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Abbreviations 

CAZY: Carbohydrate Active enZYme database 

CBM: Carbohydrate binding module 

CMC: Carboxymethyl cellulose 

DNS: Dinitrosalicylic acid 

GH: Glycoside hydrolase 

GMQE: Global Model Quality Estimation 

IMAC: Immobilized Metal Affinity Chromatography 

IPTG: Isopropyl β–D-1-thiogalactopyranoside 

NaCl: Sodium chloride 

PmGH: Paenibacillus mucilaginosus glycoside hydrolase 
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Abstract Glycoside hydrolases, particularly cellulases, xylanases and mannanases, are essential for the 

depolymerisation of lignocellulosic substrates in various industrial bio-processes. In the present study, 

a novel glycoside hydrolase from Paenibacillus mucilaginosus (PmGH) was expressed in E. coli, 

purified and characterised. Functional analysis indicated that PmGH is a 130 kDa thermophilic multi-

modular and multi-functional enzyme, comprising a GH5, a GH6 and two CBM3 domains and 

exhibiting cellulase, mannanase and xylanase activities. The enzyme displayed optimum hydrolytic 

activities at pH 6 and 60°C and moderate thermostability. Homology modelling of the full-length 

protein highlighted the structural and functional novelty of native PmGH, with no close structural 

homologs identified. However, homology modelling of the individual GH5, GH6 and the two CBM3 

domains yielded excellent models based on related structures from the Protein Data Bank. The catalytic 

GH5 and GH6 domains displayed a (β/α)8 and a distorted 7 stranded (β/α) fold, respectively. The 

distinct homology at the domain level but low homology of the full-length protein suggests that this 

protein evolved by exogenous gene acquisition and recombination.  
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Introduction 

Lignocellulose is an organic polymer that forms the major structural component of all plant cell walls, 

with cellulose and hemicellulose as its main polysaccharides (Mota et al. 2018; Sunna and Antranikian 

1997). Cellulose is a homopolymer composed primarily of D-glucose residues connected by glycosidic 

bonds (Den et al. 2018). As the most abundant plant polymer on Earth, cellulose can make up to 40-

50% of the plant cell wall (Chandel et al. 2012). Hemicellulose is a heterogenous polymer composed of 

various polysaccharides such as xylan, mannan and arabinan (van den Brink and de Vries 2011). The 

hemicellulose polysaccharide composition varies with the plant species. The de-polymerisation of 

cellulose and hemicellulose by glycoside hydrolases is of great interest for various industrial bio-

processes (Costa et al. 2014; Ribeiro et al. 2012; Walia et al. 2017). Glycoside hydrolases (GH) are a 

group of enzymes that catalyse the hydrolysis of glycosidic bonds (Lombard et al. 2014), and are widely 

distributed across plant and microbial species. Over 162 GH families are currently recognized in the 

Carbohydrate Active enZYme (CAZY) database. GHs may exist as independent functional domains or 

as multi-modular proteins grouping different catalytic or non-catalytic domains. Most multi-modular 

GHs contain non-catalytic domains termed carbohydrate binding modules (CBM), which may be 

located terminally or between catalytic domains and either individually or as tandem units (Guillén et 

al. 2010). CBMs facilitate polysaccharide recognition and substrate binding in GHs (Shoseyov et al. 

2006; Varnai et al. 2014). The GH5 family is one of the largest in the CAZY catalogue and encompasses 

a range of non-homologous enzymes with xylanase, cellulase, mannanase and licheninase activities 

(Aspeborg et al. 2012). The GH6 family, by contrast, is restricted to cellulose-degrading enzymes. In the 

present study, we report the structural and functional properties of a multi-modular Paenibacillus 

mucilaginosus glycoside hydrolase with cellulase, xylanase and mannanase activities.  
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Methods 

Cloning and Expression 

The gene encoding PmGH was previously obtained from a compost metagenomic library generated at 

the Institute for Microbial Biotechnology and Metagenomics, University of Western Cape, Cape Town 

(Tshukudu 2012). In the present study, we PCR sub-cloned the PmGH gene into the expression vector 

pET-21a (+) using the forward (5’-AAAACCATGGAGCCGCATGTGGA-3’) and reverse primers (5’-

TTTTAAGCTTTTACTCGAGTGCGGCC-3’) (Table 1). All polymerase chain reactions were performed 

using the iProof high fidelity PCR kit (BioRad, USA) as per manufacturer’s instructions. The PCR 

product and expression vector were linearised with the FastDigest restriction enzymes NcoI and 

