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Abstract 

Lignocellulosic biomass has great potential as a substrate for ethanol production as it is a 

renewable and rather abundant energy source. However, the rigid and complex structure of 

lignocellulose is a major bottleneck preventing the development of cost-effective production 

methods. By the use of thermostable cellulolytic enzymes, hydrolysis of cellulose and 

fermentation of glucose to ethanol could be performed at high temperatures and this would 

lower the production cost of ethanol significantly. Hence, it is important to find thermostable 

cellulolytic enzymes. Here, three putative cellulolytic enzymes from the thermophilic 

cellulolytic anaerobic bacterium Caldicellulosiruptor kristjanssonii were cloned, expressed 

and characterized. Cel19, a Glycoside hydrolase family (GH) 9 protein with two carbohydrate 

binding modules (CBMs) on the C-terminal, turned out to be a β-1,3-1,4 endoglucanase active 

on β-glucan (barley) and lichenan with an optimal temperature of 85˚C and pH of 5.5 to 6.5. 

Cel19 was also cloned in two truncated versions, with one or both of the CBMs removed. 

Both truncated versions were less stable than the wild-type enzyme, showing that CBMs are 

important for the structure of the whole enzyme and do not work solely to bring the substrate 

in proximity to the active hydrolyzing domain. Bgl3, a GH 1 protein was a β-glucosidase 

active on cellobiose and cellooligosaccharides with an optimum temperature of 80˚C, pH 6.5 

and retained more than 60% activity after 48h at 60˚C. Cel14, a GH 5 protein, showed no 

activity towards any substrate tested. The results from this study indicate that Bgl13 could be 

used in the process of producing ethanol, Cel19 might have some industrial uses in food 

processing and finally it shows that C. kristjanssonii can be used in the search for 

thermostable enzymes. 
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1. Introduction 

Today, ethanol is usually produced from starch in the form grain products such as corn or 

wheat. This is not an efficient way to produce ethanol, the yield is low and large areas are 

needed for growing these crops. Therefore, if lignocellulose could be used in an efficient 

manner it would be a much better glucose source for producing ethanol. Lignocellulose 

biomass for biofuel production has a great potential because it is rather abundant and is a 

renewable energy source. Big resources for lignocellulosic biomass include leaves, stems and 

stalks from woody crops, forest residues and grain crops. Perennial grasses could also be 

utilized as a resource of lignocellulose. Waste from agricultural and industrial processes is 

also a large resource for lignocellulosic biomass; this includes sawdust, paper pulp, paper mill 

sludge, citrus peel waste, industrial waste and municipal solid waste (reviewed in Maki et al., 

2009).  

Lignocellulose consists of cellulose, hemicelluloses and lignin. Cellulose is an unbranched 

polysaccharide built up by D-glucose units linked by β-1,4 glycosidic bonds where cellobiose 

is the smallest repetitive unit. Hemicelluloses are heterologous polymers of 5 or 6 carbon 

sugars and sugar acids and some examples of sugars in hemicellulose are xylose, D-arabinose, 

D-mannose and D- glucose (reviewed in Kumar et al., 2008). Lignin which is the least 

abundant component of lignocellulose is a complex aromatic polymer. 

The problem with lignocelluloses is that there are no cost effective methods available to 

utilize lignocellulose as a carbon source for biofuel production (Viikari et al., 2007). To 

produce ethanol from lignocellulose the biomass needs to be preprocessed to remove lignin 

and to make the cellulose more amorphous, because cellulose in crystalline form is more 

resilient to enzyme degradation compared to amorphous cellulose (reviewed in Kumar et al., 

2008). Further the process involves enzyme hydrolysis, fermentation and ethanol recovery 

(Dowe, 2009). This implies that the process of producing ethanol from lignocellulose requires 

good cellulolytic enzymes.   

Cellulolytic enzymes along with other carbohydrases are classified into different glycoside 

hydrolase families (GH) depending on sequence and structure. The cellulose hydrolyzing 

enzymes called cellulases are commonly divided into three different groups, (1) endo-

cellulases which hydrolyze β-1,4 glycosidic bonds randomly within the polymer chain, (2) 

cellobiohydrolases (exo-cellulases) which attack the ends of the cellulose chains and (3) β-

glucosidases which catalyze the hydrolysis of cello-oligosaccharides and cellobiose  to 

glucose. Cellobiose is usually inhibiting for endo-cellulases and cellobiohydrolases (Saha and 

Bothast, 1996) which makes it important to have an efficient β-glucosidase in the reaction 

when degrading cellulose. Some β-glucosidases are able catalyze the hydrolysis of lactose and 

can therefore be used in other industrial processes, for example milk products (Hardiman et al 

2009). β-glucosidases can be classified into three different groups of β-glucosidases 

depending on what substrates they are active on. (1) aryl-β-glucosidases which are active on 

aryl-glucosides, (2) true cellobiases active on cellobiose and (3) broad substrate specificity 

glucosidases (Bathia et al., 2002). 

Kumar et al., (2008) proposes one model of how production of ethanol from lignocellulosic 

biomass could be performed if a single organism able to perform all hydrolysis steps and 

produce ethanol from lignocellulose is not available; the lignocellulose mass is first pre-

treated with for example steam to remove the lignin (the lignin can later be used in other 
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industrial processes). The cellulose and hemicelluloses released is then exposed to 

cellulolytic/hemicellulolytic microbes and during this process the oligosaccharides are 

selectively filtered away to prevent feedback inhibition. The oligosaccharides are then 

incubated with β-glucosidase producing microbes. The monosaccharides produced can be 

used for production of ethanol/biofuel.  

The process of producing ethanol from preprocessed lignocellulose would be easier if it was 

constrained to just on single microbe. A naturally occurring strain able to perform this might 

be hard to find. Therefore, an option is to genetically engineer an ethanol producing bacterium 

to be able to degrade cellulose to glucose by introducing cellulases into the bacterium to 

generate an optimized microbe for ethanol production.  

