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Abstract

:

Microbial conversion of biomass relies on a complex combination of enzyme systems promoting synergy to overcome biomass recalcitrance. Some thermophilic bacteria have been shown to exhibit particularly high levels of cellulolytic activity, making them of particular interest for biomass conversion. These bacteria use varying combinations of CAZymes that vary in complexity from a single catalytic domain to large multi-modular and multi-functional architectures to deconstruct biomass. Since the discovery of CelA from Caldicellulosiruptor bescii which was identified as one of the most active cellulase so far identified, the search for efficient multi-modular and multi-functional CAZymes has intensified. One of these candidates, GuxA (previously Acel_0615), was recently shown to exhibit synergy with other CAZymes in C. bescii, leading to a dramatic increase in growth on biomass when expressed in this host. GuxA is a multi-modular and multi-functional enzyme from Acidothermus cellulolyticus whose catalytic domains include a xylanase/endoglucanase GH12 and an exoglucanase GH6, representing a unique combination of these two glycoside hydrolase families in a single CAZyme. These attributes make GuxA of particular interest as a potential candidate for thermophilic industrial enzyme preparations. Here, we present a more complete characterization of GuxA to understand the mechanism of its activity and substrate specificity. In addition, we demonstrate that GuxA exhibits high levels of synergism with E1, a companion endoglucanase from A. cellulolyticus. We also present a crystal structure of one of the GuxA domains and dissect the structural features that might contribute to its thermotolerance.
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1. Introduction


In the last thirty years, significant progress has been made to optimize pretreatments and industrial cellulase preparations to improve biomass deconstruction. However, biomass deconstruction remains one of the main obstacles for efficient production of biofuels and biochemicals from lignocellulosic biomass [1,2]. Biomass recalcitrance has proven to be difficult to overcome no matter the conversion process; therefore, better, more robust, and more diverse biomass degrading enzymes are needed [3,4]. In general, the best-studied biomass degrading enzymes, those often used in industrial cellulase preparations, have a simple architecture that includes a catalytic domain and one or more carbohydrate binding domains separated by linker peptides [5]. These types of biomass degrading enzymes are the most commonly produced by cellulolytic microbes [6]. However, some cellulolytic bacteria rely instead on multi-modular and multi-functional biomass degrading enzymes with much more complex architectures [7,8]. In recent years, increasing numbers of these types of biomass degrading enzymes have been characterized due, in part, to the greater emphasis on thermophilic bacteria suitable for consolidated bioprocessing (CBP) [9,10].



One of these multi-modular and multi-functional biomass-degrading enzymes, CelA, shows remarkable activity on biomass and crystalline cellulose [7]. Some of this activity is thought to come from the complementary activities of its two glycoside hydrolases which promotes intramolecular synergy. Recently, chimeric enzyme constructs were successful in emulating some of this intramolecular synergy between GH domains in the same gene product [11]. Additionally, some of these enzymes show synergy with the more classical CAZymes with simpler architectures [7] in vitro and in vivo. For example, heterologous expression of the multifunctional GuxA (GH6/GH12) from A. cellulolyticus, in Caldicellulosiruptor bescii resulted in enhanced growth and cellulolytic activity of its exoproteome, but only in the presence of the endoglucanase, E1, from A. cellulolyticus [12,13]. E1 is a highly active and well characterized GH5 endoglucanase that was shown to exhibit high levels of synergy with several exoglucanases [12,13]. GuxA on the other hand contains an N-terminal GH6 domain linked to a CBM3 followed by a GH12 catalytic domain linked to a CBM2 on the C-terminal end. Of these domains, only the CBM3 exists in the native C. bescii exoproteome [13]. It was hypothesized that the addition of a potentially canonical exoglucanase (GH6) would improve the C. bescii secretome, which lacks a true and highly productive exoglucanase. In addition, the GH12 from GuxA might provide important endoglucanase xylanase activity given its proximity to the CBM2, which is known to also bind xylan [14]. In their study, Kim et al. found that despite improved growth of C. bescii when expressing GuxA, the activity of the exoproteome was not enhanced without the co-expression of E1. The conclusion from this study suggested that E1 is needed for GuxA to be fully active and to produce the endo/exo synergy found in the A. cellulolyticus secretome [12].



Given its unusual glycoside hydrolase combination, GuxA is a promising, but only partially characterized, biomass degrading enzyme. Here, we used C. bescii as an expression system for the multifunctional GuxA and characterized its substrate specificity, pH and temperature optima, as well as its activity on the model substrate, Avicel, and pretreated biomass. Additionally, we solved and analyzed the structure of the GH12 domain and suggest possible explanations for its thermostability.




2. Results and Discussion


2.1. Characterization of the pH and Temperature Range for GuxA Activity


Based on the glycoside hydrolase families found in GuxA, GH6 and GH12, several substrates were selected to determine its temperature and pH optima. Avicel is a model substrate for crystalline cellulose utilization. CMC, carboxymethyl cellulose, is an amorphous cellulose model substrate. Oat spelt xylan, is mixture of primarily xylose with some arabinose, glucose, and galactose to assess activity on xylan. Purified GuxA (Supplementary Figure S1) was tested on these substrates at temperatures ranging from 60 °C to 90 °C and pH values ranging from pH 4.0 to pH 7.0 (Figure 1). GuxA shows an optimal temperature range between 75 and 80 °C for all three substrates (Figure 1B), which is well above the optimal growth temperature of 55 °C for A. cellulolyticus. This temperature optimum is similar to that of other biomass degrading enzymes produced by this microorganism, including E1 [15,16]—a characteristic generally observed for other thermophilic enzymes [17]. The digestion of CMC occurred optimally at pH 5.0, but the difference in activity between pH 4.5 and pH 5.5 is not significantly different. This pH profile is similar across two units of pH, remaining above 80% of maximum activity (Figure 1A). The same result is seen when testing Avicel activity between pH 5.0 and pH 6.0 (maximum activity pH 5.5). Xylan digestion occurred optimally at pH 6.0. GuxA also retained over 80% of its activity on CMC between pH 4.0 and pH 6.5. Similar results were seen for GuxA activity on Avicel and xylan, however a sharp decrease in activity was observed at pH 4.0 (~53% for Avicel and ~63% for xylan). Additionally, of note is that ~89% of the xylanase activity was retained at pH 7.0 which is also true for other xylanases [18,19].