HindIII (ThermoScientific, USA). Ligation reactions were performed using a rapid DNA ligation kit 

with a 3:1 molar ratio of insert to vector. The resulting construct, designated pET-PmGH, was used to 

transform Escherichia coli BL21 (DE3) cells and the recombinant strain was grown in lysogeny broth 

supplemented with 100 μg.ml-1 ampicillin at 37°C (Sambrook and Russel 2001). When the culture 

reached an OD600 of 0.6, the temperature was lowered to 20°C and gene expression was induced by 0.1 

mM isopropyl β–D-1-thiogalactopyranoside (IPTG) for 8 hours. Cells were harvested by centrifugation 

at 5000 × g for 25 minutes at 4°C. The cell pellet was re-suspended in buffer A (50 mM potassium 

phosphate buffer pH 7.0, 300 mM NaCl) and lysed by sonication. The supernatant was loaded onto a 

cobalt-affinity column (Talon affinity resin, Clontech, USA) pre-equilibrated with buffer A. Non-

specifically bound protein was eluted with buffer A and the His6-tagged target protein PmGH, with 

buffer B (buffer A plus 150 mM imidazole). Protein fractions were pooled and concentrated using a 100 

kDa cut-off Amicon ultra centrifugal filter (Millipore, USA). The protein was loaded onto a Sephacryl S 

200 gel filtration column (GE Healthcare, USA) equilibrated with 20 mM K-phosphate buffer pH 6.0. 

The protein was eluted in 2 column volumes at a flow rate of 0.5 ml.min-1 and 2 ml fractions were 

collected. Fractions were pooled, concentrated as above and analyzed by SDS-PAGE. 

 

Table 1.  PCR primers and cloning vector 

Organism Paenibacillus mucilaginosus 

Forward primer† AAAACCATGGAGCCGCATGTGGA 

Reverse primer‡ TTTTAAGCTTTTACTCGAGTGCGGCCGCAA 

Expression vector pET-21a(+) 

Expression host E.coli BL21 (DE3)  

† The NcoI restriction site underlined. ‡ The HindIII restriction site underlined. 

 

Enzyme characterisation  

Cellulase, xylanase and mannanase activities were determined using the dinitrosalicylic acid (DNS) 

assay (Bailey et al. 1992). Hydrolytic activities were determined spectrophotometrically by measuring 

the release of reducing sugars (glucose, xylose and mannose) at OD540. Substrate concentrations of 1% 

(w/v) were used, in accordance with typical conditions for published assays of these activities (Ding et 
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al. 2018; Gallardo et al. 2010; Nacke et al. 2012). Carboxymethyl cellulose (CMC), beechwood xylan 

and locust bean gum were prepared (1%; w/v) in 20 mM citrate buffer (pH 4–5), 20 mM K-phosphate 

buffer (pH 6–8) and 20 mM Tris–HCl (pH 9) and used in determining the pH optimum of PmGH. All 

temperature assays were carried out at optimum pH using (1%; w/v) carboxymethyl cellulose (CMC), 

beechwood xylan and locust bean gum prepared in 20 mM K-phosphate buffer (pH 6). The temperature 

optimum of PmGH was assayed at 40–90 °C. Functional thermostability was investigated by incubating 

purified enzyme (1 mg ml−1 in 20 mM K-phosphate buffer pH 6) at 60 °C and samples were taken every 

15 min for 2 h. Residual activities (cellulase, mannanase and xylanase) were determined using the DNS 

assay. All experiments were performed in triplicate. 

Homology modelling 

Three-dimensional structure prediction of PmGH was carried out by alignment of protein sequences 

with template structures using the SwissModel online tool (Guex et al. 2009; Waterhouse et al. 2018). 

The composite GH domains  were modelled using the same tool and all figures were prepared in PyMOL 

(De Lano 2002).  

 

Results 

Cloning and expression  

The full length (3000 bp) PmGH gene was amplified by PCR, cloned and transformed into E. coli BL21 

DE3. Expression of PmGH-pET-21 a (+) was optimised by varying induction time (Fig. S1) and IPTG 

concentration (Fig. S1). Small-scale PmGH expression trials showed that the addition of 0.1 mM IPTG 

and an 8 hour induction time were optimal for enzyme production.  

Protein purification 

Purification of PmGH (~130 kDa) by gravity flow IMAC yielded a partly purified product (Fig. S2), with 

further purification by gel filtration chromatography yielding a homogenous preparation (Fig S2). 