It is preferable to use anaerobic thermophilic bacteria in the degradation process of cellulose 

and production of ethanol, because, (1) there is no need for the expensive step of providing 

oxygen to produce cellulases, (2) there is less risk of contamination due to the high 

temperature in the fermentors, (3) low cell yield which gives more ethanol from the substrate 

and (4) growth at a high temperature simplifies the recovery of ethanol (reviewed in Demain 

et al., 2005).  

Today, a lot of effort and money is put into screening for thermostable cellulolytic enzymes. 

Thermostable cellulolytic enzymes have some potential advantages when it comes to the 

hydrolysis of lignocellulose. Higher stability and specific activity gives longer hydrolysis time 

and less enzyme can be used for the reaction, reducing the cost of hydrolysis (reviewed in 

Vikarii et al., 2007). Many small factors contribute to make enzymes more thermostable, 

some of these are: more hydrophobic interactions, hydrogen bonds, electrostatic interactions, 

disulfide bonds and metal bindings compared to less stable enzymes. One more thing is that 

thermostable enzymes usually have a more solid conformation (reviewed in Li et al., 2005). 

This implies that there are many factors contributing to thermostability and that mesophilic 

enzymes cannot easily be engineered to become thermostable, therefore screening after 

already thermostable enzymes is important.  

Cellulolytic enzymes are often composed of multiple domains, including one or more 

carbohydrate binding modules (CBM). CBMs have been shown to have other important 

features than just binding carbohydrates. Many studies have shown that CBMs are important 

for stability and activity of the enzyme. For example, in an endoglucanase Cel9B from 

Paenibacillus barcinonensis which contain two different CBMs, CBM3c did not bind 

cellulose but was important for thermal stability, while CBM3b bound cellulose but was 

unimportant for thermal stability (Chiriac et al., 2009). The stability and pH range for CelE 

from Caldicellulosiruptor isolate Tok7B.1 decreased when the CBM3c and the CBMb was 

removed but not when only the CBM3b was removed (Gibbs et al., 2000). Kataeva et al., 

(2001) showed that whole CelK from Clostridium thermocellum was more thermostable than 

a truncated version without a CBM.  

Caldicellulosiruptor kristjanssonii is a thermophilic cellulolytic anaerobic bacterium and 

grows optimally at 78˚C and pH~7.0 (Bredholt et al., 1999). This makes this C. kristjanssonii 

a good candidate to search for thermostable cellulolytic enzymes in. The genome of C. 

kristjanssonii has been sequenced and putative cellulases identified by comparison to related 

bacterial species. 
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Here, three putative cellulolytic enzymes (working names; Cel14, Cel19 and Bgl13) from C. 

Kristjanssonii have been cloned, expressed, characterized and in two cases purified in order to 

search for new thermostable cellulolytic enzymes. 

Cel14 is a 328 amino acids long putative cellulase that has 82% peptide sequence similarity to 

its closest relative, a glycoside hydrolase family 5 protein from Caldicellulosiruptor 

saccharolyticus DSM 8903 (Genbank accession number YP_001178980). According to 

conserved domains search (NCBI) Cel14 is classified as a cellulase and has highest similarity 

to glycoside GH5 proteins. 

The 812 amino acids long Cel19 enzyme was cloned in three different versions, the whole 

enzyme, with the CBM3b deleted and with both CBMs deleted (figure 1). The CBM at the C-

terminal has some homology to CBM3b domains while the CBM closest to the GH9 domain 

has some homology to CBM3c domains.  

 

Figure 1. Illustration of the Cel19 derivatives cloned in this study (not in scale). Cel19 GH9 

2CBM represents the whole native enzyme.   

The third enzyme to be cloned was Bgl13, a putative β-glucosidase which showed peptide 

sequence similarity to GH 1 family enzymes according to conserved domains (NCBI). The 

452 amino acids long β-glucosidase studied in here has 93% peptide sequence similarity to a 

β glucosidase (GenBank accession number YP001179893) in Caldicellulosiruptor 

saccharolyticus DSM8903 characterized in Hong et al., 2009. The β-glucosidase in C. 

saccharolyticus was shown to be a broad substrate specificity enzyme with highest activity on 

cellobiose. It had an optimum temperature of 70˚C and pH of 5.5 on para-nitrophenyl β-D-

glucopyranoside and hydrolyzed cello-oligosaccharides in an exo-acting manner.  

Cel14 did not show any activity on any type of substrate tested. Cel19 turned out to be a β-

1,3-1,4-endoglucanase as it had activity on lichenase and barley β-glucan but not on β-1,4-

glucans, β-1,3 or β-1,3-1,6-glucans. The optimum temperature for Cel19 GH9 2CBM was 

85°C and the optimal pH was between 5.5 and 6.5. The truncated versions were less stable 

than the native enzyme suggesting that the CBMs are important for the stability of the protein. 

The β glucosidase (bgl13) had highest activity on para-nitrophenyl-β-D-glucopyranoside (p-

NPGP) for the substrates tested. TLC test on cellooligosaccharides showed that Bgl13 was 

able to catalyze the hydrolysis of the oligosaccharides to glucose as end product. Bgl13 was 

most active at 80˚C and at pH 6.5 and had more than 60% activity after being incubated 48h 

at 60°C. 
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2. Materials and Methods 

2.1 Bacterial strains 

C. kristjanssonii chromosomal DNA was already available (Matis, Iceland). E. coli BL21/C43 

was used as expression system and for harboring the resident plasmids. E. coli strains were 

cultivated at 37°C in LB medium. Ampicillin 150µg/ml was used for selection in order to 

maintain the resident plasmids.  

