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ABSTRACT

Thermobifida alba is the mesophilic member of the Thermobifida genus, the genome and enzyme sets of
which have not been described and published yet. Thermobifida strains are thermotolerant actinomycete,
which possess wide sets of cellulose and hemicellulose hydrolysing enzymes. Previously, three endo-
mannanases (Man5ATh, Man5ATc, and Man5AThf) of thermobifidas were cloned and investigated, and
hereby the endomannanase of T. alba DSM 43795 is described. All four endomannanases belong to the
glycoside hydrolase family 5, their sizes are around 50–55 kDa. Their structure consists of a catalytic
domain and a carbohydrate binding module, while there is an interdomain linker region in-between
consisting repetitive tetrapeptide motifs (eg.: PPTEPTD-Ta, PTDP-Tc, TEEP-Tf, DPGT-Th). The pH
optima of Man5A enzymes from T. alba, Thermobifida halotolerans, Thermobifida cellulosilytica, and
Thermobifida fusca are slightly different (6.5, 7.0, 7.5, and 8.0, respectively), however, the temperature
optima of the enzymes were detected within a wider range of 65–75 8C. In this research, Man5ATa
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exhibited the lowest Michaelis-Menten constant (KM) (0.13 mM) on LBG-mannan substrate, while others
shared similar kinetic parameters: 0.9–1.7 mM of KM. Despite the high sequence similarity of the inves-
tigated mannanases, they exhibit different temperature stability parameters. These different functional
characteristics can be advantageous for industrial applications producing biologically active, oligomannan
prebiotics under different conditions.
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1. INTRODUCTION

The main components of plant cell wall are cellulose and hemicellulose. Hemicelluloses are
heteropolymers with varying degrees of branching and are classified based on their sugar residues
attached to the backbone of the structural polymer. Hemicelluloses include different sugar mono-
mers such as xylose, mannose, galactose, rhamnose, arabinose and polymers like xylan, hetero-
mannan, and mannan (de Vries and Visser, 2001). The second most abundant hemicelluloses
in plant cell wall are galacto(gluco)mannans, which consist of a backbone of ß-1,4-linked
D-mannose and D-glucose residues with D-galactose side chains (Stoll et al., 2000). Mannan
biopolymers play roles in storing carbohydrates in the seed of leguminous plants and beans, or
as being structural carbohydrates that cross link cellulose fibrils and lignin in plants (Eriksson
et al., 1991; Puls, 1997; Várnai et al., 2011; Barros et al., 2015; von Freiesleben et al., 2018).

Enzymatic degradation of plant materials to fermentable monomeric sugars is demanding
due to their complex composition and inhomogeneous structure (Várnai et al., 2012). In addi-
tion, hemicelluloses like β-1,4 mannan and β-1,4 xylan prevent enzymatic hydrolysis of cellulose
in the absence of relevant accessory enzymes as at least nine different enzyme activities are
required to completely degrade the hemicellulose substituents (van den Brink and de Vries,
2011; Hu et al., 2013; Østby et al., 2020).

The degradation of hemicellulose is performed by the action of ß-endomannanases (EC
3.2.1.78) and ß-mannosidases (EC 3.2.1.25), ß-glucosidases (EC 3.2.1.21), and α-galactosidase
(EC 3.2.1.22), commonly expressed by fungi and bacteria.

Endomannanases are necessary enzymes for the release of mannan from the hemicellulose
substrate matrix (Tenkanen et al., 1997; Várnai et al., 2012). Endomannanases are classified
based on CAZY database into four glycosyl hydrolase (GH) families: 5, 26, 113, and 134 (http://
www.cazy.org/Glycoside-Hydrolases.html) (Lombard et al., 2013). According to certain studies
of mannanases of Cellvibrio spp., GH5 enzymes primarily attack insoluble mannans, while
GH26 enzymes may primarily attack soluble mannans (Tailford et al., 2009; Zhang et al.,
2014). About the other two GH families much less is known, as only three GH113 mannanases
were described (AaManA, Man113A, and AxMan113A) so far, and the exact catalytic mecha-
nism and substrate-enzyme complex structure is still unclear. Substrate specificity experiments
showed that all these GH113 mannanases show higher affinity toward konjac powder than LBG,
which is preferable for GH5 and GH26 enzymes (Xia et al., 2016; You et al., 2018). On the
contrary, from the group of GH134 only one β-1,4-mannanase was described from bacteria,
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SsGH134 from Streptomyces sp. NRRL B-24484, which showed higher affinity toward insoluble
microcrystalline cellulose and insoluble mannans similarly to GH5 and GH26, but further
studies are needed to confirm these observations due to lack of similar enzymes (Sakai
et al., 2018).