Cellulase-active protein-containing fractions were pooled, concentrated, analysed by SDS-PAGE, and 

used in subsequent analyses. 

Functional characterisation 

The hydrolytic activities of the purified PmGH (WP014371783.1) were quantified using the 

dinitrosalicylic (DNS) assay. The pH optima of the PmGH activities were determined over the range of 

pH 4-9. Hydrolytic activity for the three substrates, mannan, xylan and cellulose, showed a pH optimum 

at 6.0, with maximal activities of 50, 40 and 21 nkat.ml-1, respectively (Fig. 1a). Enzyme activities 

between 40 and 90°C indicated a ‘temperature optimum’ of 60°C. Rates at 60°C were 41, 57 and 61 

nkat.ml-1 for cellulase, mannanase and xylanase activities, respectively (Fig. 1b).  
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Fig. 1. a pH and b temperature optima of PmGH cellulase, mannanase and xylanase activities 

 

Functional thermostability was determined at the ‘optimum temperature’ for activity (60°C) 

over a 2 h incubation period (Fig. 2). Samples were withdrawn every 15 minutes and the residual 

cellulase, mannanase and xylanase activities of PmGH determined. Approximately, 100% of hydrolytic 

activity was retained after 1 hour followed by a gradual decrease, with 60 to 77% of initial activity being 

retained after 2 hours. 
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Fig. 2. Functional thermostability profiles of cellulase, mannanase and xylanase activities 

 

Homology modelling of PmGH 

Homology modelling of the full length PmGH protein using SwissModel resulted in an incomplete 

model (Fig. 3a), containing GH5 and GH6 catalytic domains but excluding CBM domains and the linker 

regions. The low global model quality estimation (GMQE) and QMEAN values (Table 2) indicated that 

this model was not an accurate structural representation of PmGH. When modelled independently, the 

structures of the GH5 (Fig. 3b) and GH6 (Fig. 3c) catalytic domains, showed much higher levels of 

accuracy, with GMQE and QMEAN values near 1, indicating a high degree of accuracy and similarity to 

the template structure. Figure 3b shows the conserved TIM barrel (β/α)8 catalytic fold typical of GH5 

catalytic domains, while a distorted seven stranded β/α conserved catalytic fold was observed in the 

GH6 catalytic domain (Fig. 3c). A β-sandwich characteristic of CBM3 (Yaniv et al. 2013) was observed 

in models of both the PmGH CBMs (Fig. 3d-e). 
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Fig. 3. Homology models of PmGH and its corresponding catalytic domains 
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Table 2.  Homology modelling data 

 Search protein Structural homologs 

Protein Fold GMQE QMEAN Sequence 

identity 

Sequence 

coverage 

PDB Id. Source Reference 

PmGH (β/α)8; Distorted 7 stranded (β/α) 0.26 -0.93 __ __ 1LF1; 4AVN __ __ 

GH5 (β/α)8 0.92 -0.58 56% 100% 1LF1 Alkaline Bacillus sp. Shaw et al. 2002 

GH6 Distorted 7 stranded (β/α) 0.78 -0.66 55% 93% 4AVN Thermobifida fusca Sandgren et al. 2013 

CBM3 β-sandwich 0.67 -1.29 33% 100% 2WO4 Clostridium 

thermocellum 

Yaniv et al. 2013 

CBM3 β-sandwich 0.78 -0.98 43% 87% 1NBC C. thermocellum Yaniv et al. 2013 
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Discussion 

Sequence, functional and homology modelling analyses have demonstrated that the Paenibacillus 

mucilaginosus GH is a multi-modular, multi-functional enzyme with a molecular weight of 130 kDa. 

Transportation of the extracellular enzyme (PmGH) across the cell membrane is facilitated by the 

presence of an N-terminus signal peptide. Multi-modular enzymes of closely related microorganisms, 

such as the 140 kDa α-1,6-glucosyltransferase from Paenibacillus sp. 598K, also possess a signal 

peptide.  The presence of two catalytic domains is consistent with functional assay data: the GH5 

domain exhibited broad specificity for CMC (cellulase activity), beechwood xylan (xylanase-active) and 

locust bean gum (mannanase-active), while the GH6 domain only hydrolysed CMC. The full-length 

enzyme is moderately thermophilic, with temperature and pH optima of 60°C and pH 6, respectively. 