2.2 Cloning 

Standard DNA techniques were used for cloning and expression studies. The DNA sequences 

for bgl13, cel14 and cel19 from Caldicellulosiruptor kristjanssonii and the primers (table 5) 

used to clone these enzymes are listed in supplementary information. High fidelity extender 

polymerase (S Prime) was used for the PCRs of cel14, cel19 and bgl13. The PCR programs 

were performed as follows: 94°C 3min, (94°C 40s, 50°C 40s, 68°C 1min x kbp DNA)x 34, 

68°C 10 min. The PCR products were cloned into the pJOE3075 expression between the NdeI 

and BamHI restriction sites (figure 2). Digestions with restriction enzymes (New England) 

were performed from 3h to overnight at 37°C with the accompanying optimal buffer for the 

reaction. Ligations were performed using T4 DNA ligase (New England) o.n. at 15°C. 

Correct insert was confirmed by PCR and gel electrophoresis. Electrocompetent E. coli 

BL21/C43 cells were transformed by electroporation. Cel19 GH9 and Cel19 GH9 1CBM 

were both characterized using the crude extracts while for Cel19 GH9 2CBM and Bgl13 the 

purified protein was used. Bgl13 and Cel192cbm were both cloned with and without His tag 

and the crude extracts were compared. The His-tails were judged to not have any effect on the 

characteristics of the enzymes since no significant difference in activity and stability 

compared to the native enzymes could be detected (data not shown).  

 

 

 

 

 

 

 

 

 

 

Figure 2. The rhamnose inducible pJOE3075 expression vector used for expression of the 

cloned enzymes. The PCR fragments were inserted between the NdeI and BamHI restriction 

sites. 
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2.3 Gene retrieval 

Gene retrieval was performed to obtain the complete nucleotide sequence for bgl13. The gene 

retrieval of bgl13 was performed by using primer 13-4 forward (5’ 

GCCGTCAGGCTTTACGATG 3’) and bglAT-bam-reverse (5’ 

CGCGGATCCTTATGAGTTTTCCTTTATATACTGC 3’). bglAT-bam-reverse was 

designed by using the sequence from the homologous gene in “Anaerocellum thermophilum” 

(Caldicellulosiruptor bescii strain 6725T) which the complete Bgl13 had 92% nucleotide 

sequence similarity to. The resulting fragment was cloned using the TOPO TA Cloning® Kit 

system (Invitrogen). Four positive clones were sequenced using a 3730 DNA analyzer (AB 

Applied biosystems/ Hitachi). 

2.4 Expression analysis 

A)                                                                              B)  

 

 

 

 

 

 

 

C) 

 

 

 

 

 

Figure 3. Expression of cloned enzymes from the rhamnose induced promoter on pJOE3075 

in E. coli BL21/C43 on SDS-PAGE. (A) Cel19 GH9 (2,3,4), Cel19 1CBM (5) and Cel19 

2CBM (6, 7, 8). (1) Negative control E. coli BL21/C43. Arrows show where the expressed 

proteins are located, 50, 63 and 92kDa respectively. (B) Cel 14 – signal peptide (2, 3) and 

Cel14 + signal peptide (4, 5, 6). (1) Negative control E. coli BL21/C43. Arrow pointing at 

38,5 kDa. (C) Bgl13 (2, 3, 4) and Bgl13 with his-tail on the C-terminus (5, 6, 7). (1) Negative 

control E. coli BL21/C43. Arrow pointing at ~53kDa. (kDa) prestained protein marker with 

the MW in kDa to left of each respective band. 
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Cultures of recombinant bacteria were first grown o.n at 37°C then diluted 1/100 and grown 

to about O.D600=0.8 in LB medium supplemented with ampicillin 150µg/ml. At this stage the 

culture was induced with rhamnose to a final concentration of 0.1% and grown for four hours 

to allow expression. The cells were harvested by centrifugation at 4.500rpm for 10 min at 

4°C, resuspended in dH2O and sonicated for 1min. The protein concentrations of the 

supernatants were determined by using Bio-rad protein assay solution (Bio-Rad Laboratories, 

Inc) and BSA as standard followed by measuring the absorbance at 595 nm. The crude 

extracts were run on a 10% SDS gel and protein bands were visualized using Comassie blue 

(figure 3). 

2.5 Protein purification 

Purification of His-tagged Bgl13 and Cel19 GH 2CBM was performed by culturing the E. coli 

strain harbouring the rhamnose inducible promoter of which the gene was expressed from in 

the same way as for expression analysis. The crude extracts were sterile filtered and loaded 

into a His-trap column and later eluted with buffer containing 200mM imidazole.  The most 

active fractions were chosen for further studies. The purification was controlled on SDS-

PAGE (figure 4) and successfulness of purification is presented in table 1.  

A)                                                                                  B) 

  

Figure 4.  His-trap column purification of (A) Bgl13 and (B) Cel19 GH9 2CBM. (kDa) 

protein marker, (1) crude extract, (2) flowthrough, (3) eluted with buffer containing 75mM 

imidazole and (4) 200mM imidazole (purified protein (arrows)). (kDa) prestained protein 

marker. 
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Purification 

step 

Total 

protein 

Total 

activity 

Specific 

activity Recovery Purification 

factor (mg) (U) (U/mg) (%) 

Crude extract 56,1 3190 57 

  His-trap 5,8 2160 340 68% 6.0 

 

Table 1. Purification table for Bgl13. Activity tests were performed on pNPGp at 80°C and 

pH 6.5. 

2.6 Activity tests 

The buffers used for the activity tests were based on acetate (pH range 4.0 to 5.5) and KPO4 

(pH 6.0 to 8.0). Activity tests on polysaccharides were performed using 1% substrate to be 

tested in 50mM buffer with varying enzyme concentrations. The samples were incubated at 

the chosen temperature and time interval and later visualized by the addition of 

dinitrosalicylic acid (DNS) solution to a final concentration of 22mM DNS and subsequently 

boiling the samples for 5min at 100°C. Activity was determined by measuring the absorbance 

at 545nm. The DNS solution was calibrated using glucose with different known 

concentrations. 

