatus VN strain previously iso-
lated and selected from decaying wood samples collected from
Viet Nam. The gene encoding this GH5 mannanase was cloned and
expressed in A. niger D15#26 alone and artificially fused to the
family 1 carbohydrate-binding module (CBM1) of A. niger CbhB
to improve its enzymatic properties. Three enzymes (wild-type
enzyme, recombinant enzyme and recombinant enzyme fused to
CBM1) were purified and fully characterized in order to compare
their efficiencies on softwood hydrolysis in association with Tricho-
derma reesei enzymatic cocktail.

2. Materials and methods

2.1. Strain and culture media

Escherichia coli JM109 (Promega, Charbonniéres, France) was
used for the construction and propagation of vectors. Aspergillus
niger D15#26 (pyrG mutant) was used for homologous expression
(Gordon et al., 2000). After transformation, A. niger transformants
were grown on selective solid minimum medium (without uridine)
containing NaNO3 70 mM, KCl 7mM, KH,HPO, 11 mM, MgS0,
2mM, glucose 1% (w/v), and 1 mL/L of element solution (1000x
stock solution containing ZnSO4 76 mM, H3BO3 178 mM, MnCl,
25mM, FeSO4, 18 mM, CoCl, 7.1 mM, CuSO4 6.4 mM, Na;MoO4
6.2 mM, EDTA 174 mM). To screen the transformants for recombi-
nant protein, 100 mL of culture medium containing NaNO3 70 mM,
KCl 7mM, Na,HPO,4 200 mM, MgS0,4 2 mM, 5% glucose (w/v) and
0.1 mL element solution, was inoculated with 1 x 106 spores/mL
in 500 mL baffled flask (Record et al., 2002). A. aculeatus VN was
cultivated in liquid medium containing guar gum (Sigma) 0.5%,
yeast extract 1%, di-sodium tartrate 10 mM, di-ammonium tartrate

10mM, KH,PO4 11 mM, CaCl, 5mM, MgS0O4 3 mM, and 30 mL/L
of solution (FeSO4 8.5 mM, ZnSO4 5.6 mM, MnSO4 8.8 mM, CuSO4
0.96 mM).

2.2. Cloning and expression in Aspergillus niger D15#26

Cloning of the mannanase sequence: The mannanase encod-
ing gene was amplified from genomic DNA of A. aculeatus
VN. Two primers M-F1 forward primer 5-AATGCGCGCCCTT-
CCCCGGACGCCGAAC-3’ (BssHII) and M-R1 reverse primer 5'-
GTAGGATCCTTAGTGGTGGTGGTGATGGTGCTTCGACTGCGCATTG-
AT-3’ (BamHI) were designed according to A. aculeatus mannanase
encoding sequence (GenBank accession no. L35487, Christgau
et al., 1994). All PCR reactions were carried out using Expand
high fidelity PCR system (Roche) according to the manufacturer’s
instructions. The amplification was initiated by a denaturation of
5min at 95°C, followed by 5 cycles of 1.5min, 95°C; 0.75 min,
60°C; 1.5min, 72°C; followed by 30 cycles of 0.5min, 94°C;
0.5min, 60°C; 1.5min, 72°C; and then by a final elongation step
of 7min at 72°C.

Construction of the fused mannanase-CBM sequence: The fusion
of the mannanase encoding sequence with the linker-CBM
(GenBank accession no. AF156269, Gielkens et al., 1999) was
performed by the overlap extension PCR (Ho et al., 1989) involv-
ing three PCR reactions. The mannanase gene was amplified
in the first PCR reaction using M-F1 forward primer 5-AATG-
CGCGCCCTTCCCCGGACGCCGAAC-3’ (BssHII) and MC-R1 reverse
primer  5-ACTGGAGTAAGTAGAGCCCTTAGACTGCGCATTGAT-3’
(seeinFig.1).Inthe second PCRreaction, the linker-CBM region was
amplified from plasmid pLac-CBM (Ravalason et al., 2009) contain-
ing linker-CBM of A. niger cellobiohydrolase B, using MC-F2 forward
primer 5'-ATCAATGCGCAGTCTAAGGGCTCTACTTACTCCAGT-3' and
MC-R2 reverse primer 5-ATGCGGATCCTTAATGGTGATGGTGATG-
GTGCAGACACTGCGAGTAGTA-3’ (BamHI). Finally, the resulting
overlapping fragments were mixed and the fused sequence was
obtained in the third PCR reaction using M-F1 and MC-R2 external
primers.