These measurements of activity in vitro suggest that this enzyme might represent a good partner in enzyme cocktails or in vivo applications for other hyperthermophilic enzymes, such as CelA and E1. The high tolerance for pH transitions, which is also required for use in combination with other enzymes is an encouraging feature. A wide range of pH tolerance is also desirable when the ultimate application requires use with cellulolytic thermophilic microorganisms that often acidify the culture medium during late stages of growth.




2.2. Activity of GuxA and Synergy with the Endoglucanase E1 on the Model Substrate Avicel


Kim et al. [13] previously reported that the co-expression of GuxA with E1 resulted in improved growth on cellulose. To better understand the potential synergistic effect suggested by this result, a series of relative protein loadings were tested to evaluate the synergy that may exist between the two enzymes. All reactions were carried out at the optimal temperature and pH, 75 °C and pH 5.5. It appears that GuxA alone shows low glucan conversion on Avicel after 72 h (glucan conversion no more than 6% for any individual loading even at the higher loadings of 13.5 mg/g substrate (Figure 2). This would indicate that the GH12 domain in GuxA is not able to make significant nicks in cellulose chains for the GH6 exoglucanase to act on. This observation is in agreement with the results reported in Kim et al. [13] where it was shown that the GH12 domain of GuxA exhibited primarily a xylanase activity with weak endoglucanase activity. However, significant levels of synergy were observed in cellulase mixtures of GuxA and E1 when acting on Avicel (Figure 2). The highest synergy was achieved after 72 h with a 60:40 molar ratio of GuxA and E1, respectively, corresponding to a 21.7% total glucan conversion. This indicates a high level of activity for the GH6 when combine with an efficient endoglucanase able to provide significant amount of cellulose chain ends.




2.3. Activity of GuxA and Synergy with the Endoglucanase E1 on Pretreated Biomass


Alkaline-peroxide-pretreated biomass represents an appealing substrate for cellulosic biomass conversion as most of the biomass is stripped of its native lignin making it more amenable for deconstruction. Our APCS biomass includes primarily glucan (55.6%) and xylan (33.4%), with traces of lignin (3.9%); therefore, it is a relevant substrate for testing both cellulase and xylanase activity [20] on pretreated biomass. GuxA and E1 alone exhibit very low levels of glucan conversion with at most 2.3% of glucan release for GuxA with a high loading of 13.5 mg/g substrate. These conversion levels are even lower but similar to those observed on Avicel. However, high levels of conversions are observed with the addition of E1. In Figure 3, we considered the two best enzyme loadings previously determined on Avicel (Figure 2). Higher E1 loadings again produced a greater glucan conversion (Figure 3A) indicating the importance of the endoglucanase activity in this enzyme mix.



The xylan conversion results on the APCS substrate are very interesting. E1 alone as expected shows low levels of xylan conversion that is most likely the result of soluble sugars already present in the pretreated substrate. However, GuxA exhibited very high levels of conversion for a single enzyme with close to 35% of the xylan converted after 72 h. One interesting outcome is the fact that the conversion for GuxA alone reaches this maximum for the two different enzyme loadings considered (13.5 mg/g and 9.5 mg/g) which could be due to the complex nature of the substrate exposed at that point with branched xylans that the GH12 would not have activity towards. In enzyme mixes with GuxA and E1, surprisingly, the level of xylan solubilization on APCS was lower at higher GuxA loading (Figure 3B). However, this could be explained by the much higher glucan conversion at the 60:40 ratio which could help release/free up more accessible xylans for the enzymes to work on. Hence, more complete deconstruction of glucan is needed to increase overall xylan solubilization.




2.4. Structural Features of the GuxA GH12 Domain


The structure of the GuxA GH12 domain was solved with and without cellobiose bound in the active site, to resolutions of 1.5 and 1.85 Å, respectively. The domain exhibits the classic GH12 β-jelly roll, with two curved β-sheets packed together-their concave face forming the active site-and one α-helix (Figure 4A,B). The conserved N-terminal disulfide bridge is present (between Cys7 and Cys38-all residue numberings follow the sequence of the crystal structure, Figure 4C), though the electron density indicates that this is partially reduced which might be an artefact of the X-ray diffraction experiment. A second disulfide bridge is also present, in two conformations, between residues Cys73 and Cys78 (Figure 4C). The active site cavity is lined with aromatic residues (Figure 4D) that accommodate the substrate without any significant change in structure at the local or whole-protein level—The Cα RMSD between the structures with and without cellobiose bound is 0.166 Å (Supplementary Figure S2). The reducing end of the bound cellobiose is sandwiched between two loops formed by residues Thr59-Pro63 and Val142-Phe145, and primarily contacts the peptide backbone atoms of these residues (Figure 4D). Glu131 and Glu216 are the catalytic residues (the nucleophile and the general acid/base, respectively), whereas the strictly conserved active site aspartate residue is at position 114.



The industrial relevance of GH12 enzymes has prompted several analyses of their structure-thermostability relationship [29,43]. Table 1 lists enzymes for which activity temperature optima are available and includes some of the features derived in this study from these published crystal structures that may play a role in thermostability. General trends for what contributes to high thermostability are suggested from a comparison of the different enzymes. Most striking is the hyperthermotolerance that seems to be conferred by having a large number of salt bridges, as per the GH12 enzymes from Pyrococcus furiosus and Thermotoga maritima, both of which have optimal activity at 100 °C. The other GH12 reported to have an optimum temperature of 100 °C, from Rhodothermus marinus, does not have an especially large number of salt bridges—instead, it appears to compensate for this with a pair of disulfides. The role of hydrophobic packing on thermostability amongst GH12 enzymes is well documented [37,43], and particular interest has been paid to the identity of the residues equivalent to alanine 35 in the T. reesei GH12 as single point mutants at this site have been shown to have a greater influence on enzyme stability than any other [29]. Specifically, larger, more hydrophobic side chains result in denser packing of the hydrophobic interior of the enzyme, stabilizing the folded state relative to unfolded [29]. In the case of the A. cellulolyticus GuxA GH12 domain, the leucine at this position probably makes a modest contribution to the enzyme’s thermal stability which, along with the extra disulfide bond, accounts for the thermotolerance of the enzyme. Comparison with the hyperthermotolerant GH12 enzymes suggests that the introduction of several additional salt bridges into the structure could raise the optimum temperature further, which could also be the case for its mesophilic and psychrophilic homologs.