Cellulolytic bacteria can be found in different genus such as Acetivibrio, Bacillus, Caldicellu-
losiruptor, Cellulomonas, Clostridium, Erwinia, Streptomyces, Thermobifida, Thermotoga, Fibro-
bacter, Cytophaga, and Sporocytophaga (Lynd et al., 2002). These bacteria possess the so-called
plant cell wall-degrading enzymes (CWDEs), which have a wide range of industrial applications
throughout the food and feed industry and for the sustainable production of chemicals and
biofuels like bioethanol. Most widely used enzymes are endo-acting CWDEs, such as manna-
nases, xylanases, galactanases, and exo-acting CWDEs, such as β-galactosidases, β-mannosidase,
β-xylosidase, and L-α-arabinofuranosidases. Mannanases are used for the production of prebi-
otic oligosaccharides, namely manno-oligosaccharides (MOS) retrieved from the digestion of
low-cost agro-industrial by-products such as copra, carob pods, coconut residues, sugar beet
molasses, and palm kernel cake (Gibson et al., 2005; Rastall et al., 2005; Ozturk et al., 2010;
Zurmiati et al., 2017; Bello et al., 2018). These mannan-rich by-products can be cheap alterna-
tives of feed ingredients in animal feeding instead of maize and soybean. Apart from MOS,
β-mannanases are also used in feed industry to improve digestibility, nutrient utilisation of
meals by hydrolysing mannan and thus, enhancing the performance and growth of poultry.
Feed ingredients contain high levels of β-mannans, which cause higher viscosity in meals,
therefore, negatively affect the growth of animals due to their indigestive nature. This mannan
component can be hydrolysed by the addition of β-mannanases to the feed (Shastak et al., 2015;
Caldas et al., 2018; Cano et al., 2020; Norizan et al., 2020).

Mannanases are also used in other parts of food industry like the extraction of coffee and
coconut oil. Mannan is present as the main polysaccharide in coffee extract and increases the
viscosity of the extract, which negatively affects the preparation of instant coffee. β-mannanase
hydrolyses mannan into simple sugars, thus, it reduces the viscosity of coffee extract. This kind
of enzymatic hydrolysis procedure is a substitute to the applied thermal procedure as it produces
smaller amount of secondary compounds like furfural, acetaldehyde, and 5-HMF, and also needs
less energy for the process of hydrolysis (Murkovic and Bornik, 2007; Soni and Kango, 2013;
Baraldi et al., 2016; Favaro et al., 2020).

In addition, treatment of drinks like raw fruit juice is another application area for β-man-
nanases. Natural fruit juice is viscous and turbid mainly due to its content of pectin, starch,
cellulosic and hemicellulosic compounds, so for consumers it must be clarified. These poly-
saccharides need to be hydrolysed mainly by microbial enzymes, which results in a juice that is
more suitable for the consumer’s taste, moreover, has good storage stability. In studies, β-man-
nanase isolated from Weissella viridescens LB37 was effective in juice clarification from different
fruits such as grape, peach, orange, pomegranate, kiwi, and apple, as compared to control
(Adiguzel et al., 2015). Furthermore, not only clarity but increased yield of juice can be achieved.
It was reported that treatment of crude β-mannanase of Lactobacillus casei HDS-01 resulted
higher yield of apple, orange, and pear juices with a yield ratio of 150.96%, 188.20%, and
172.62%, respectively, compared to control (Zhao et al., 2020).