Mannanase and mannanase-CBM sequences were cloned into
the pGEM-T vector (Promega) to obtain pGEM-T-Man and pGEM-
T-ManCBM vectors and the cloned PCR products were checked
by sequencing. Two vectors pGEM-T-Man and pGEM-T-ManCBM
were digested with BssHIl and BamHI restriction enzymes. Digested
sequences were purified and cloned into BssHII-BamHI linearized
and dephosphorylated pAN52-4 vector (GenBank accession no.
Z32699) to obtain pMan and pManCBM expression vectors. In these
cassettes, the A. nidulans glyceraldehyde-3-phosphate dehydroge-
nase gene promoter (PgpdA), the 5’ untranslated region of the gpdA
mRNA, and A. nidulans terminator TtrpC were used to drive the
expression of enzyme encoding sequences. In addition, A. niger
glucoamylase signal peptide (SglaA) was used to target protein
secretion.

Aspergillus niger D15#26 strain was grown for 18 h at 30 °C, with
shaking at 150 rpm in A. niger minimum medium supplemented
with casamino acids 0.2%, yeast extract 0.5% and uridine 0.01 M.
Then, protoplasts were prepared and fungal co-transformations
were carried out as described by Punt and van den Hondel (1992)
using expression vector and pAB4-1 plasmid containing the pyrG
selection marker, in a 10:1 ratio. A control experiment was per-
formed with A. niger D15#26 only transformed with pAB4-1
plasmid. Transformants were selected for uridine prototrophy on
uridine-free minimal medium.

2.3. Screening for mannanase activity

The screenings were realized in two steps. In the first step,
transformants were grown in 16-well plates containing 10 mL of
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medium in each well, enzymatic activity was measured daily from
day 5 (Alberto et al., 2009). In the second step, the 15 best transfor-
mants of rec-Man and rec-ManCBM were grown in 500 mL flasks
containing 100 mL medium. Cultures were monitored for 12 days
at 30°C in a shaker incubator (130 rpm), pH was adjusted daily to
5.5 with 1 M citric acid.

2.4. Purification procedure

All purification procedures were realized at 4°C. A. aculeatus
VN culture medium was harvested and filtered (0.45 p.m pore size)
after 7 days of growth. Filtrate was concentrated by ultrafiltration
through a polyethersulfone membrane (10 kDa cut-off, Millipore),
dialyzed against citrate buffer (50mM, pH 6) and loaded onto a
DEAE-sepharose fast flow column (26 mm x 150 mm, Pharmacia).
Elution was performed with a NaCl gradient from 0 to 500 mM
NaCl in the same buffer at a flow rate of 1 mL/min. The active
fractions were pooled, concentrated and dialyzed against citrate
buffer (50 mM, pH 6, NaCl 150 mM). The second purification step
was carried out using a Sephacryl S-200 column (16 mm x 700 mm,
Pharmacia) at a flow rate of 0.3 mL/min. Fractions containing man-
nanase activity were pooled.

Cultures were harvested on day 12 for rec-Man transformants
and day 9 for rec-ManCBM transformants. Culture media were
filtered (0.45 wm pore size) and concentrated by ultrafiltration
through a polyethersulfone membrane (10 kDa cut-off, Millipore).
Media were further dialyzed against binding buffer (Tris—HCl
50 mM, pH 7.4, imidazole 10 mM, NaCl 150 mM). His-tagged pro-
teins were purified using a 5mL HisTrap FF (GE healthcare) at a
flow rate of 5mL/min. Elution was performed with elution buffer
(Tris-HC1 150 mM, pH 7.4, imidazole 500 mM, NaCl 150 mM).