Cel19 GH9 activity tests were performed at 45°C on β-glucan (barley) and 65°C on lichenan 

and pH 6.0. For Cel19 1CBM the activity tests were performed at 65°C and pH 6.0 on 

lichenan and β glucan (barley). For Cel19 2CBM the activity tests were performed at pH 6.5 

and 80°C on lichenan or β-glucan (barley). All reactions for the three Cel19 derivatives were 

carried out for 20min. Units were determined by calculating the µmol reducing ends released 

per minute. 

For the β-glucosidase Bgl13, 4mU enzyme was incubated for 5min in 100mM KPO4 pH6.5 

buffer and 9.3mM p-NPGp. The reaction was stopped by adding Na2CO3 to a final 

concentration of 0.25M and activity was visualized by measuring the absorbance at 405nm 

through the release of para-nitrophenyl. Units were determined by calculating the amount of 

enzyme required to release 1µmol para-nitrophenyl per minute at 80°C and pH 6.5.  

For thermal inactivation test the enzymes were incubated at different temperatures and 

aliqouts were taken at various time points. Normal activity tests were performed on the 

enzymes to determine the thermal inactivation. 

2.7 Substrate screening 

For screening of activity on different polysaccharides (final concentration 1%) and 

oligosaccharides (final concentration 0.105mg/ml) (the substrates were incubated with the 

enzymes from 20min to 24h at the optimal temperature (when the optimal temperature and pH 

was unknown as in cel14 60°C and 50mM (100mM for cellooligosaccharides) KPO4 buffer 

pH 7.0 (pH 6.5 for cellooligosaccharides) was used ). 

2.8 Specific activity 

For measuring specific activity of Bgl13 on nitrophenyl substrates 0.004U/mL enzyme was 

incubated with 9.24mM substrate and 100mM KPO4 pH 6.5 at 80°C for varying periods of 
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time. The specific activity was determined as the amount of p-NP or o-NP released per 

amount of enzyme per the time of the reaction. 

For the Cel19 derivatives the enzymes were incubated using the following concentrations; 

Cel19 GH9 0.08U/mL, GH9 1CBM 0.13U/mL, Cel 19 GH9 2CBM 0.05U/mL (crude 

extract), purified Cel19 GH9 2CBM 0.04U/mL of enzyme with 1% β–glucan (barley) at the 

optimal temperature and pH for the enzyme on β–glucan (barley). The specific activity was 

determined by measuring the amount of glucose realesed per enzyme amount per the time of 

the reaction. 

2.9 Cellooligosaccharides 

For activity tests on cellobiose and cellooligosaccharides Bgl13 was incubated with 

0.105mg/ml substrate and 100mM KPO4 buffer at 80˚C for 20 min or 70˚C for 2h. The 

samples were then spotted on TLC plates 

2.10 Thin layer chromatography 

The samples were spotted on the TLC plates and the plates were incubated with TLC running 

buffer (25% acetic acid and 50% 1-butanol) and thereafter dried. Samples were visualized by 

the addition of development solution containing aniline, 10mM diphenylamine, acetone and 

14% phosphoric acid followed by drying of the plates before incubating them at 100°C until 

bands were visible. 

3. Results 

3.1 Sequence and cloning 

The sequence of C. Kristjanssonii of which the putative cellulases were identified from was 

provided by Matis, Iceland.  

Three different putative cellulolytic enzymes, 2 potential cellulases (Cel14 and Cel19) and 

one β-glucosidase (Bgl13) were cloned into the pJOE3075 expression vector, expressed and 

later screened for activity on different substrates.  
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Substrate Cel14 Cel19 

Alginic acid - - 

Amylose Laminarin - - 

Β-glucan (barley) - + 

Carboxy methyl-cellulose - - 

Cellulose - - 

α-cyclodextrin - - 

β-cyclodextrin - - 

Laminarin - - 

Lichenan - + 

Pustulan - - 

Curdlan x - 

 

Table 2. Substrate screening for Cel14 and Cel19. (+) activity detected, (-) no activity could 

be detected with this method and (x) not tested. Results are based on observations. 

3.2 Cel14 

 

Figure 5. Activity test for Cel14 + signal peptide on cellobiose, cellotriose, cellotetraose and 

cellopentaose. The Reactions was carried out o.n. at 60°C and then spotted on a TLC plate. 1: 

glucose standard, 2:Cel14 on cellobiose, 3: Cel14 on cellotriose, 4: Cel14 on cellotetraose and 

5: Cel14 on cellopentaose. No degradation products of the oligosaccharides are visible from 

the reaction. 



10 

 

Cel14 was cloned both with a putative signal peptide on the N-terminal and without. With the 

methods used here Cel14 failed to show activity on any of the substrates tested in table 2, 

cellobiose or cellooligosaccharides (figure 5).  

3.3 Cel19 

Cel19 which was a putative endoglucanase with a GH9 domain and two CBM3 domains 

showed interestingly no activity on carboxy methyl-cellulose, laminarin, curdlan, amylose, or 

cellulose, but only on lichenan and β-glucan (barley) (table x) suggesting that it is a β 1,3-1,4 

glucanase.  The native Cel19 enzyme showed higher specific activity on beta-glucan (barley) 

than the truncated versions (table 3).   

Enzyme Specific activity (U/mg) 

Cel19 GH9 14.7 

Cel19 GH9 1CBM 2.50 

Cel19 GH9 2CBM 81.7 

(Purified) Cel19 GH9 2CBM  199 

 

Table 3. Specific activity for the crude extracts of the three Cel19 derivatives and the purified 

Cel19 GH9 2CBM on β-glucan (barley). 