Over the years, the demand for enzymes with higher thermal stability (cellulases, amy-
lases, xylanases, lipases, proteases, and pectinases) was growing compared to their meso-
philic homologues. These are commonly used in high temperature biotechnology processes,
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as at higher levels of temperature the reaction rates are accelerated, thus, reactions are
shortened, the process needs reduced energy input, and there is a lower contamination risk.
The largest producers of cellulases are within the genus of Streptomyces, which have the
ability to ferment cellulose. It was reported in a study that cellulases produced by Strepto-
myces spp. are highly thermostable (Jang and Chang, 2005). The other important genus for
the production of thermostable enzymes within the Actinobacteria phylum is the genus
Thermobifida, including four strains: Thermobifida fusca and Thermobifida alba (Zhang
et al., 1998), Thermobifida cellulosilytica (Kukolya, 2002), and Thermobifida halotolerans
(Yang et al., 2008). Thermobifida strains are mostly compost-inhabiting strains that are
well-known for their compost-decomposing and lignocellulolytic activities. Thermobifidas
are mostly thermophilic bacteria, thus, able to grow under high temperature conditions,
except T. alba, which is rather mesophilic and slightly thermotolerant. Among the four
species, the genomes of T. fusca and its isolate Thermobifida fusca YX (ASM1240v1)
(Lykidis et al., 2007) have been completely, while Thermobifida fusca TM51 (ASM40191v1)
(Tóth et al., 2013) have been partially sequenced. By the analysis of these genomes, 39
glycoside hydrolases belonging to different GH-families were determined. During the years,
the cellulolytic enzyme system of T. fusca has become well-characterised, and the strain
became a model organism for the study of thermostable cellulases due to their thermosta-
bility, broad pH range (pH 4–10), and high activity (Wilson, 2004).

There are not so many studies and publications on the hemicellulolytic enzyme systems of the
Thermobifida spp. yet. From the most well-known Thermobifida fusca TM51 (ASM40191v1), two
GH5 hydrolases - endomannanase (man5A) and endoglucanase (cel5A) genes - (Yan et al., 2013)
and one GH2 beta-mannosidase (ManB) (Béki et al., 2003) were identified. Moreover, xynA, a
recombinant xylanase from T. fusca was also confirmed with its ability to degrade xylan (Zhao
et al., 2015). T. cellulosilytica TB100 (ASM151797v1) enzyme set shows similar homology in the
xylanases, mannanases, and xyloglucanases, which was identified in the T. fusca genome project.
Among the hemicellulases, the mannanase enzymes consist of an intracellular GH2 mannosidase
and an extracellular GH5 endomannanase (Tóth et al., 2017). So far, from T. halotolerans
YIM90462 (ASM166038v1) one endoglucanase (Thcel9A) and one GH5 endomannanase (Man5-
ATh) were described (Zhang et al., 2011).

Hereby, in this report, we are presenting and characterising the only endomannanase
(Man5ATa) that has not yet been described from the Thermobifida genus, T. alba, and also
comparing it with the other three previously described endomannanases from the Thermobifida
species, namely T. fusca, T. cellulosilytica, and T. halotolerans.

2. MATERIALS AND METHODS

2.1. Microorganism and culture conditions

T. alba DSM 43795 type strain was used in this study, retrieved from DSM collection, originally
isolated from garden soil (Locci et al., 1967). The strain was initially plated onto 1% saccharose-
containing plates and incubated at 42 8C for 3–4 days, when sporulation phase started. Stand-
alone sporulating colonies were inoculated into LB medium in baffled Erlenmeyer flask, and the
cultivation continued with agitation at 180 r.p.m., at 42 8C.
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2.2. Cloning of endomannanase-encoding gene in accordance with genome sequence
data