3. Conclusions


Multi-modular and multi-functional biomass degrading enzymes represent a largely untapped resource for industrial cellulase preparations. GuxA from Acidothermus cellulolyticus is a robust CAZyme with a unique composition combining GH12 and GH6 domains that display high activity on pretreated biomass when combined with an endoglucanase. In addition to its expected thermotolerance, the observation that this enzyme retains greater than 80% of its activity across two pH units indicates that this protein may be well suited for industrial applications. The synergy experiments indicate that optimal biomass deconstruction by GuxA and E1 is obtained with a slight mass excess of GuxA, although significant synergy is still observed when GuxA is 90% of the enzyme loading, which is likely reflecting the reportedly greater endoglucanase activity of E1 compared with GuxA [13]. The activity of GuxA on xylan is also fairly high for a single gene product, which makes this enzyme of interest for inclusion in enzyme cocktails.



Analysis of the protein structure of the GH12 domain of GuxA provides some insight into its increased thermotolerance compared with other GH12 enzymes. Many lignocellulose-degrading microorganisms that produce both cellulose- and hemicellulose-degrading single domain enzymes also produce enzymes which tether together such activities. Understanding how these activities work together as individual enzymes and when tethered together remains a critical question in the field.




4. Materials and Methods


4.1. Construction of C. bescii Strains and Media Composition


Relevant plasmids used were electro-transformed into JWCB029 (ΔpyrFAΔldh::ISCbe4 Δcbe1ΔcelA) [44] cells as previously described [12]. Cultures, electro-pulsed with 0.5 µg of plasmid, were recovered in low osmolarity complex (LOC) growth medium at 75 °C. Recovery cultures were transferred to liquid low osmolarity defined (LOD) medium without uracil to allow selection of uracil prototrophs. Cultures were plated on solid LOD media to obtain isolated colonies, and total DNA was isolated from transformants using Quick-DNA kits (Zymo research, Irvine, CA, USA). PCR amplification using primers outside the gene cassette on the plasmid was used to confirm the presence of the plasmid with the gene of interest intact.



LOD was prepared using sterilized stock solutions including a 50× base salt solution containing 16.5 g of MgCl2, 16.5 g of KCl, 12.5 g of NH4Cl, 7 g of CaCl2 × 2H2O, and 0.68 g of KH2PO4 per liter, a 1000× trace minerals solution containing 1.5 g FeCl2 × 4H2O, 0.07 g ZnCl2, 0.1 MnCl2 × 4H2O, 0.006 g H3BO3, 0.19 CoCl2 × 6H2O, 0.002 g CuCl2 × 2H2O, 0.024 NiCl2 × 6H2O, and 0.036 Na2MoO4n × 2H2O per liter, and a 2000× vitamin solution containing 0.04 g biotin, 0.04 g folic acid, 0.2 pyridoxine HCl, 0.1 thiamine HCl × 2H2O, 0.1 g riboflavin, 0.1 g nicotinic acid, 0.1 g D Ca D-pentothenate, 0.002 vitamin B12, 0.1 g p-aminobenzoic acid, and 0.1 lipoic acid. The stock solutions were added to reach a 1x final concentration to water and 1 g/L sodium bicarbonate, 1 g/L of L-cysteine HCl, and 5 g/L cellobiose were mixed into the medium before adjusting the pH to 6.8 using NaOH for titration. LOC was prepared identically but adding 1 g/L yeast extract and 2 g/L casein. Uracil can be used as nutritional selection marker and is added at 5 g/L when necessary.




4.2. Protein Expression in C. bescii and E. coli


C. bescii was used for extracellular expression of GuxA as follows: Frozen cultures transformed with the relevant expression plasmid were inoculated into serum vials containing 20 mL of low osmolarity defined growth medium (LOD) and incubated at 65 °C with mild agitation for approximately 24 h. Starter cultures were passaged at 2% (v/v) into serum vials each containing 100 mL of LOD and grown overnight under the same conditions. For each 10-L fermentation, 200 mL of total culture was used to inoculate 9.8 L of LOD medium containing 5 g/L cellobiose as the sole carbon source. Cultures were maintained at pH 6.8, 50 RPM agitation, 0.5 L/min N2 sparging, and temperature of 65 °C. A minimum of 16 h was needed to reach an OD600 of 0.6, at which cells were harvested through a polycap glass fiber filter (GE Healthcare Bio-Sciences, Marlborough, MA, USA) before being concentrated using hollow fiber concentrators containing a 10 kDa cutoff membrane (GE Healthcare, Piscataway, NJ, USA). The concentrator was also used to buffer exchange the concentrate into Buffer A (50 mM Tris, 250 mM NaCl, 10 mM imidazole, pH 8.0).



E. coli was used for intracellular expression of the GuxA GH12 domain. DNA sequences for the GuxA GH12 domain was codon optimized and cloned into a pET22b(+) vector (GenScript, Piscataway, NJ, USA). The sequence for a hexahistidine tag was placed at the C terminus of the constructs. The resulting construct was transformed in a BL21 (DE3) strain of Escherichia coli and cells were grown 4 h at 37 °C with 0.1 mM IPTG. Proteins were concentrated using Vivaspin spin columns with a molecular weight cutoff of 10,000 Da (GE Healthcare Life Sciences, Pittsburgh, PA, USA).