As mentioned before, CBMs have been shown to be important for more than just binding to 

substrates so therefore Cel19 was also cloned and expressed in two truncated versions, one 

with only the GH9 domain (Cel19 GH9) and one where the CBM3b on the C-terminal had 

been removed (Cel19 GH9 1CBM). The two truncated versions showed the same pattern of 

activity as the whole Cel19 enzyme by only show activity towards β-glucan (barley) and 

lichenan. The truncated versions differed from the native enzyme in temperature optimum as 

Cel19 GH9 reached its highest activity at 45°C and Cel19 GH9 1CBM at 60°C (figure 6). 

Cel19 GH9 2CBM showed highest activity at a temperature of 85°C (figure 7). Cel19 GH9 

2CBM had high activity over a broader pH range (pH 5-7) than the truncated versions (figure 

8). Both Cel19 GH9 and Cel19 GH9 1CBM lost a significant amount of activity no pH 5.5 

and lower while Cel192CBM lost a significant amount of activity first at pH 4.5 and lower. 

 

Figure 6. Effect of temperature on activity for Cel19 GH9 (triangles) and Cel19 1CBM 

(squares) on Β-glucan (barley). 
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Figure 7. Effect of temperature on activity for purified Cel19 2CBM on lichenan. Data 

represents means of three separate experiments. 

 

Figure 8. Effect of pH on activity for Cel19 GH9 (tilted squares), Cel19 1CBM (squares) and 

Cel19 2CBM (triangles) on lichenan. 

3.4 Thermal stability 

The thermal stability was higher for Cel19 GH9 2CBM compared to Cel19 GH) and Cel19 

GH9 1CBM (figure 9). The truncated versions Cel19 of had lost more than 50% activity after 

being incubated 10-20min at 65°C min while the native enzyme still had over 60% activity 

after 23h at 70°C.  
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A)                                                                                            B) 

 

C) 

 

Figure 9. Thermal inactivation for (A) Cel19 GH9, (B) Cel19 GH9 1CBM and (C) Cel19 

GH9 2CBM. Cel19 GH9 and Cel19 GH9 1CBM were incubated at 65˚C (squares) and 55˚C 

(triangles).while Cel19 GH9 2CBM was incubated at 80˚C (squares) and 70˚C (triangles), 

aliquots were taken at various time points and tested for activity on lichenan.  

To elucidate whether Cel19 was a β 1,3-1,4 endo- or exoglucanase the enzyme reactions were 

subjected to TLC. The TLC on lichenan and (barley) β-glucan showed that the three Cel19 

derivatives all produced oligosaccharides of different lengths and the glucose produced 

augmented with the length of the reaction (figure 10). However, the cel19 derivatives did not 

produce oligosaccharides of all sizes and some oligosaccharides were present in higher 

concentrations than others. The removal of one or both of the CBMs did not seem to affect 

how the enzyme is cutting the polysaccharide chains. 
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A)                                                                                               B) 

 

C) 

 

Figure 10. TLC of activity for  (A) Cel19 GH9,(B)  Cel19 1CBM and (C) Cel19 2CBM on 

lichenan (left) and β-glucan (barley) (right). The enzymes were incubated with the substrate at 

respective enzymes optimal temperature from 20min to 22h and then spotted on the TLC 

plates. 0 is negative control, L1 is (from top and down) 1,4-β-D mannotriose, 1,4-β-D 

mannopentaose and 1,4-β-D mannohexaose. L2 (from top and down) is D-glucose, 

laminaribiose, laminaritriose and laminaritetraose. 

3.5 Bgl13 

The whole gene sequence for bgl13 was retrieved by using a reverse primer based on the 

sequence of β glucosidase from AT. The enzyme that was cloned and expressed was 

functional and therefore it was believed to be similar to the native Bgl13 enzyme and could be 

used for further studies.  

TLC showed that bgl13 had activity on cellobiose, cellotriose, cellotetraose and cellopentaose 

and that cellobiose and the cello-oligosaccharides in the end were all fully hydrolyzed to 

glucose (figure 11). The β-glucosidase from C. Kristjanssonii had a higher temperature 

optimum and broader pH range than its homolog in C. saccharolyticus on p-NPGp. It showed 

highest activity towards p-NPGp at 80°C and at a pH of 6.5 (figure 12). The β-glucosidase 

also showed traces of activity on laminarin, lichenan and (barley) β-glucan, but not on 

carboxy methyl-cellulose, curdlan or pustulan (data not shown). These results suggests that 
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the enzyme can catalyze the hydrolysis of β 1,3-1,4 and β 1,3-1,6 linkages. The thermal 

stability at 80˚C was very short but at 60˚C it still had over 60% activity after 48h (figure 13).   

 

 

 

 

 

 

 

 

Figure 11. TLC of Bgl13 activity on cellobiose, cellotriose, cellotetraose and cellopentaose. 

1: glucose standard, 2: cellobiose, 3: 10 min, 4:2h, 5: cellotriose, 6: 10 min, 7: 2h, 8: 

cellotetraose, 9: 10 min, 10: 2h, 11: cellopentaose, 12: 10min, 13: 2h. 10min and 2h represent 

length of reaction time before the samples were spotted on a TLC plate.   

A)                                                                                           B) 

 

Figure 12. (A) Effect of temperature and (B) of pH on activity for Bgl13. Data represents 

means from three separate experiments. 

Specific activity for Bgl13 on nitrophenyl chemicals showed that Bgl13 had highest activity 

towards p-NPGp (table 4). Bgl13 had about a 6-fold lower activity on o-nitrophenyl-β-D-

galactopyranoside and only some faint activity on p-nitrophenyl-α-D-glucopyranoside 

compared to p-NPGp. 
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Figure 13. Thermal inactivation for Bgl13. The enzyme was incubated from 0-48h and 

aliquots were taken at various time points and tested for activity on p-NPGp. 60˚C (tilted 

squares), 70˚C (squares), 80˚C (triangles) and 85˚C (crosses). 