Prior to genomic DNA isolation, the strain was streaked on Luria-Bertani (LB) agar plate to
produce discrete colonies. Using a discrete colony LB liquid medium was inoculated for producing
biomass for isolation of genomic DNA. For the isolation of genomic DNA from T. alba, a
modified method by Nagy et al. (1997) was used. The data of the genome sequence of T. fusca
TM51 (ASM40191v1) (Tóth et al., 2013) and the previously described three endomannanase gene
sequences (Man5ATf, Man5ATc, and Man5ATh) were used as references for partial sequencing in
the T. alba DSM 43795 genome. Based on sequence similarities, the hypothetical endomannanase
gene could be located, making it possible to manually design primers on that certain DNA
segment (outside the gene and also at the start of the gene) and to amplify it by PCR. For
amplification of the endomannanase gene primers, man5ATa forward (50-ATGAGAA-
AACGCCTCACGGTCGCGGCAGC-30) and man5ATa reverse (50-TCAGTCGGTCGTG-
CAGCTCAGCACCA-30) were used with underlined sequences harbouring NdeI and XhoI
restriction sites. PCR reactions were carried out by using Pfu DNA polymerase (Thermo Fisher
Scientific Inc., USA) for 32 cycles of 10 s at 98 8C, 20 s at 68 8C, and 45 s at 72 8C, preceded by
incubation for 30 s at 98 8C. After the PCR reaction, the PCR products were separated by gel
electrophoresis in 1% agarose gel and were resected directly from the gel. After dissolution of the
gel and re-purification of the PCR products, the fragments were digested with NdeI and XhoI
enzymes (Thermo Fisher Scientific Inc., USA) and ligated into pET28 and pRSF plasmid vectors
by using T4 DNA ligase (Thermo Fisher Scientific Inc., USA). Then E. coli DH5α competent cells
(NEB, USA) were transformed to isolate proper clones, which were used for protein expression in
E. coli BL21 (DE3) cells (NEB, USA).

2.3. Phylogenetic analysis of Thermobifida strains and their endomannanase

For the molecular identification of investigated Thermobifida strains, PCR amplification of 16S
rDNAs were performed as described by Rainey et al. (1996). The sequences of the 16S rDNA
were initiated with the conservative eubacterial primer 27f and 1492r (Baker et al., 2003). 16S
rDNA sequence reads and amino acid sequences of the cloned endomannanases were assembled
by MEGA X, respectively (Kumar et al., 2018), then aligned by ClustalW algorithm. Neighbour-
joining trees were also constructed in MEGA X software, performing 1000 bootstrap replicates.

2.4. Expression and purification of T. alba endomannanase

The recombinant His-tagged endomannanase was over-expressed in E. coli BL21 (DE3) cells.
Transformants were grown in 500 mL of LB medium containing 50 μg mL�1 of kanamycin until
OD600 reached 0.6–1.0, at 37 8C with 180 r.p.m. aeration. By the addition of isopropyl β-D-1-
thiogalactopyranoside (IPTG, 1 mM final concentration) the protein expression was induced
and followed by an overnight agitation at 18 8C with same parameters. After incubation, cells
were harvested and disrupted by sonication in lysis buffer (pH 7.5), the lysate was centrifuged at
16,0003g for 20 min at 4 8C, and the supernatant was loaded onto a 5 mL HiTrap column
(GE Healthcare, USA) for immobilised metal-ion affinity chromatography (IMAC) by ÄKTA
Start purification system (GE Healthcare, USA). Protein elution was performed with a gradient
of 0–500 mM imidazolein, 300 mM NaCl, and 20 mM sodium phosphate buffer, pH 7.5.
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The purified protein concentration of the pooled fractions was determined by Bradford method
using BSA as protein standard (Bradford, 1976).

The molecular mass of the enzyme was estimated by SDS-PAGE analysis.

2.5. Biochemical characterisation of the endomannanase

Substrate specificity of the endomannanase was assayed using different substrates, such as low
viscosity carboxymethyl cellulose (CMC), crystalline and microcrystalline cellulose (MN300,
Avicel), beechwood xylan, and locust bean gum (LBG-mannan) as polysaccharides and 4-nitro-
phenyl β-D-mannopyranoside (pNP-βM) as an artificial aryl-mannoside substrate.

Endomannanase activities were determined on polysaccharide substrate by the Somogyi-
Nelson method (Somogyi, 1952), in which the liberated reducing sugars were measured. For the
calibration curves, dilution series of mannose stock solution was used for the determination of
the reducing sugar content.