To visualize recombinant proteins, the small-scale purification
were carried out using His-SpinTrap (GE Healthcare) according to
the manufacturer’s instructions.

2.5. Enzyme activity

Mannanase activity was determined using locust bean gum
(galactomannan, Sigma) as substrate prepared at 0.5% (w/v) in
citrate buffer (50 mM, pH 5). After 30 min incubation at 50°C,
the reducing sugars released were measured according to Miller
(1959). One unit of enzyme activity is defined as the amount of
enzyme releasing 1 umol of mannose per min.

Exo-glucanase, endo-glucanase and xylanase activities were
determined following Tabka et al. (2006).

2.6. Gel electrophoresis

The homogeneity and relative molecular mass of denatured
proteins were checked by SDS-PAGE (10% acrylamide gels) using
the Mini-PROTEAN system (BioRad). Proteins were stained using
Coomassie blue and protein masses were estimated by cross-
comparison against the protein molecular mass ladder (low
molecular weight calibration kit, Amersham Biosciences). Deg-
lycosylation experiments were performed using PNGase F (New
England Biolabs) according to the manufacturer’s instructions.

2.7. pH and temperature optima and stability

The effect of pH on enzyme stability was investigated by incu-
bating the purified enzymes in 50 mM buffers at various pH ranging
from 2 to 10 (hydrochloric-potassium chloride buffer pH 2; cit-
rate buffer pH 3-6; phosphate buffer pH 6-8; Tris-HCl buffer
pH 8-9, carbonate-bicarbonate buffer pH 9-10) at 50°C. The
remaining enzyme activity was then determined under standard

enzyme assay conditions. For the determination of thermal stabil-
ity, aliquots of purified enzymes were incubated in citrate buffer
(50 mM, pH 5) at various temperatures ranging from 50 to 75°C.
Thermal inactivation was stopped by cooling the samples on ice,
and residual activity was determined under standard enzyme
assay conditions. Temperature and pH optima were determined
by changing the pH or temperature of the standard enzyme assay
conditions.

2.8. Determination of kinetic parameters

The Michaelis—-Menten constants for locust bean gum were
determined by measuring the reaction rate using locust bean gum
concentrations ranging from 0.5 to 8 mg/mL. Kinetic parameters
(Km and Vnpax) were calculated from the experimentally obtained
data and non-linear regression analysis using “GraFit” software
(Erithacus Software Ltd.).

2.9. Absorption experiments

Different amounts of rec-ManCBM enzyme were added into
2mL Eppendorf tubes containing citrate buffer (50 mM, pH 5) in
a final volume of 1 mL containing 20 mg of Avicel PH101 cellu-
lose (Fluka). The mixtures were then incubated at 4°C for 1 h. After
centrifugation (8000 x g for 2 min, 4°C), mannanase activity in the
supernatant was measured and compared against the blank sample
(substrate-free). The wt-Man and rec-Man were used as negative
controls. The absorption experiments of enzymes to the softwood
were realized in final volume of 10 mL containing 200 mg of soft-
wood (mill refiner pulp kindly provided by the Pulp and Paper
Research Institute CTP, Grenoble, France).

2.10. Enzymatic hydrolysis

Two enzymatic preparations containing hydrolases from Tricho-
derma reesei CL 847 were kindly provided by SAF-ISIS (Souston,
France) from LESAFFRE group (Tabka et al., 2006). The cellu-
lase preparation exhibited 0.06 U/mg of exo-glucanase, 9.75U/mg
of endo-glucanase, 1.12U/mg of xylanase and 0.7 U/mg of man-
nanase. The second preparation presented mainly xylanase activity
(8.7U/mg) and other enzymes (0.02U/mg of exo-glucanase,
2.75U/mg of endo-glucanase, 0.5 U/mg of mannanase).