Enzymes of the GH5 family often possess promiscuous hydrolytic activities (Aspeborg et al. 2012). For 

example, a bifunctional Dictyoglomus turgidum endoglucanase/endomannanase of the GH5 family 

had pH and temperature optima of 5.4 and 70°C (Fusco et al. 2018). GH6 enzymes, by contrast,  are 

considered strict cellulose degraders (Mertz et al. 2005), consistent with results from the present study. 

A GH6 cellulase from Chaetomium thermophilum was found to have maximal activity at pH 5 and 70°C 

(Zhou et al. 2017). The broad specificity of PmGH is clearly due to its multi-modular structure. By 

combining GH and CBM domains into a single protein the function of one domain is presumably 

synergistically affected by the adjoining domains (Wang et al. 2016). The functional analysis of a multi-

modular glycoside hydrolase from Caldicellulosiruptor bescii with highly active GH9 and GH48 

modules linked to a CBM3 indicated that the GH48 module and CBM3 destabilise specific regions in 

crystalline cellulose to facilitate hydrolysis by the GH9 module (Yi et al. 2013). Family 3 CBMs 

potentiate substrate utilization by disrupting crystalline cellulose (Armenta et al. 2017) and may 

increase accessibility to the hemicellulose component of lignocellulose. Furthermore, CBM promiscuity 

has been reported in type A CBMs, such as CBM3, which bind to both cellulose and xyloglucan 

(Hernandez-Gomez et al. 2015).   

To understand the structural properties of PmGH that contribute to its stability and substrate 

specificity, a high resolution X-ray crystal structure would be a significant asset.  However, although 

orthorhombic crystals of PmGH were successfully grown by the hanging-drop method with 0.1M MgCl2, 

10% PEG 10 000 (data not shown), diffraction experiments at the European Synchrotron Radiation 

Facility (Grenoble, France) yielded low resolution data only. Instead, an attempt was made to obtain 

structural information for PmGH through homology modelling using the SWISS-MODEL pipeline. 

Homology modelling of full length PmGH only yielded models for the GH5 and GH6 catalytic domains 

(Fig. 3) with neither the two CBM modules nor the inter-module linker regions successfully represented 

in the model of the native GH.  In consequence, neither the ‘quaternary’ structure of the native enzyme, 

nor inter-molecular interactions between the GH5 and GH6 domains, could be visualised. The weakness 

of the homology model on the native PmGH enzyme was confirmed by the low GMQE score (0.26), 

where accurate homology model should have a GMQE score close to 1 (Benkert et al. 2011). 

To determine whether the individual domains (GH5, GH6, CBM3 and CBM3) were structurally 

novel, the Protein Data base was searched for structural homologs of the individual modules. Crystal  
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structures of GH5 all share a TIM barrel or (β/α)8 fold common to many enzymes (Davies et al. 1998). 

It is characterised by eight circularly arranged β/α-motifs creating a central, parallel β-barrel decorated 

by α-helices away from the centre. Similarly, the GH6 and the 2 CBM3 domains also matched the 

conserved fold of their respective subfamily: A distorted (β/α)7-fold for the GH6 domain and a 

β-sandwich fold for the CBM3 domains. The high GMQE scores for all domain homology models 

indicate that the GH domains retain the folds typical for their class despite a high degree of amino acid 

sequence novelty (Table 2). 

Bacteria belonging to the family Paenibacillus are frequently isolated from soil and compost 

(Mayilraj and Stackebrandt 2014), and like most Firmicutes, Paenibacilli are prone to horizontal gene 

transfer and genetic recombination (Thomas and Nielsen 2005). Horizontal gene transfer and 

homologous recombination ultimately contribute to the evolution of bacterial proteins such as glycoside 

hydrolases (Naumoff 2016). In the present study, all composite modules (GH5, GH6, two CBM3) of the 

native enzyme, PmGH, have shown functional and structural similarity to existing proteins, derived 

from different taxa. However, the full-length native protein has no functional or structural homology 

with any existing multi-modular protein. This suggests that coding regions for different GH and CBM 

domains were evolutionarily combined to code for a single, multi-modular protein with a broad 

substrate specificity. Phylogenetic analysis of an Archaeal gene encoding a multi-modular Archaeal 

cellulase with a conserved GH5 domain revealed that the GH5 cellulase was initially a GH5 mannanase 

acquired through horizontal gene transfer from a Eukaryote, and through recombination resulted in 

cellulase activity in Archaea (Graham et al. 2011). The limited reports on the evolutionary history of 

multi-modular GHs warrants further investigation in future studies.  
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