Michaelis-Menten kinetic parameters of the endomannanase was estimated for LBG-
mannan substrate in 10 different concentrations between 0 and 5 mgmL�1 (0, 0.2, 0.5, 1.0,
1.5, 2.0, 2.5, 3.0, 3.5, 4.0, and 5.0 mg mL�1) at 50 8C, in 50 mM sodium phosphate buffer, pH 7.5.
The final volume of the enzyme reactions was 50 μL containing 1.2 μg mL�1 of Man5ATa. LBG-
mannan substrate solutions were pre-incubated at 50 8C prior the initiation of the reactions by
adding enzyme samples to the solutions, then the incubation continued for further 5 min during
the enzyme reaction.

The pH dependence of endomannanase activity was measured in the presence of 5 mgmL�1

LBG substrate with different buffers in the pH range of 4–10 at 50 8C, when the enzyme re-
actions contained 1.2 μg mL�1 of Man5ATa in 50 μL reaction volumes. The following buffers
were used (pH ranges are indicated in brackets): 100 mM citrate-phosphate (pH 4.0–6.5),
100 mM sodium phosphate (pH 6.5–7.5), 200 mM triethanolamine/HCl (pH 7.5–9.0), and
100 mM CAPS/HCl (pH 9–10.0).

The effect of temperature on endomannanase activity was determined in 50 mM sodium
phosphate buffer, pH 7.5 at different temperatures ranging from 25 to 90 8C and using
5 mg mL�1 LBG-mannan substrate in 50 μL reaction volume. Enzyme concentrations were
the same as in case of pH optimum determination. For both pH and temperature dependence
studies the Somogyi-Nelson method was applied for the determination of the liberated reducing
sugar concentration. Then, initial rates were calculated and converted into relative rates and
plotted against pH and temperature.

All measurements were carried out in triplicates. The initial rate of the enzyme catalysis was
expressed in mM of reducing sugar liberated in one minute as it was determined from the
calibration curve.

Thermal stability study of Man5ATa enzyme was performed in 0.5mL of 100 mM sodium
phosphate buffer, pH 7.5, incubated at 60 8C. From the incubated endomannanase-substrate
solutions, time course aliquots (10 μL) were withdrawn and then assayed for endomannanase
activity determinations. Reaction was performed at 50 8C for 10min in the presence of 2 mgmL�1

LGB-mannan in 50mM phosphate buffer, followed by the addition of DNA reagent and 10min of
boiling according to DNS (3,5-dinitrosalicylic acid) method by Miller (1959). After cooling the
mixture to room temperature, the absorbance of the supernatant was measured at 540 nm.
The residual activity was calculated as a fraction of the initial activity and plotted against time.
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2.6. Nucleotide sequence accession numbers

GenBank accession numbers of determined endomannanase nucleotide sequences are as follows:
man5ATf: KF684964, man5ATc: KF684965, and man5ATh: KF684966. GenBank accession
numbers of the three identified endomannanase amino acid sequences are: Man5ATf:
AHB89702, Man5ATc: AHB89703, and Man5ATh: AHB89704.

16S rDNA sequence accession numbers are: T. alba DSM 43795: NR_037093, T. cellulosi-
lytica TB100: NR_025438, T. halotolerans YIM 90462: NR_044446, and T. fusca TM51:
AOSG01000000.

The nucleotide and amino acid sequences of the endomannanase of T. alba DSM 43795 has
not been published on GenBank yet.