The softwood samples (mill refiner pulp) were pre-treated by
NaOH at 15% dry weight (dw) at 131°C for 1h, and then washed
until pH dropped to 7. Enzymatic hydrolysis was carried out in
150 mL flasks incubated at 50 °C and shaken at 100 rpm. The sub-
strate was suspended to 3% dw in citrate buffer (50 mM, pH 5).
Enzymes were applied at 60U of mannanase/g dw and T. reesei
enzymatic cocktail containing 0.66U of exo-glucanase, 106 U of
endo-glucanase, 39 U of xylanase, 8.6 U of mannanase and 25 U of 3-
glucosidase (Novozyme) per g dry mass of substrate. Sodium azide
was added (0.1%) to prevent contamination. Samples were taken
at 24 and 48 h to measure glucose (Glucose RTU kit, Biomérieux,
France) and reducing-sugar release using DNS method (Miller,
1959). All experiments were performed independently in triplicate.

3. Results
3.1. Purification of wild-type mannanase (wt-Man)

A. aculeatus VN mannanase was purified in two steps: an anion
exchange followed by a gel filtration. The wild-type enzyme was
purified to homogeneity and showed a single band with relative
molecular mass of 43kDa on SDS-PAGE (see in Fig. 3, lane 5).
Enzyme recovery was 7.6% (Table 1).
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Table 1
Purification of wild-type mannanase (wt-Man) from A. aculeatus VN culture medium.

Specific activity (U/mg) Activity yield (%)

Step Total activity (U) Proteins (mg)
Culture medium 10,290 389.6
Ultrafiltration 8899 104.6
DEAE 3741 39.5
Ultrafiltration 3486 30.6
Gel filtration 781 5.7

26.4 100

85.1 86.5

94.8 36.4
114 339
138 7.6

3.2. Cloning of the mannanase gene

The mannanase gene was amplified from A. aculeatus VN
genomic DNA using specific primers designed from the A. aculea-
tus mannanase coding sequence (GenBank accession no. L35487,
Christgau et al., 1994). A. aculeatus VN mannanase gene con-
tains 1206 nucleotides, including two introns of 63 nucleotides
at positions 646 and 839. The deduced amino-acid sequence
showed 100, 74 and 60% similarity to A. aculeatus (GenBank acces-
sion no. L35487), A. niger (GenBank accession no. ACJ06979.1)
and T. reesei (GenBank accession no. L25310.1), respectively.
The sequence alignment of this enzyme with GH5 mannanases
above reveals that two catalytic residues Glu180 and Glu287
together with five residues Arg64, Asn179, His253, Tyr255 and
Trp318 are strictly conserved in all GH5 mannanases (Hilge et al.,
1998).

3.3. Expression and purification of two recombinant enzymes:
mannanase (rec-Man) and mannanase-CBM (rec-ManCBM )

A. aculeatus VN mannanase encoding sequence was inserted into
PAN52-4 expression vector (Fig. 1A). To improve the hydrolytic
capacity of mannanase on lignocellulosic substrate, a second con-
struction was obtained by fusing the CBM1 of A. niger CbhB at the
C-terminal end of mannanase. The catalytic domain and CBM were
fused by a native hyperglycosylated linker (Fig. 1B). Sixty transfor-
mants for each construction were selected for mannanase activity
screening. In flask culture, the activity of the best rec-Man and
rec-ManCBM transformants increased until day 12 (Fig. 2), reach-
ing 20U/mL and 17 U/mL, respectively. No mannanase activity was
detected in the control culture (A. niger transformed with pyrG
without expression vector).