4.3. Protein Purification


Crude extracellular C. bescii concentrates (full length GuxA) or E. coli lysates (GH12 domain) were loaded onto and purified initially using a 5 mL HisTrap FF Crude column (GE Healthcare, Piscataway, NJ, USA) via FPLC (GE Healthcare AKTA Explorer, Piscataway, NJ, USA). The HisTrap column was initially equilibrated with Buffer A (50 mM Tris, 100 mM NaCl, and 10 mM imizadole, pH 8.0) followed by injection of the protein sample. After binding of the protein 100% of Buffer B (Buffer A with 200 mM imidazole) is used to elute the column and fractionate the sample. The samples were next prepared for size exclusion chromatography (SEC), which was completed using either a HiLoad 16/600 Superdex 200 (full length GuxA or HiLoad 16/600 Superdex 75 prep grade column (GH12 domain) (GE Healthcare, Piscataway, NJ, USA) depending on the molecular weight of the purified protein. The collected HIS elution fractions were combined and concentrated using a 10 kDa cutoff spin concentrator (Sartorius, Stonehouse, UK). Highly concentrated fractions were not further concentrated and instead divided into 5 mL samples for individual injections onto the size exclusion column. Samples were purified in this step using SEC Buffer (200 mM sodium acetate, 100 mM NaCl, 10 mM CaCl2, pH 5.5), which was used as the final storage buffer for these proteins. SEC fractions were collected and concentrated as necessary. Protein concentrations were determined using a Pierce BCA Protein Assay Kit (Pierce, Rockford, IL, USA).




4.4. Enzyme Activity Assays


Temperature and pH range experiments with GuxA were carried out using sugar release quantification on 10 g/L substrates including Avicel (PH101), carboxymethyl cellulose (CMC), and oat spelt xylan. All three substrates were obtained through Sigma Aldrich, St. Louis, MO. CMC and xylan digestions were carried out for 1 h at various temperatures and pH values to determine the optimum conditions for enzyme function, whereas Avicel digestions were carried out for 24 h. GuxA/E1 and β-D-glucosidase (Thermotoga maritima/Megazyme) were loaded at 15 mg (total enzyme)/g substrate and 1 mg/g substrate, respectively, in 1.5 mL centrifuge tubes. All assays were carried out in SEC buffer (pH 5.5 used for all temperature reactions and 75 °C was used for all pH reactions). The reaction tubes were kept at constant temperature using a water bath. Sugar release was measured using dinitrosalicylic acid (DNS). DNS solution was added to the reaction volume at a ratio of 2:1 and boiled for 5 min. Samples were then transferred to a 96-well plate and measured at OD540. Standard curves were generated using known quantities of glucose.



Multiple sugar release assays were utilized to determine various performance characteristics of individual enzymes and synergistic mixtures. The activities of GuxA and E1 individually and in mixtures were first tested using Avicel hydrolysis assays then APCS (Alkaline Pretreated Corn Stover). APCS was prepared using a mixture of 500 mg hydrogen peroxide per g of raw corn stover in deionized water with a final solids loading of 10%. 5 M NaOH was added until the pH of the slurry reached 11.5. The mixture was incubated at room temperature for 48 h in a shake incubator. The pretreated biomass was filtered using a coarse felt, and the solids were thoroughly washed with deionized water to neutral pH and stored at 4 °C. Avicel or APCS was loaded into 2 mL-screw-top vials to bring the final solids loading to 1% (w/v). An appropriate volume of SEC buffer was added along with the enzymes being tested and b-glucosidase from Thermotoga maritima to match the reaction volume to the correct solids loading (approximately 2 mL total volume). b-D-glucosidase was loaded at 1 mg/g cellulose, whereas all other enzymes of interest were loaded at 10 mg/g cellulose individually or total combined. All reactions were carried out in duplicate for 96 h at 75 °C in a rotisserie oven set at 12 RPM. 100 µL samples were collected at 72 h and diluted 10× before being 0.22 mM filtered into an HPLC vial for sugar analysis. Glucose, xylose, and cellobiose concentrations were determined using an HPX-87H 7.8 × 300 mm i.d. 9 mm column (BioRad, Hercules, CA, USA) using an isocratic flow of 0.01 N H2SO4 at 0.6 mL/min for a total run time of 27 m using standard protocols. A sample injection volume of 20 µL was used and a constant column/detector temperature of 55 °C was maintained. Coferm sugar standards from Absolute Standards (Hamden, CT, USA) were used to generate relevant calibration curves. The compositional analysis of the APCS substrate was 55.6% glucan, 33.4% xylan, 3.9% lignin, 1.2% galactan, 2.9% arabinan). More details about the compositional analysis and the pretreatment conditions can be found in Brunecky et al., 2017 [45].




4.5. Crystallization of the GuxA GH12 Domain


The crystal for the GH12 domain (MW 24 kDa) was obtained using sitting-drop vapor diffusion with Crystal Screen (Hampton Research, Aliso Viejo, CA, USA) using a 96-well plate. A 50 µL well solution was used with drops containing 1 µL well solution and 1 µL protein solution. The crystals were grown at 298 K in 10% PEG 8K as a precipitant in the presence of 0.2 M ZnCl2 and 0.1 M Na cacodylate buffer adjusted to pH 6.5; the protein was diluted to 5.86 mg/mL concentration in 20 mM acetic acid pH 5.0 buffer with 100 mM NaCl and 10 mM CaCl2. Before data collection, the crystal was briefly soaked in a drop of 50%/50% (v/v) paraffin/paratone mixture and flash-frozen in a cold nitrogen-gas stream at 100 K. The data collection was performed using a Bruker X8 MicroStar X-ray generator with Helios mirrors and a Bruker PLATINUM135 CCD detector. The wavelength was 1.542 Å. Data were indexed and processed with the Bruker Suite of programs v.2008.1-0 (Bruker AXS, Madison, WI, USA).



Molecular replacement was performed with MOLREP [46] using PDB ID 3B7M [47] as a starting model. Further model refinement and rebuilding was done using REFMAC5 [48] and Coot [49]. Final model was refined to R/Rfree factors of 0.131/0.171 with 98.32% Ramachandran favored, 1.68% allowed, and 0% outliers. The model was deposited to the PDB with accession code 7MKR. Crystals described above were used to obtain complex with cellobiose by soaking for 24 h with the excess of cellobiose powder added to the crystallization drop. Diffraction data were collected at the same X-ray source. A cellobiose molecule was found and modeled in the active site groove. The model was refined to the final R/Rfree factors of 0.134/0.165 with 97.48% Ramachandran favored, 1.68% allowed, and 0.84% outliers. Crystallographic Table 1 can be found in SI (Table S1). The model was deposited to the PDB with accession code 7MKS. Structure images were generated using PyMol [50] and RMSD calculations, and intramolecular bond analysis was performed using Yasara [51].









Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/ijms23116070/s1.





Author Contributions


N.N.H., S.J.B.M. and Y.J.B. designed experiments. D.C. and J.W. constructed the expression vectors and the C. bescii and E. coli strains. N.N.H. and P.P. performed and analyzed the biochemical assays. S.J.B.M., V.V.L. and M.A. crystalized, solved, and analyzed the protein structures. M.E.H. helped interpret the data and edited the manuscript. N.N.H., S.J.B.M. and Y.J.B. wrote the manuscript. Y.J.B. conceived and led the project. All authors have read and agreed to the published version of the manuscript.




Funding


Funding was provided by the Center for Bioenergy Innovation (CBI), from the U.S. Department of Energy Bioenergy Research Centers supported by the Office of Biological and Environmental Research in the DOE Office of Science. This research was also supported by King Mongkut’s University of Technology Thonburi under “KMUTT Research Center of Excellent Project, Grant number 7601.24/4054”. This work was authored in part by Alliance for Sustainable Energy, LLC, the Manager and Operator of the National Renewable Energy Laboratory for the U.S. Department of Energy (DOE) under Contract No. DE-AC36-08GO28308. The views expressed in the article do not necessarily represent the views of the DOE or the U.S. Government. The U.S. Government retains and the publisher, by accepting the article for publication, acknowledges that the U.S. Government retains a nonexclusive, paid-up, irrevocable, worldwide license to publish or reproduce the published form of this work, or allow others to do so, for U.S. Government purposes.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


The data presented in this study are included in this published article/supplementary file or available from the PDB at 10.2210/pdb7MKR/pdb and 10.2210/pdb7MKS/pdb. Further inquiries can be directed to the corresponding author.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Himmel, M.E.; Ding, S.-Y.; Johnson, D.K.; Adney, W.S.; Nimlos, M.R.; Brady, J.W.; Foust, T.D. Biomass Recalcitrance: Engineering Plants and Enzymes for Biofuels Production. Science 2007, 315, 804–807. [Google Scholar] [CrossRef] [PubMed]

	



McCann, M.C.; Carpita, N.C. Designing the Deconstruction of Plant Cell Walls. Curr. Opin. Plant Biol. 2008, 11, 314–320. [Google Scholar] [CrossRef] [PubMed]

	



Klein-Marcuschamer, D.; Oleskowicz-Popiel, P.; Simmons, B.A.; Blanch, H.W. The Challenge of Enzyme Cost in the Production of Lignocellulosic Biofuels. Biotechnol. Bioeng. 2012, 109, 1083–1087. [Google Scholar] [CrossRef] [PubMed]

	



Kun, R.S.; Gomes, A.C.S.; Hildén, K.S.; Salazar Cerezo, S.; Mäkelä, M.R.; de Vries, R.P. Developments and Opportunities in Fungal Strain Engineering for the Production of Novel Enzymes and Enzyme Cocktails for Plant Biomass Degradation. Biotechnol. Adv. 2019, 37, 107361. [Google Scholar] [CrossRef] [PubMed]

	



Lynd, L.R.; Weimer, P.J.; Zyl, W.H.; van Pretorius, I.S. Microbial Cellulose Utilization: Fundamentals and Biotechnology. Microbiol. Mol. Biol. Rev. 2002, 66, 506–577. [Google Scholar] [CrossRef]

	



Bomble, Y.J.; Lin, C.-Y.; Amore, A.; Wei, H.; Holwerda, E.K.; Ciesielski, P.N.; Donohoe, B.S.; Decker, S.R.; Lynd, L.R.; Himmel, M.E. Lignocellulose Deconstruction in the Biosphere. Curr. Opin. Chem. Biol. 2017, 41, 61–70. [Google Scholar] [CrossRef]

	



Brunecky, R.; Alahuhta, M.; Xu, Q.; Donohoe, B.S.; Crowley, M.F.; Kataeva, I.A.; Yang, S.-J.; Resch, M.G.; Adams, M.W.W.; Lunin, V.V.; et al. Revealing Nature’s Cellulase Diversity: The Digestion Mechanism of Caldicellulosiruptor Bescii CelA. Science 2013, 342, 1513–1516. [Google Scholar] [CrossRef]

	



Bayer, E.A.; Belaich, J.-P.; Shoham, Y.; Lamed, R. The Cellulosomes: Multienzyme Machines for Degradation of Plant Cell Wall Polysaccharides. Annu. Rev. Microbiol. 2004, 58, 521–554. [Google Scholar] [CrossRef]

	



Brunecky, R.; Chung, D.; Sarai, N.S.; Hengge, N.; Russell, J.F.; Young, J.; Mittal, A.; Pason, P.; Vander Wall, T.; Michener, W.; et al. High Activity CAZyme Cassette for Improving Biomass Degradation in Thermophiles. Biotechnol. Biofuels 2018, 11, 22. [Google Scholar] [CrossRef]

	



Conway, J.M.; Crosby, J.R.; Hren, A.P.; Southerland, R.T.; Lee, L.L.; Lunin, V.V.; Alahuhta, P.; Himmel, M.E.; Bomble, Y.J.; Adams, M.W.W.; et al. Novel Multidomain, Multifunctional Glycoside Hydrolases from Highly Lignocellulolytic Caldicellulosiruptor Species. AIChE J. 2018, 64, 4218–4228. [Google Scholar] [CrossRef]

	



Brunecky, R.; Subramanian, V.M.; Yarbrough, J.S.; Donohoe, B.B.; Vinzant, T.A.; Vanderwall, T.C.; Knott, B.B.; Chaudhari, Y.J.; Bomble, Y.E.; Himmel, M.; et al. Synthetic Fungal Multifunctional Cellulases for Enhanced Biomass Conversion. Green Chem. 2020, 22, 478–489. [Google Scholar] [CrossRef]

	



Chung, D.; Young, J.; Cha, M.; Brunecky, R.; Bomble, Y.J.; Himmel, M.E.; Westpheling, J. Expression of the Acidothermus Cellulolyticus E1 Endoglucanase in Caldicellulosiruptor Bescii Enhances Its Ability to Deconstruct Crystalline Cellulose. Biotechnol. Biofuels 2015, 8, 113. [Google Scholar] [CrossRef] [PubMed]