3. RESULTS AND DISCUSSION

3.1. Biochemical characterisation of Man5ATa

3.1.1. Substrate specificity measurements. The GH5 family includes several types of hydro-
lases, among other endo-β-1,4-glucanase/cellulase (EC 3.2.1.4), exo-β-1,4-glucanase/cellodextri-
nase (EC 3.2.1.74), cellulose β-1,4-cellobiosidase (EC 3.2.1.91), β-glucosidase (EC 3.2.1.21),
β-mannosidase (EC 3.2.1.25), mannan endo-β-1,4-mannosidase (EC 3.2.1.78), β-1,3-mannanase
(EC 3.2.1.-), and xylanases like endo-β-1,4-xylanase (EC 3.2.1.8) and arabinoxylan-specific
endo-β-1,4-xylanase (EC 3.2.1.-). Substrate specificities of expressed endomannanases were
tested with carboxymethyl-cellulose (CMC), crystalline and micro-crystalline cellulose
(MN300, Avicel), beechwood xylan, pNp-mannopyranoside, and locust bean gum (LBG). All
investigated Man5A exhibited activity only on LBG mannan. This narrow substrate specificity
indicates that the axial OH group at C2 on the pyranose ring is essential in ligand binding at the
active site and suggests a potential biotechnological application of the enzymes in the production
of oligomannan prebiotics. Microbial mannanases can be used to break down mannan-rich
residues to yield manno-oligosaccharides (MOS), known as functional oligosaccharides, which
are non-digestible food ingredients that have health-promoting benefits. In general, commer-
cially available MOS can be derived from yeast cell wall mannan or from other mannan-rich
sources and is widely used as prebiotic in feed supplements for poultry and aquaculture (Benites
et al., 2008; Dimitroglou et al., 2010; Torrecillas et al., 2014; Zhou et al., 2019). Beside the
stimulation of the growth of probiotic microbiome, MOS might possess anticancer and immu-
nomodulatory effects by inducing different gene markers in colon cells (Jana and Kango, 2020).
According to a scientific study, acute colitis was induced by dextran-sulphate-sodium (DSS) in
mice, which was then fed with yeast cell wall manno-oligosaccharide (MOS). The results were
promising, as MOS reduced DSS-induced clinical- (weight loss, diarrhea) and histological scores
(mucosal damage) as well as sickness-related anxiety. Moreover, due to the DSS treatment, the
colon microbiome has changed and the number of coliform bacteria increased, while the
addition of MOS attenuated colitis-related increase of coliforms and also decreased the local
expression of pro-inflammatory cytokines. These inflammatory bowel disease animal models are
similar to IBD in human patients, thus, the outcome suggests that the application of MOS in
human can have similar protective, anti-inflammatory results and direct effect on the
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composition of the gut microbiome (Ferenczi et al., 2016). Interestingly, in the human micro-
biome, one of the dominant members is the Bacteroides thetaiotaomicron. After sequencing its
whole genome, it was revealed that it encoded 36 proteins, which predicted to possess α-man-
nosidase or α-mannanase activities. By this mechanism it is presumed that the human gut can
also utilise yeast mannan by its own adapted microbiota, by the evolution of the incorporation of
eukaryotic microorganisms into the human diet (Xu, 2003; Cuskin et al., 2015).

3.1.2. Kinetic studies. Endomannanase activities of the four GH5 glycoside hydrolases were
investigated on LBG-mannan substrate. The applied substrate consisted of a β-(l,4)-linked
mannan backbone with single α-(l,6)-linked galactose side chains. Kinetic studies were per-
formed in 50 mM phosphate buffer, pH 7.5, using LBG-mannan as substrate in the concentra-
tion range of 0–5 mgmL�1 at 50 8C.

The working temperature of the endomannanase of T. alba is in the range of 50–75 8C at
given assay conditions, while the optimum for the enzyme activity is at 65 8C (Fig. 1). Thus, this
enzyme possesses the lowest temperature optimum of all other Thermobifida endomannanase
enzymes, which is 70 8C for Man5ATc and Man5ATh and 75 8C for Man5ATf (Tóth et al.,
2016). This result could be expected as T. alba strains are mesophilic and more like thermoto-
lerant bacteria with low growth temperature conditions between 37 and 55 8C similarly to
T. halotolerans (37–55 8C), while the other thermobifidas are characterised as thermophilic
bacteria with a higher temperature optimum in the range of 65–75 8C. In accordance with these
results, thermophilic actinobacteria grow at relatively high temperatures ranging from 40 8C to
80 8C (Shivlata and Satyanarayana, 2015). There are two group types based on temperature
conditions: strictly thermophilic and moderately thermophilic actinobacteria. The thermophilic
actinobacteria grow in the temperature range between 37 8C and 65 8C, and the optimum growth
temperatures are between 55 and 60 8C. While moderately thermophilic actinobacteria like T.
alba are able to grow at 28–60 8C and require 45–55 8C for cultivation (Jiang and Xu, 1993).