In order to visualize recombinant mannanases in the best pro-
ducing transformants, supernatants were loaded onto His-SpinTrap
columns. Both flow-through and eluted fractions were subjected
to SDS-PAGE analysis. A. aculeatus VN mannanase was used as a
control. Single bands corresponding to relative molecular masses
of 54kDa and 79kDa (Fig. 3, lanes 4 and 2) were observed in

Fig. 1. Construction of two expression vectors pMan (A) and pManCBM (B).
PgpdA: Aspergillus nidulans glyceraldehyde-3-phosphate dehydrogenase promoter
gene; SglaA: Aspergillus niger glucoamylase signal peptide gene; TtrpC: Aspergillus
nidulans trpC terminator gene; BssHII, BamHI: restriction enzyme targets; M-F1
forward primer 5'-AATGCGCGCCCTTCCCCGGACGCCGAAC-3’, M-R1 reverse primer
5'-GTAGGATCCTTAGTGGTGGTGGTGATGGTGCTTCGACTGCGCATTGAT-3;  MC-R1
reverse primer 5-ACTGGAGTAAGTAGAGCCCTTAGACTGCGCATTGAT-3’, MC-F2 for-
ward primer 5'-ATCAATGCGCAGTCTAAGGGCTCTACTTACTCCAGT-3/, MC-R2 reverse
primer 5'-ATGCGGATCCTTAATGGTGATGGTGATGGTGCAGACACTGCGAGTAGTA-3'.

Fig. 2. Time-course of rec-Man and rec-ManCBM productions. () rec-Man, (B) rec-
ManCBM. Activity was expressed in U/mL and was monitored for 12 days.

the eluted fractions of rec-Man and rec-ManCBM, respectively.
The masses of rec-Man and rec-ManCBM increased by 11kDa
and 36 kDa, respectively, compared with the mass of wild-type
enzyme (43 kDa). Adding linker-CBM theoretically increases the
relative mass by 8 kDa. Hence, these higher molecular weights of
in both recombinant enzymes could be due to post-translational
modification (i.e.,, enzyme glycosylation). Deglycosylation experi-
ments were performed in order to remove N-linker carbohydrates.
After deglycosylation, although wt-Man and rec-Man displayed the
same relative molecular mass of 41 kDa, rec-ManCBM showed a
band of 66 kDa higher than the theoretical mass (data not shown)
which suggest that rec-ManCBM was mainly O-glycosylated.
The analysis of rec-ManCBM amino-acid sequence by NecNG-
lyc 1.0 (http://www.cbs.dtu.dk/services/NetNGlyc/) and NetOGlyc
3.1 (http://www.cbs.dtu.dk/services/NetOGlyc/) programs showed
that this enzyme has 4 potential N-glycosylation sites located in
the catalytic module and 28 potential O-glycosylation sites (1 site

Fig. 3. SDS-PAGE gel of wt-Man, rec-Man and rec-ManCBM. SDS-PAGE gel was
stained with Coomassie blue. Lanes 1 and 6: molecular weight standards. Lane 2:
rec-ManCBM. Lane 3: degradation of rec-ManCBM. Lane 4: rec-Man. Lane 5: wt-Man.
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Fig.4. Mannanase activity at day 11 of growth in different culture conditions. Tem-
perature was maintained at 24 °C or 30 °C. pH was adjusted daily to 4, 5.5 or 7 with
1 M citric acid.

located in the catalytic module and 27 sites located in the linker). A
major band of 54 kDa corresponding to the relative molecular mass
of rec-Man was visualized in the flow-through fraction from rec-
ManCBM purification (Fig. 3, lane 3). The high mannanase activity in
this fraction led us to attribute this band to mannanase. Thus, fused
rec-ManCBM was degraded in the culture medium. This degra-
dation could be explained by the cleavage of the linker between
mannanase and CBM, as previously demonstrated (Levasseur et al.,
2005; Ravalason et al., 2009).

In order to reduce the degradation of fused enzyme, rec-
ManCBM expression was optimized by cultivation in different
conditions. Temperature was maintained at 24 °C or 30°C, and pH
of the medium was adjusted daily to 4, 5.5 or 7 with 1M citric
acid. Samples were taken at day 11 to measure mannanase activ-
ity (Fig. 4). Although, the highest activities were obtained at 30°C
and pH 5.5 and 7, SDS-PAGE analysis on each culture showed that
rec-ManCBM was more stable at 24°C and pH 4 (data not shown).
However, at pH 4, rec-ManCBM activity was 3 times lower at 24°C
than 30°C, prompting us to select pH 4 and 30°C for the following
experiments.