Substrate Specific activity (U/mg) 

p-Nitrophenyl-β-D glucopyranoside 340 

p-Nitrophenyl-alpha-D glucopyranoside 3.80 

p-Nitrophenyl-alpha-D galactopyranoside NA 

o- Nitrophenyl-β-D-galactopyranoside 53.5 

 

Table 4. Specific activity for Bgl13 on different substrates. NA= no activity detected with this 

method. Data represents means of three separate experiments. 

4. Discussion 

4.1  β-1,3-1,4-endoglucanase and β-glucosidase 

The extremely thermophilic bacteria C. kristjanssonii is able to grow on cellulose and 

therefore it is a good candidate to search for thermostable cellulolytic enzymes that could be 

used in various industrial processes, for example the production of biofuels from 

lignocellulosic material. The enzyme screening performed here did not reveal any cellulase 

active on crystalline cellulose, but found one rare β-1,3-1,4-endoglucanase and one broad 

substrate specificity β-glucosidase. 

4.2 Cel19 

To our knowledge only one Lichenase/1,3-1,4 β-glucanase in GH family 9 have been 

described before, β-1,3-1,4-glucanase (Cyanobase accession number slr0897) from 

Synechocystis PCC6803 (Tamoi et al., 2007). The GH 9 domain in Cel19 from C. 

Kristjanssonii has a 42% peptide sequence similarity to the GH9 domain in the β-1,3-1,4-

glucanase from Synechocystis PCC6803 and has a similar organization of domains, the 

difference is that it has 2 CBMs from family 2 on the N-terminal and then a GH 9 domain on 
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the C terminal compared Cel19 which has 2 CBM 3 on the C terminal and the GH 9 family on 

the N-terminal. The finding of the GH9 β-1,3-1,4 glucanase is interesting as it is the first of its 

kind to be found in thermophilic bacteria and therefore it is likely to be more thermostable 

than the first described GH9 β 1,3-1,4 glucanase in Synechocystis PCC6803 as it is not a 

thermophilic bacterium. The TLC test showed that Cel19 is probably an endoglucanase 

because it did not produce all types of oligosaccharides and some oligosaccharides were 

present in higher concentrations than others. The results from the truncated versions showed 

that the CBM3b on Cel19 seem to be important for the structure of the whole protein in 

regards of stability while the removal of CBM3c did not have as big effect on stability. The 

CBMs are important for activity as the specific activity decrease when the CBMs are 

removed. These results coincide with earlier studies (Chiriac et al., 2009; Gibbs et al., 2000) 

on enzymes containing more than one CBM, that CBMs contribute to both stability and 

substrate specificity and that the domain responsible for hydrolysis is able to catalyze the 

reaction independently of any CBMs.  Even though CBMs may not be randomly combined 

with the glycoside hydrolases these results show that it may be possible to engineer enzymes 

to gain even higher activity and thermostability by adding CBMs to already functioning 

enzymes.   

4.3 Bgl13 

The substrate specificity of bgl13 suggests that it belongs in the group of broad substrate 

specific β-glucosidases. The fact that it has faint activity on Laminarin (β 1,3-1,6 linkages) 

and the β 1,3-1,4 linked substrates lichenan and β-glucan (barley) further shows that it has a 

broad substrate specificity. Activity on more substrates should be screened for to find out just 

how versatile this enzyme is. Bgl13 seems to have similar characteristics compared to the β-

glucosidase in C. Saccharolyticus regarding stability and activity. Bgl13 had a higher 

optimum temperature (80°C compared to 70°C) and had highest activity at a pH of 6.5 

compared to pH5.5 for the β glucosidase in C. Saccharolyticus. However, the thermal stability 

was about the same in both enzymes suggesting that the 7% difference in peptide sequence 

does not make a big difference between the enzymes regarding stability.  

4.4 Conclusions 

The identification and subsequent cloning and expression of the thermostable enzymes, Bgl13 

and Cel19, show that C. kristjanssonii is a good organism to search for thermostable enzymes 

for various industrial processes. Bgl13 has good potential for industrial purposes for ethanol 

production as it is active on cellooligosaccharides and is thermostable for a long period of 

time at 60°C. Cel19 could have a potential future in food processing of non-cellulolytic β-

glucans with β 1,3-1,4 linkages. The primary cellulolytic enzyme(s) in this organism has not 

yet been identified but it is only a matter of time before it is discovered as C. kristjanssonii is 

able to grow on cellulose and therefore has to have some mechanism for degrading the 

recalcitrant structure of cellulose. More putative cellulases in C. kristjanssonii has to be 

cloned, expressed and screened for activity on cellulose. Regarding Cel14 it is possible that it 

is not a cellulase but instead serve some other function. More studies on this protein are 

required to answer this question. 
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6. Appendix 

Native sequence of bgl13 orf: 1359bp 

5’ 