Fig. 1. Temperature optimum of Man5ATa. The study of determination of thermal optimum was done in
the presence of 5 mgmL�1 LBG-mannan, in 50 mM Na-phosphate buffer (pH 7.5). The temperature

optimum of Man5ATa is at 65 8C
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The functional pH range of Man5ATa endomannanase is between 4.5 and 7.5 (Fig. 2). It is
slightly moved to the lower acidic range compared to Man5ATc and Man5ATh that both have
values in the overlapping range of 5.5–9.0 and Man5ATf with the highest pH range of 5.5–9.7.
The optimum for T. alba endomannanase is pH 6.5, while it is 7.0 and 7.5 for Man5ATc and
Man5ATh, respectively, and pH 8.0 for Man5ATf.

Michaelis-Menten kinetic parameters determined at pH 7.5 and 50 8C are listed in Table 1.
Kinetic performances expressed in catalytic constants (kcat) are similar for the three investigated
mannanases with the value of 100 ± 20 s�1. Slight difference was found in the individual
Michaelis-Menten constants (KM) among the enzymes, Man5ATf had the lowest affinity toward
the LBG-mannan substrate with KM value of 1.65 mg mL�1, while Man5ATa had the highest
affinity toward the LBG-mannan substrate with the lowest KM value of 0.13 mgmL�1 (Table 1).

Similarly to T. alba, the β-mannanase from Aspergillus niger had a higher affinity towards
LBG (Km, 0.11 mg mL�1) than other mannans like guar gum and copra mannan (Naganagouda
et al., 2009).

3.1.3. Thermostability studies. T. alba β-(l,4)-endomannanase exhibited the lowest thermosta-
bility among all investigated enzymes of thermobifidas with a life-time of 30 min at 60 8C
(Fig. 3). Man5ATa loses its complete activity after 5 min at 70 8C. On the contrary, based on
recent studies, the half-life of Man5ATf, Man5ATh, and Man5ATc were 123 min, 36 min, and
21 min, respectively (Tóth et al., 2016). The differences in the thermal stability of mannanases
can be due to the diverse environmental conditions of niches that are populated by Thermobifida
strains. T. alba can grow at the lowest temperature (37–55 8C), thus, its endomannanase exhibits
the lowest thermal stability. Similarly, T. halotolerans and T. cellulosilytica have low temperature
optima (50–55 8C). While T. fusca TM51, the endomannanase of which exhibits the highest
stability, was isolated from compost and its temperature optimum is 60 8C (Kukolya et al., 1997).

Fig. 2. pH effect on enzyme activity of Thermobifida alba endomannanase. The pH optimum determi-
nation study was performed in the presence of 5 mgmL�1 LBG-mannan. The functional pH range of

Man5ATa is in between 4.5 and 7.5 and the pH optimum is at 6.5
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The thermal stability of Man5ATf (half-life 123 min at 70 8C) put this enzyme among the most
stable enzymes, such as mannanase of Caldibacillus cellulovorans (half-life 48 min at 85 8C and
detectable activity even after 24 h at 70 8C) (Sunna et al., 2000).

3.2. Phylogenetic analysis of Thermobifida strains and their endomannanases

The four investigated strains were taxonomically characterised by 16S rDNA sequence analysis
and represented on a phylogenetic tree based on sequence similarities. The obtained phyloge-
netic tree indicates that T. alba shows higher homology with T. halotolerans than with the other
two Thermobifida strains (Fig. 4).

The lengths of the man5ATa, man5ATc, man5ATh, and man5Tf genes are 1364, 1362, 1320,
and 1368 bp, respectively. In the case of endomannanases, terminal signal peptides were
determined by using SignalP software (http://www.cbs.dtu.dk/services/SignalP/). The endoman-
nanases were cloned containing 425 (Man5ATf), 424 (Man5ATc), and 423 (Man5ATh) amino
acids without signal peptides (Tóth et al., 2016). The phylogenetic analysis of AA sequences

Table 1. Michaelis-Menten kinetic parameters of endomannanases for LBG-mannan substrate. Kinetic
studies were performed in 50mM phosphate buffer, at pH 7.5, in the concentration range of 0–5 mgmL�1

of LBG-mannan at 50 8C. Man5ATa exhibited the highest affinity toward the mannan substrate with KM
value of 0.13 mg mL�1

Endomannanase KM (mg mL�1) kcat (s
�1) kcat/KM (mL s�1 mg�1)

Man5ATa 0.13 ± 0.02 4.28 33
Man5ATf 1.65 ± 0.40 122 ± 11 74
Man5ATh 1.30 ± 0.30 78 ± 9 60
Man5ATc 0.84 ± 0.15 89 ± 5 106

Fig. 3. Thermostability of Thermobifida alba endomannanase at 60 8C measured under optimal conditions.
Man5ATa was measured in 50 mM Na-phosphate (pH 7.5) in the presence of 2 mg mL�1 LBG mannan.