Large scale mannanase productions were carried out in 10L
reactor using the standard conditions (pH 5) for rec-Man and pH
adjusted conditions for rec-ManCBM (pH 4). Two recombinant
enzymes were purified further from the culture media by a sin-
gle chromatographic step. Activity recoveries were 36% and 12%
for rec-Man and rec-ManCBM, respectively.

3.4. Enzymatic characterization

The biochemical and kinetic parameters of the three enzymes
wt-Man, rec-Man and rec-ManCBM were compared using locust
bean gum as substrate. The three enzymes showed no significant
differences in pH and temperature optima. The optimal tempera-
ture ranged between 70 and 75 °C (Fig. 5A) and optimal pH around
2.5 and 3 (Fig. 5B). Three enzymes were stable over a pH range
between 4 and 7.

Focusing on temperature stability, all three enzymes were stable
below 65 °C. Above this temperature, rec-ManCBM showed a higher
stability than wt-Man and rec-Man. At 65°C, wt-Man and rec-
Man retained only 20% activity after 350 min whereas rec-ManCBM
retained over 60% activity (Fig. 5C). The half-life times were 100,
103 and 693 min at 65°C and 8, 9 and 27 min at 70 °C for wt-Man,
rec-Man and rec-ManCBM, respectively. Concerning kinetics prop-
erties, the three enzymes displayed similar kinetic parameters on
locust bean gum (Table 2).

Fig.5. Optimal temperature (A), optimal pH (B) and stability at 65 °C (C) of the three
mannanases. (o) wt-Man, (#) rec-Man, () rec-ManCBM.

3.5. Absorption of rec-ManCBM

The cellulose-binding affinity of rec-ManCBM was evaluated on
microcrystalline cellulose Avicel PH101 and pre-treated softwood.
The fused enzyme was mixed with substrate at different ratios
(Fig. 6). The supernatant mannanase activity was measured after
incubation for 1 h at 4 °C. Maximum bindings (Bmax) were 750 and
480 pg enzyme per g Avicel or g softwood, respectively. No signif-
icant binding of wt-Man and rec-Man was detected.

3.6. Hydrolysis of softwood

Mannanases were combined with the cellulase and xylanase
of Trichoderma reesei and [3-glucosidase in order to improve the
hydrolysis of softwood. Adding rec-ManCBM to the enzyme cock-

Table 2
Comparison of kinetic parameters between the three mannanases.
wt-Man? rec-Man® rec-ManCBM¢
K (mg/mL) 1.2+0.2 1.3+0.2 09+0.1
Vmax (U/mg) 296.7+12.8 3853+124 248.6+8.3
keat (1/s) 212 346 327

2 Mannanase from A. acculeatus VN.

b Recombinant mannanase expressed in A. niger D15#26.

¢ Recombinant mannanase with addition of the linker-CBM expressed in A. niger
D15#26.
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Fig. 6. Adsorption isotherms of rec-ManCBM on Avicel cellulose and softwood. (a)
Avicel cellulose, () softwood. Enzyme was incubated with substrate at 4°C for 1h
in citrate buffer 50 mM, pH 5.

Table 3
Saccharification of pre-treated softwood.

Enzyme Glucose (mg/mL) Reducing sugars
(mg/mL)
Enzymatic cocktail 2.27 + 0.04 3.26 + 0.06
Enzymatic cocktail + wt-Man 2.31 + 0.07 343 £0.10
Enzymatic cocktail + rec-Man 2.30 + 0.07 3.36 + 0.04
Enzymatic cocktail + rec-ManCBM 2.56 + 0.03 3.63 + 0.08

Basic treatment at 130°C for 1h and incubation with T. reesei enzymatic cocktail.
Mannanase: 60 U/g dw. Sodium azide 0.1%. 50°C, 100 rpm, 48 h.

tail led to a significant 13% increase in glucose amount released,
against only a 1-3% increase for wt-Man or rec-Man. Release of
reducing sugars increased more than 12% by adding rec-ManCBM
and 3-5% by adding rec-Man or wt-Man (Table 3). Experiments
were carried out independently in triplicate.