ATGAGTTTTCCAAAAGGATTTTTGTGGGGTACTGCAACTGCGTCATACCAAATTG

AAGGTGCATGGAACGAAGATGGAAAAGGTGAATCTATTTGGGACAGGTTCACAC

ATCAAAAAGGAAATATTCTATATGGTCATAATGGAGATGTTGCCTGCGACCACTA

CCACAGGTTCGAAGAAGATGTCTCTCTTATGAAGGAACTTGGACTCAAAGCCTAC

AGGTTTTCTATTGCATGGGCAAGAATTTTTCCAGACGGTTTTGGCAATGTGAATCA

GAAAGGTCTTGAGTTTTATGACAAACTAATAAACAAGCTTGTTGAAAACGGTATT

GAACCGGTCGTCACACTTTACCACTGGGACCTTCCTCAAAAGCTACAATACATTG

GCGGCTGGGCAACCCCAGAAATTGTAAATCATTATTTTGAATATGCAATGCTTCT

TATAAACCGCTATAAGGATAAAGTAAAAAAATGGATAACATTTAATGAACCTTAT

TGTATTGCCTTTTTGGGTCATTGGCATGGAATTCACGCACCAGGAATAAAAGACT

TTAAAGTTGCAATGGATGTTGTGCACAACATTATGCTTTCTCATTTTAAGGTTGTA

AAAGCTGTAAAAGAAAATAATATTGATGTTGAAGTAGGAATTACATTAAATTTAA

CTCCAGTCTACCTTCAAACAGAACGTCTTGGATATAAGGTAAGCGAAATTGAAAG

AGAAATAGTAAACCTCAGTAGCCAGCTTGACAACGAACTTTTCCTTGACCCAGTA

CTTAAAGGAAGCTATCCACAAAAGCTGTTAGATTATCTTGTTCAAAAAGATTTGT

TGGAAGCTCAAAAAGCATTGAGTATGCAGCAGGAAGTAAAAGAAAATTTCATTT

TCCCTGATTTTCTTGGTATCAACTACTACACACGTGCCGTCAGGCTTTACGATGAA

AATTCTGGTTGGATTTTCCCAATAAGATGGGAACATCCTGCAGGAGAGTACACTG

AAATGGGCTGGGAAGTATTCCCGCAAGGACTTTTTGACCTTTTGATTTGGATTAA

AGAAAATTACCCACAAATTCCAATTTATATAACAGAAAACGGTGCTGCTTATAAC

GACAAGGTAGAAGATGGAAGGGTTCATGACCAAAATAGAGTGGAGTATTTAAAG

CAGCACTTTGAAGCAGCCAAAAAGGCAATTGAAAATGGAGTGGATTTGCGGGGC

TATTTTGTGTGGTCTTTGATGGACAATCTTGAATGGGCAATGGGATATACAAAAA

GGTTTGGAATTATATATGTGGACTATGAAACACAAAAGAGAATTAAAAAAGACA

GCTTCTATTTTTACCAGCAGTATATAAAGGAAAACTCATAA 3’ 

Native sequence of cel14 orf:  987bp 

5’ 

TTGAACAAGCTACCGAGGTACAAAGGTTTTAACCTTCTGGGACTTTTTGTCCCTGG

CAGAATCTTAGGCTTTTTTGAAGATGATTTTAAATGGATGGGCGAATGGGGTTTT

AATTTTGCGCGAATTCCCATGAACTACAGGAACTGGTTTGTTGAGGGCAGCTCAG

ATATCAAAGAAGAGATTTTGCAGATGATTGACAGGGTAATTGAGTGGGGAGAAA

AGTACGAAATCCATATATGTCTCAACATCCACGGTGCACCGGGCTACTGTGTAAA

TGAAAAGACAAAACAGGGATACAATCTCTGGAAAGATGAAGAGCCTCTTGAGCT

TTTTGTATCTTACTGGCAGACATTTGCAAAACGGTACAAAGGTATATCATCAAAA

ATGCTCAGTTTTAATCTTATAAATGAGCCGAGACAATTTTCTGAAGAAGAAATGA

CAAAAGAGGATTTTATACGTGTGATGACATATACAACTCAAAAGATAAGAGAGA

TTGGCAAAGAAAGACTTATCATTGTAGACGGTGTTGATTATGGGAATGAACCGGT

TGTGGAGCTTGCAAATCTTGGTGTTGCGCAAAGCTGCAGAGCATATATCCCGTTT
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GAAGTAAGCCACTGGGGAGCAGAATGGGTTGAGGGCAGCAGAAATTTTACAAAA

CCTTCATGGCCACTTGTGCGCGAAAATGGCGAGATTGTTGACAAGGAATATTTAA

AAAAACATTACGAAAAGTGGGCAAAGCTTATTTCACTTGGGGTTGGAGTTATCTG

CGGAGAAGGTGGAGCTTATAAGTATACACCTCATGATGTAGTTATAAGGTGGTTT

TCTGATGTGCTGGATATCCTAAAAGAGTTTGGTATTGGCATTGCGCTTTGGAATTT

GAGAGGACCGTTTGGAATAATCGATTCAGGTAGAGAAGATGTGGAGTATGAAGA

TTTTTATGGGCATAAGCTTGACAGAAAACTTTTAGAGCTTTTGCAAAGATTTTGA 

3’ 

Native sequence of cel19 orf: 2439bp 

5’ 