The half-life of Man5ATa under these conditions is around 30 min
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revealed that endomannanases of T. alba and T. halotolerans were much closer to each other and
even T. cellulosilytica showed higher similarities to these two than to T. fusca, which was located
on a separate branch (Fig. 4). The identities between Man5ATa and Man5ATc, Man5ATa and
Man5ATh, Man5ATa and Man5ATf are 89, 89, and 88%, respectively (Fig. 3). The structure of
mature proteins is composed of an N-terminal GH5 catalytic domain and a C-terminal carbo-
hydrate binding module (CBM2). The identity between catalytic domain pairs is between 87 and
89%, while we found lower homology values of 76–83% among the CBM domains. Between the
two domains there is a so-called inter-domain region, which shows great variability. The 23–25
AA linker sequences show a variation of proline, threonine, and aspartate/glutamate rich, 3–6
times repetitive tetrapeptide motives: 3xPPTEPTD-Ta, 4xPTDP-Tc, 3xTEEP-Tf, and 6xDPGT-
Th (Fig. 5).

The role of linker regions is not totally clear yet, but there are already some investigations of
cellulases of T. fusca YX. In a study of Cel9A, cleaving the endoglucanase by a protease changed
the substrate specificity of the enzyme, thus its activity without the CBM domain increased
towards shorter oligosaccharide fractions (Lao and Wilson, 1996). This result coincides with
other studies, where it was reported that the length of the linker sequence had a role in the
activity of processive cellulases, as shortening or deleting the linker region decreased the enzy-
matic activity on crystalline cellulose (Srisodsuk et al., 1993). Linker length also can play a role in
the thermal adaptation of cellulase Cel9A (Batista et al., 2011).

Fig. 4. Phylogenetic representation of T. alba and Man5Ata. The upper tree represents the phylogenetic
relation of T. alba DSM 43795 and T. fusca TM51 compared to other thermobifida type strains as

T. cellulosilytica TB100 and T. halotolerans of the genus using 16S rDNA sequences. While the lower
phylogenetic tree represents the phylogenetic relations of Man5A enzymes of T. fusca TM51,

T. halotolerans YIM 90462, T. alba DSM 43795, and T. cellulosilytica TB100 based on their AA sequences.
Streptomonas sp. M2 serves as an outgroup strain showing the direction of the root on both trees
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Fig. 5. The alignment of AA sequences of Man5ATa, Man5ATc, Man5ATf, and Man5ATh endomanna-
nases from T. cellulosilytica, T. fusca, T. halotolerans, and T. alba. N-terminal GH5 catalytic and C-terminal
polysaccharide binding modules (CBM2) are separated by the linker sequences (boxed region). Symbols:
‘p’ – indicates positions that have a single, fully conserved residue, ‘:’ – indicates conservation between

groups of strongly similar properties, ‘.’ – indicates conservation between groups of weakly similar properties
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4. CONCLUSIONS

Endomannanase gene from T. alba DSM 43795 strain was isolated, expressed as a recombinant
protein, and has been partially characterised. All investigated endomannanases from T. alba,
T. fusca, T. cellulosilytica, and T. halotolerans belong to GH5 hydrolases. Enzymes have modular
structure and possess a polysaccharide binding site at the C-terminus. The AA homology be-
tween them is 87–89% and their characteristics are similar regarding the kinetic parameters,
however, the pH and temperature optima are slightly different. Man5ATh of T. halotolerans is
moderately salt tolerant, its thermal stability is preserved up to 0.8 M of NaCl concentration.
Despite the high sequence similarity of the investigated mannanases, they exhibit different
temperature stability, so this can be a starting point for further structural-functional investiga-
tions and for industrial applications to produce biologically active, oligomannan prebiotics.
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