4. Discussion

Mannanase and mannanase-CBM enzymes were successfully
expressed in A. niger D15#26, yielding 20 U/mL and 17 U/mL in the
respective culture media.

4.1. Linker stability - effect of protease

The rec-ManCBM was artificially constructed, with the catalytic
and binding domains connected by the 46 amino-acids hyper-O-
glycosylation linker rich in serine and threonine (Gielkens et al.,
1999). This linker provided the necessary distance between the
two functional domains to fold independently and to conserve a
conformational freedom relative to one another (Srisodsuk et al.,
1993; Quentin et al., 2002). Furthermore, the high degree of gly-
cosylation could increase protein sequence stability by protecting
the linker against proteases (Langsford et al., 1987; Quentin et al.,
2002).In fact, the linker region of many enzymes is sensitive to pro-
teolytic digestion (Linder and Teeri, 1997). In this study, the linker
was cleaved in rec-ManCBM culture medium. Similar observations
have been reported for the fused laccase-CBM (Ravalason et al.,
2009) or the bifunctional enzyme feruloyl esterase-xylanase-CBM
(Levasseur et al., 2005), both expressed into A. niger D15#26. Spe-
cific proteases which can cleave the linker in enzyme-CBM had
previously been found in cellulolytic organism media (Gilkes et al.,
1988; Langsford et al., 1987). To explain this proteolytic cleavage,
Linder and Teeri (1997) suggested that cellulases with CBMs are
only required in the early stages of cellulose degradation when the
main proportion of substrate remains insoluble. At a later stage,
when the substrate has been largely converted into oligosaccha-

rides, enzymes without CBM operating in the liquid phase may be
more effective.

Different ways to stabilize fused enzymes were experimented.
Gustavsson et al. (2001) tested the stability with different linker
lengths (4-44 residues) and with the presence of potential gly-
cosylation sites. Jahic et al. (2003) decreased protease levels by
changing the culture conditions, including pH and temperature.
Adding casamino acid to the medium as competitive substrate
has been applied as a strategy to reduce proteolytic enzymes in
shake-flask culture (Sreekrishna et al., 1997). In this study, adding
casamino acid led to an increase in mannanase activity in the cul-
ture medium but had no effect on rec-ManCBM stability (data
not shown), consistently with Jahic et al. (2003). The change of
culture conditions influenced the stability of rec-ManCBM. This
enzyme was more stable in acid medium than in neutral or basic
media. In fact, different culture conditions influence the microbial
endogenous protein secretion, particularly proteases. Aspergillus
can produce different types of proteases, including aspartic pro-
teases (pH activity 3-4), metalloproteases (pH activity 6-9) and
serine proteases (pH activity 8-9) (Monod et al., 2002). The sta-
bility of rec-ManCBM in acid medium suggests that rec-ManCBM
could be cleaved by neutral and/or basic proteases but remain sta-
ble against acid proteases. There is another potential explanation
for the stability at pH 4. A. niger D15#26 host transformants is a
mutant derived from a protease-deficient A. niger AB1.13 strain that
does not acidify the culture medium (Gordon et al., 2000). Conse-
quently, culture pH is usually around neutrality or slightly basic.
Such culture medium at pH 4 was not the suitable culture condition
for A. niger D15#26. In this condition, small quantities of proteases
were released, and the enzyme remained stable. Similarly, Jahic et
al. (2003) reported that decreasing pH from 5.0 to 4.0 resulted in a
40-90% increase in the full-length lipase-CBM product.