	



Kim, S.-K.; Chung, D.; Himmel, M.E.; Bomble, Y.J.; Westpheling, J. In Vivo Synergistic Activity of a CAZyme Cassette from Acidothermus Cellulolyticus Significantly Improves the Cellulolytic Activity of the C. Bescii Exoproteome. Biotechnol. Bioeng. 2017, 114, 2474–2480. [Google Scholar] [CrossRef] [PubMed]

	



Simpson, P.J.; Xie, H.; Bolam, D.N.; Gilbert, H.J.; Williamson, M.P. The Structural Basis for the Ligand Specificity of Family 2 Carbohydrate-Binding Modules*. J. Biol. Chem. 2000, 275, 41137–41142. [Google Scholar] [CrossRef]

	



Lochner, A.; Giannone, R.J.; Rodriguez, M.; Shah, M.B.; Mielenz, J.R.; Keller, M.; Antranikian, G.; Graham, D.E.; Hettich, R.L. Use of Label-Free Quantitative Proteomics To Distinguish the Secreted Cellulolytic Systems of Caldicellulosiruptor Bescii and Caldicellulosiruptor Obsidiansis. Appl. Environ. Microbiol. 2011, 77, 4042–4054. [Google Scholar] [CrossRef]

	



Tucker, M.P.; Mohagheghi, A.; Grohmann, K.; Himmel, M.E. Ultra-Thermostable Cellulases From Acidothermus Cellulolyticus: Comparison of Temperature Optima with Previously Reported Cellulases. Bio/Technology 1989, 7, 817–820. [Google Scholar] [CrossRef]

	



Maheshwari, R.; Bharadwaj, G.; Bhat, M.K. Thermophilic Fungi: Their Physiology and Enzymes. Microbiol. Mol. Biol. Rev. 2000, 64, 461–488. [Google Scholar] [CrossRef]

	



Pradeep, G.C.; Choi, Y.H.; Choi, Y.S.; Seong, C.N.; Cho, S.S.; Lee, H.J.; Yoo, J.C. A Novel Thermostable Cellulase Free Xylanase Stable in Broad Range of PH from Streptomyces Sp. CS428. Process Biochem. 2013, 48, 1188–1196. [Google Scholar] [CrossRef]

	



Kamble, R.D.; Jadhav, A.R. Production, Purification and Characterisation of Alkali Stable Xylanase from Cellulosimicrobium Sp. MTCC 10645. Asian Pac. J. Trop. Biomed. 2012, 2, S1790–S1797. [Google Scholar] [CrossRef]

	



Karp, E.M.; Donohoe, B.S.; O’Brien, M.H.; Ciesielski, P.N.; Mittal, A.; Biddy, M.J.; Beckham, G.T. Alkaline Pretreatment of Corn Stover: Bench-Scale Fractionation and Stream Characterization. ACS Sustain. Chem. Eng. 2014, 2, 1481–1491. [Google Scholar] [CrossRef]

	



Kim, H.-W.; Kataoka, M.; Ishikawa, K. Atomic Resolution of the Crystal Structure of the Hyperthermophilic Family 12 Endocellulase and Stabilizing Role of the DxDxDG Calcium-Binding Motif in Pyrococcus Furiosus. FEBS Lett. 2012, 586, 1009–1013. [Google Scholar] [CrossRef] [PubMed]

	



Bauer, M.W.; Driskill, L.E.; Callen, W.; Snead, M.A.; Mathur, E.J.; Kelly, R.M. An Endoglucanase, EglA, from the Hyperthermophilic ArchaeonPyrococcus Furiosus Hydrolyzes β-1,4 Bonds in Mixed-Linkage (1 → 3),(1 → 4)-β-d-Glucans and Cellulose. J. Bacteriol. 1999, 181, 284–290. [Google Scholar] [CrossRef] [PubMed]

	



Gloster, T.M.; Ibatullin, F.M.; Macauley, K.; Eklöf, J.M.; Roberts, S.; Turkenburg, J.P.; Bjørnvad, M.E.; Jørgensen, P.L.; Danielsen, S.; Johansen, K.S.; et al. Characterization and Three-Dimensional Structures of Two Distinct Bacterial Xyloglucanases from Families GH5 and GH12. J. Biol. Chem. 2007, 282, 19177–19189. [Google Scholar] [CrossRef] [PubMed]

	



Karim, A.; Nawaz, M.A.; Aman, A.; Ul Qader, S.A. Role of Anionic Polysaccharide (Alginate) on Activity, Stability and Recycling Efficiency of Bacterial Endo (1 → 4) β-d-Glucanase of GH12 Family. Catal. Lett. 2017, 147, 1792–1801. [Google Scholar] [CrossRef]

	



Crennell, S.J.; Hreggvidsson, G.O.; Nordberg Karlsson, E. The Structure of Rhodothermus Marinus Cel12A, A Highly Thermostable Family 12 Endoglucanase, at 1.8Å Resolution. J. Mol. Biol. 2002, 320, 883–897. [Google Scholar] [CrossRef]

	



Halldórsdóttir, S.; Thórólfsdóttir, E.T.; Spilliaert, R.; Johansson, M.; Thorbjarnardóttir, S.H.; Palsdottir, A.; Hreggvidsson, G.Ó.; Kristjánsson, J.K.; Holst, O.; Eggertsson, G. Cloning, Sequencing and Overexpression of a Rhodothermus Marinus Gene Encoding a Thermostable Cellulase of Glycosyl Hydrolase Family 12. Appl. Microbiol. Biotechnol. 1998, 49, 277–284. [Google Scholar] [CrossRef] [PubMed]

	



Sulzenbacher, G.; Shareck, F.; Morosoli, R.; Dupont, C.; Davies, G.J. The Streptomyces Lividans Family 12 Endoglucanase: Construction of the Catalytic Cre, Expression, and X-Ray Structure at 1.75 A Resolution. Biochemistry 1997, 36, 16032–16039. [Google Scholar] [CrossRef]

	