ATGTACAACTATGGGGAAGCTCTACAAAAAGCAATAATGTTTTATGAATTCCAAA

TGTCAGGTAAATTGCCAAAATGGATAAGAAACAACTGGCGTGGAGATTCAGGGC

TAAACGATGGAAAGGACAACAAGATAGATCTAACAGGTGGATGGTACGATGCAG

GCGATCATGTTAAATTCAATTTGCCAATGTCATACACCGCTACGATGTTAGCTTGG

GCTGTTTATGAGTATAAAGATGCATTTGTAAAGAGTGGACAACTTCAACACATAT

TAAACCAAATTGAATGGGTAAACGATTATTTTGTAAAGTGTCATCCTGAGAAATA

TGTGTACTATTACCAAGTAGGCGACGGCGGTAAAGATCATGCTTGGTGGGGCCCT

GCAGAGGTAATGCCAATGGAGAGACCTTCATATAAAGTAACAAAGACTAACCCT

GGTTCTACAGTGGTGGCAGAAACAGCAGCTGCTTTAGCTGCAGGTTCAATCGTTA

TAAAACAAAGAAACTCAAAAAAAGCAAGAATTTACTTAAAACATGCAAAAGAAC

TATATGACTTTGCTGCTGAAACAAAGAGTGATGCAGGTTATACTGCTGCTAATGG

ATACTACAATTCGTGGAGTGGCTTTTGGGATGAGCTTTCATGGGCAGCAGTGTGG

CTGTATTTAGCAACCGGGGATAAGTACTATCTTAGCGAGGCGAAAGAATATGTGT

CCAATTGGCCTAAAATAGCAGGGAGCAATACTATCGATTATAGATGGGCACACTG

TTGGGATGATGTTCATTATGGTGCAGCGCTTCTGCTTGCTAAAATTACAGATGAA

AATACTTACAAGCAAATAGTGGAGAAACATCTGGACTACTGGACAATTGGGTATC

AAGGACAGAGAATCAAATATACTCCAAAGGGATTAGCATGGCTTGATCAATGGG

GTTCTTTGCGATATGCTACCACGACTGCGTTTTTAGCATTTGTTTACAGTGATTGG

AAAGGTTGCCCTTCCTCAAAGAAAAAAGTGTATCGAAAATTTGGAGAGGGTCAG

GTAAACTATGCGCTTGGTTCTTCTGGGAGAAGTTTTGTTGTTGGATTTGGCAAAAA

TCCACCTAAAAGACCGCATCATAGAACGGCTCATGGTTCTTGGGCAAACAGTCAA

AGCGAACCACCATATCACAGACATATTCTATATGGTGCATTGGTTGGTGGGCCGG

GCTTGGATGACAGCTACAGCGATGATGTGGGAAACTATGTAAATAATGAGGTAG

CATGTGATTACAATGCTGGCTTTGTCGGAGCATTAGCCAAAATGTATTTGCTTTAC

GGTGGCAAGCCGATTCCTAACTTTAAAGCTATTGAAAAGCCTTCAAATGATGAAT

TTTTTGTAGAGGCAGGTATAAATGCGTCTGGAAGCAACTTTGTAGAAATTAAAGC

TATAGTGTATAATCAGAGCGGTTGGCCGGCACGGGTAACAAATAATCTTAAATTC

CGATACTACATTAATTTGAGTGAAATTGTTTCTCAGGGATATAAGCCTTCACAAA

TATCATTAAACACAAACTATAATCAAGGGGCTAAGGTTTCAGGGCCGTATGTGGT

TGATTCAAAGAAACATTTGTATTATATACTGATTGATTTTAGCGGCACTCCCATCT

ACCCTGGAGGTCAAGATAAATACAAAAAAGAAGTTCAATTTAGAATTGCTGCGC

CTCAAAACGCAAGATGGGATAATTCAAACGACTATTCGTTTAAAGGGCTTGACAA

AACAGGTGGTGGTCAGGTTATCAAAACAAAATATATACCGCTGTACGATGGGAA

AAAATTGGTGTGGGGCATTGAACCAAACACTAAAAACTTAACTTTGAGAACCTCA

CAAATACCTGCTAATGGAGATGCTGATAAAAAATCCAAAACTATTTTATCTAAAA

ATACTTCTTCTGCTAAAACATCATCTAAGCAGAACAAAGAGGTTAAAAATGTTGT

AAAAGTTTTGTACAAAAACATGGAGATTAATAAAACCTCGAATTCAATAAGGTTG
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TATTTGAAAATAATCAATAATTCTCAAGAAACTATAGATCTGAGTAAGGTTAAAA

TAAGATACTGGTACACGGCTGATGATGGGGTTATGAAACAGAGTGCTGTATGCGA

TTGGGCGCAAATAGGAGCAGTTAATGTTACATTCAGATTTGTAAGGCTACGCAAA

GCAGTGGCTAAAGCAGATCATTATTTAGAAATAGGGTTTACAAATAATGCGGGTA

AGATCCAACCAGGAAAAGATAGTGGCGATATTCAGTTAAGATTTAACAAGAGTA

ACTGGGGCAATTATGATCAATCAAATGATTGGTCGTGGGTTCAAAGCATGACATC

TTACGGAGAAAATAAAAAAATAACACTATACATTGATGGTAAACTTGTTTGGGGG

CAAGAACCAACGAAAGATACATAA 3’ 

 

Primer Sequence 

1. bglAT-bam-his r 5’ CGCGGATCCTGAGTTTTCCTTTATATACTGC 3’ 

2. Bgl-nde-f 

 

5’ CCGAATTCCATATGAGTTTTCCAAAAGGATTTTTGTG 3’ 

3. bglAT-bam-r 5’ CGCGGATCCTTATGAGTTTTCCTTTATATACTGC 3’ 

4. cel14-bam-r 5’ CGCGGATCCTTGAGGCTAACTTAAAAACTATGC 3’ 

5. cel14-nde-f 5’CCGAATTCCATATGAACAAGCTACCGAGGTACA 3’ 

6. CelCK14-nde-f 5’ 

CCGAATTCCCATATGTTTTTTGAAGATGATTTTAAATGGATGGGC 

3’ 

7. Cel-19-nde-f 5’ CGAATTCCATATGTACAACTATGGGGAAGC 3’ 

8. Cel19-gh9-bam-r 5’ CGCGGATCCTTAGTTAGGAATCGGCTTGC 3’ 

9. Cel19-1cbm-bam-r 5’ CGCGGATCCTTATCCAGGGTAGATGGGAGTGC 3’ 

10. cel19-2CBM-bam-r 

 

5’ CGCGGATCCTTATGTATCTTTCGTTGGTTCTTGCC 3’ 

11. Cel19-2cbm-bam-

his-r 

5’ CGCGGATCCTGTATCTTTCGTTGGTTCTTGCC 3’ 

 

 

Table 5. Primers used for PCR of the genes cloned and expressed in this study. Combinations 

of primers: 1+2=bgl13 with His tag; 2+3=bgl13; 4+5= Cel14 + putative signal peptide; 5+6= 

Cel14 – putative signal peptide; 7+8= Cel19 GH9 only; 7+9= Cel19 GH9+1CBM; 7+10= 

Cel19 GH9+ 2CBMs; 7+11= Cel19 GH9 +2CBMs with His tag.  

 