4.2. Effect of CBM on enzymatic properties

Although the fusion of mannanase to CBM did not modify the
temperature and pH optima (Fig. 5A and B) or the pH stability
of the enzyme, rec-ManCBM displayed a higher thermal stability
than wt-Man and rec-Man (Fig. 5C). Based on data from literature,
adding CBMs could affect the enzyme stability profile, but it is dif-
ficult to predict their effect on enzyme characteristics. Adding a
CBM at the C-terminal end of a chimerical bifunctional feruloyl
esterase—xylanase enzyme had no effect on enzyme characteristics
(Levasseur et al., 2005). Laccase-CBM exhibited a higher opti-
mal temperature but less thermostability than the wild-type and
recombinant laccases (Ravalason et al., 2009). Mamo et al. (2007)
reported a drop in thermal stability after fusing a CBM to a xylanase
from Bacillus halodurans.

4.3. Binding ability

Avicel and softwood were used for studying adsorption kinet-
ics. Avicel show a strong polymerization of 100-240 glucopyranose
units and 50-60% crystallinity (Wood, 1988). The binding of rec-
ManCBM to Avicel confirmed that the structure of CBM1 was
apparently not perturbed, and the CBM conserved its function in the
modular enzyme. Rec-ManCBM was shown a higher binding capac-
ity to Avicel than to softwood (Fig. 6). This difference is reflecting
the different ratio of cellulose in Avicel and softwood, furthermore
softwood cellulose is embedded in lignin and hemicelluloses.

4.4. Effect of CBM on hydrolysis of softwood
Galactoglucomannan is abundant in softwood (10-15% dry

mass) and its concentration varies with type of softwood and
location in the plant cell wall: normal wood contains higher
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galactoglucomannan content (18%) than compression wood (9%),
and the plant cell wall is richer in glucomannan in the S2 layer than
the S1 or S3 layer (Wiedenhoeft and Miller, 2005). According to
Salmén (2004), softwood glucomannan is more closely associated
with cellulose microfibrils whereas xylan is more associated with
lignin. Some of the glucomannans in softwood are incorporated
into aggregates of cellulose. Adjacent to these aggregates, most
glucomannans are arranged in parallel with cellulose fibrils, to
which they are tightly connected. This structure should inhibit
the cellulase approach to cellulose fibrils during saccharification.
Adding mannanase to the enzymatic hydrolytic cocktail promote
cellulase contact with cellulose fibrils by removing glucomannans
at the surface. In this study, the addition of wt-Man or rec-Man
slightly increased glucose and reduced sugar release (Table 3).

Itis generally acknowledged that adding a CBM to the enzymatic
catalytic domain increases the enzyme concentration at the sub-
strate surface and thus increases the efficacy of enzyme (Linder and
Teeri, 1997). The presence of CBM in T. reesei mannanase increased
by 5-fold the mannan hydrolysis of a cellulose-mannan complex
(Hédgglund et al., 2003). Moreover, the mobility of CBMs on the
surface of crystalline cellulose (Jervis et al., 1997) can induce man-
nanase movement on the substrate surface, and thus enhances
the removal of glucomannan from the cellulose surface. In addi-
tion, CBM alters the binding between cellulose layers, making the
substrate more accessible (Shoseyov et al., 2006). As a result, rec-
ManCBM facilitated the action of cellulases and led to a 13% increase
in the amount of glucose released versus a 1-3% increase in glucose
release using wt-Man or rec-Man (Table 3).

In conclusion, this study demonstrated that mannanase
enzymes can be useful in the destructuration of softwood and sug-
gested that they could be used as enzyme helpers (i.e., in association
with T. reesei enzymatic cocktail) for efficient hydrolysis of ligno-
cellulosic substrate. A number of Aspergillus species are naturally
capable of producing mannanase, but expression of the mannanase
gene in the industrial A. niger D15#26 strain could improve enzyme
productivity. In addition, fusion of the enzyme with CBM improves
the hydrolytic capacity against lignocelluloses, and adding this
chimerical enzyme to the hydrolysis enzyme cocktail of Tricho-
derma reesei appears to improve hydrolysis yield.
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