Kluepfel, D.; Shareck, F.; Mondou, F.; Morosoli, R. Characterization of Cellulase and Xylanase Activities of Streptomyces Lividans. Appl. Microbiol. Biotechnol. 1986, 24, 230–234. [Google Scholar] [CrossRef]

	



Sandgren, M.; Gualfetti, P.J.; Shaw, A.; Gross, L.S.; Saldajeno, M.; Day, A.G.; Jones, T.A.; Mitchinson, C. Comparison of Family 12 Glycoside Hydrolases and Recruited Substitutions Important for Thermal Stability. Protein Sci. 2003, 12, 848–860. [Google Scholar] [CrossRef]

	



Cheng, Y.-S.; Ko, T.-P.; Wu, T.-H.; Ma, Y.; Huang, C.-H.; Lai, H.-L.; Wang, A.H.-J.; Liu, J.-R.; Guo, R.-T. Crystal Structure and Substrate-Binding Mode of Cellulase 12A from Thermotoga Maritima. Proteins 2011, 79, 1193–1204. [Google Scholar] [CrossRef]

	



Cheng, Y.-S.; Ko, T.-P.; Huang, J.-W.; Wu, T.-H.; Lin, C.-Y.; Luo, W.; Li, Q.; Ma, Y.; Huang, C.-H.; Wang, A.H.-J.; et al. Enhanced Activity of Thermotoga Maritima Cellulase 12A by Mutating a Unique Surface Loop. Appl. Microbiol. Biotechnol. 2012, 95, 661–669. [Google Scholar] [CrossRef]

	



Okano, H.; Ozaki, M.; Kanaya, E.; Kim, J.-J.; Angkawidjaja, C.; Koga, Y.; Kanaya, S. Structure and Stability of Metagenome-Derived Glycoside Hydrolase Family 12 Cellulase (LC-CelA) a Homolog of Cel12A from Rhodothermus Marinus. FEBS Open Bio 2014, 4, 936–946. [Google Scholar] [CrossRef] [PubMed]

	



Huang, J.-W.; Liu, W.; Lai, H.-L.; Cheng, Y.-S.; Zheng, Y.; Li, Q.; Sun, H.; Kuo, C.-J.; Guo, R.-T.; Chen, C.-C. Crystal Structure and Genetic Modifications of FI-CMCase from Aspergillus Aculeatus F-50. Biochem. Biophys. Res. Commun. 2016, 478, 565–572. [Google Scholar] [CrossRef] [PubMed]

	



Yoshizawa, T.; Shimizu, T.; Hirano, H.; Sato, M.; Hashimoto, H. Structural Basis for Inhibition of Xyloglucan-Specific Endo-β-1,4-Glucanase (XEG) by XEG-Protein Inhibitor. J. Biol. Chem. 2012, 287, 18710–18716. [Google Scholar] [CrossRef] [PubMed]

	



Rashid, M.H.; Javed, M.R.; Kawaguchi, T.; Sumitani, J.; Arai, M. Improvement of Aspergillus Oryzae for Hyperproduction of Endoglucanase: Expression Cloning of Cmc-1 Gene of Aspergillus Aculeatus. Biotechnol. Lett. 2008, 30, 2165. [Google Scholar] [CrossRef]

	



Khademi, S.; Zhang, D.; Swanson, S.M.; Wartenberg, A.; Witte, K.; Meyer, E.F. Determination of the Structure of an Endoglucanase from Aspergillus Niger and Its Mode of Inhibition by Palladium Chloride. Acta Crystallogr. D Biol. Crystallogr. 2002, 58, 660–667. [Google Scholar] [CrossRef]

	



Master, E.R.; Zheng, Y.; Storms, R.; Tsang, A.; Powlowski, J. A Xyloglucan-Specific Family 12 Glycosyl Hydrolase from Aspergillus Niger: Recombinant Expression, Purification and Characterization. Biochem. J. 2008, 411, 161–170. [Google Scholar] [CrossRef]

	



RCSB PDB—4NPR: Crystal Structure of the Family 12 Xyloglucanase from Aspergillus Niveus. Available online: https://www.rcsb.org/structure/4NPR (accessed on 8 March 2021).

	



Damásio, A.R.L.; Ribeiro, L.F.C.; Ribeiro, L.F.; Furtado, G.P.; Segato, F.; Almeida, F.B.R.; Crivellari, A.C.; Buckeridge, M.S.; Souza, T.A.C.B.; Murakami, M.T.; et al. Functional Characterization and Oligomerization of a Recombinant Xyloglucan-Specific Endo-β-1,4-Glucanase (GH12) from Aspergillus Niveus. Biochim. Biophys. Acta BBA—Proteins Proteom. 2012, 1824, 461–467. [Google Scholar] [CrossRef]

	



Prates, É.T.; Stankovic, I.; Silveira, R.L.; Liberato, M.V.; Henrique-Silva, F.; Pereira, N.; Polikarpov, I.; Skaf, M.S. X-Ray Structure and Molecular Dynamics Simulations of Endoglucanase 3 from Trichoderma Harzianum: Structural Organization and Substrate Recognition by Endoglucanases That Lack Cellulose Binding Module. PLoS ONE 2013, 8, e59069. [Google Scholar] [CrossRef]

	



Generoso, W.C.; Malagó, W., Jr.; Pereira, N., Jr.; Henrique-Silva, F. Recombinant Expression and Characterization of an Endoglucanase III (Cel12a) from Trichoderma Harzianum (Hypocreaceae) in the Yeast Pichia Pastoris. Genet. Mol. Res. 2012, 11, 1544–1557. [Google Scholar] [CrossRef]

	



Sandgren, M.; Shaw, A.; Ropp, T.H.; Wu, S.; Bott, R.; Cameron, A.D.; Ståhlberg, J.; Mitchinson, C.; Jones, T.A. The X-Ray Crystal Structure of the Trichoderma Reesei Family 12 Endoglucanase 3, Cel12A, at 1.9 A Resolution. J. Mol. Biol. 2001, 308, 295–310. [Google Scholar] [CrossRef] [PubMed]

	



Sandgren, M.; Ståhlberg, J.; Mitchinson, C. Structural and Biochemical Studies of GH Family 12 Cellulases: Improved Thermal Stability, and Ligand Complexes. Prog. Biophys. Mol. Biol. 2005, 89, 246–291. [Google Scholar] [CrossRef] [PubMed]

	



Chung, D.; Young, J.; Bomble, Y.J.; Wall, T.A.V.; Groom, J.; Himmel, M.E.; Westpheling, J. Homologous Expression of the Caldicellulosiruptor Bescii CelA Reveals That the Extracellular Protein Is Glycosylated. PLoS ONE 2015, 10, e0119508. [Google Scholar] [CrossRef] [PubMed]

	



Brunecky, R.; Donohoe, B.S.; Yarbrough, J.M.; Mittal, A.; Scott, B.R.; Ding, H.; Ii, L.E.T.; Russell, J.F.; Chung, D.; Westpheling, J.; et al. The Multi Domain Caldicellulosiruptor Bescii CelA Cellulase Excels at the Hydrolysis of Crystalline Cellulose. Sci. Rep. 2017, 7, 9622. [Google Scholar] [CrossRef]

	



Vagin, A.; Teplyakov, A. Molecular Replacement with MOLREP. Acta Crystallogr. D Biol. Crystallogr. 2010, 66, 22–25. [Google Scholar] [CrossRef] [PubMed]

	



RCSB PDB—3B7M: Crystal Structure of a Meso-Active Thermo-Stable Cellulase (MT Cel12A) Derived by Making Non-Contiguous Mutations in the Active Surface of the Cel12A Cellulase of Rhodothermus Marinus. Available online: https://www.rcsb.org/structure/3B7M (accessed on 5 March 2021).

	



Murshudov, G.N.; Skubák, P.; Lebedev, A.A.; Pannu, N.S.; Steiner, R.A.; Nicholls, R.A.; Winn, M.D.; Long, F.; Vagin, A.A. REFMAC5 for the Refinement of Macromolecular Crystal Structures. Acta Crystallogr. D Biol. Crystallogr. 2011, 67, 355–367. [Google Scholar] [CrossRef]

	



Emsley, P.; Cowtan, K. Coot: Model-Building Tools for Molecular Graphics. Acta Crystallogr. D Biol. Crystallogr. 2004, 60, 2126–2132. [Google Scholar] [CrossRef]

	



PyMOL|Pymol.Org. Available online: https://pymol.org/2/ (accessed on 2 March 2021).

	



YASARA—Yet Another Scientific Artificial Reality Application. Available online: http://www.yasara.org/ (accessed on 2 March 2021).








[image: Ijms 23 06070 g001 550] 





Figure 1. (A) Analysis of relative activity of GuxA on Avicel (green), CMC (blue) and xylan (red) at various pH conditions. (B) Analysis of relative activity GuxA on Avicel (green), CMC (blue) and xylan (red) at various temperatures. 
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Figure 2. Investigation of the synergistic effects of GuxA with E1 on the deconstruction of Avicel using various mass ratios. Digestions were carried out for 72 h. 
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Figure 3. Investigation of the deconstruction of APCS: Glucan (A) and xylan (B) conversion using single enzymes and the two most extreme loadings of GuxA and E1 from Figure 2. Digestions were carried out for 72 h. 
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Figure 4. The crystal structure of the GuxA GH12 domain. (A) Viewed perpendicular to the β-jelly roll with β-strands labelled (N.B. strands A6 and B1, and parts of B7-B9 were not rendered as β-strands by PyMol). (B) The GH12 domain rotated 90° from A, viewed down the active site cavity. (C) Features of interest on the cellobiose bound structure—The two disulfides are shown in orange with cellobiose (cyan), the residues that coordinate it (blue) and the catalytic glutamate residues (light red) shown enlarged and reoriented in panel (D). 
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Table 1. Comparison of structural features of GH12s and their temperature optima. Where more than one PDB structure was available, the highest resolution structure with no mutations was chosen. The Ala35 equivalent column refers to the residue that is present at the position corresponding to the T. reesei GH12 alanine 35.
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	GH12 Source Organism
	PDB
	Cα RMSD w/7MKR (Å)
	Temperature Optimum (°C)
	Hydrogen Bonds
	Hydrophobic Interactions
	Salt Bridges
	Disulfide Bridges
	Ala35 Equivalent





	Acidothermus cellulolyticus
	7MKR
	0.000
	80
	176
	1034
	3
	2
	L



	Pyrococcus furiosus
	3VGI [21]
	1.397
	100 [22]
	212
	1652
	20
	0
	Y



	Bacillus licheniformis
	2JEM [23]
	1.37
	60 [24]
	187
	1206
	9
	0
	H



	Rhodothermus marinus ITI378
	2BWA [25]
	0.967
	100 [26]
	173
	1157
	9
	2
	V



	Streptomyces lividans
	2NLR [27]
	1.188
	60 [28]
	171
	1054
	5
	2
	A



	Streptomyces sp 11AG8
	1OA4 [29]
	1.237
	≥60 [29]
	174
	1022
	7
	2
	V



	Thermotoga maritima
	3AMH [30]
	1.425
	100 [31]
	202
	1624
	20
	0
	F



	Uncultured bacterium
	3WX5 [32]
	0.98
	90 [32]
	173
	1211
	9
	2
	I



	Aspergillus aculeatus F-50
	5GM4 [33]
	1.27
	50 [33]
	169
	1044
	4
	1
	V



	Aspergillus aculeatus KSM 510
	3VL8 [34]
	1.344
	50 [35]
	159
	1037
	2
	1
	V



	Aspergillus niger CBS 120.49/N400
	1KS4 [36]
	1.324
	60 [37]
	141
	1002
	4
	1
	V



	Aspergillus niveus PR-2
	4NPR [38]
	1.279
	60 [39]
	156
	1061
	2
	1
	F



	Hypocrea schweinitzii ATCC 66965
	1OA3 [29]
	1.253
	50 [29]
	168
	1032
	3
	1
	S



	Trichoderma harzianum IOC-3844
	4H7M [40]
	1.293
	48 [41]
	166
	1044
	4
	1
	V



	Trichoderma reesei QM9414
	1H8V [42]
	1.264
	50 [29]
	157
	991
	3
	1
	A
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