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ABSTRACT 23 

Cellulases from glycoside hydrolase (GH) family 5 are key enzymes in the degradation of 24 

diverse polysaccharide substrates and are used in industrial enzyme cocktails to break down 25 

biomass. The GH5 family shares a canonical (βα)8-barrel structure, where each (βα) module 26 

is essential for the enzyme stability and activity. Despite their shared topology, the 27 

thermostability of GH5 enzymes can vary significantly, and highly thermostable variants are 28 

often sought for industrial applications. Based on a previously characterized thermophilic 29 

GH5 cellulase from Talaromyces emersonii (TeEgl5A, with an optimal temperature of 90°C), 30 

we created ten hybrid enzymes with the mesophilic cellulase from Prosthecium opalus 31 

(PoCel5) to determine which elements are responsible for enhanced thermostability. Five of 32 

the expressed hybrid enzymes exhibit enzyme activity. Two of these hybrids exhibited 33 

pronounced increases in the temperature optima (10 and 20°C), T50 (15 and 19°C), Tm (16.5 34 

and 22.9°C), and extended half life, t1/2 (~240- and 650-fold at 55°C) relative to the 35 

mesophilic parent enzyme, and demonstrated improved catalytic efficiency on selected 36 

substrates. The successful hybridization strategies were validated experimentally in another 37 

GH5 cellulase from Aspergillus nidulans (AnCel5), which demonstrated a similar increase in 38 

thermostability. Based on molecular dynamics simulations (MD) of both PoCel5 and 39 

TeEgl5A parent enzymes as well as their hybrids, we hypothesize that improved hydrophobic 40 

packing of the interface between α2 and α3 is the primary mechanism by which the hybrid 41 

enzymes increase their thermostability relative to the mesophilic parent PoCel5. 42 

  43 
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IMPORTANCE 44 

Thermal stability is an essential property of enzymes in many industrial biotechnological 45 

applications, as high temperatures improve bioreactor throughput. Many protein engineering 46 

approaches, such as rational design and directed evolution, have been employed to improve 47 

the thermal properties of mesophilic enzymes. Structure-based recombination has also been 48 

used to fuse TIM-barrel fragments and even fragments from unrelated folds, to generate new 49 

structures. However, there are not many research on GH5 cellulases. In this study, two GH5 50 

cellulases, which showed TIM-barrel structure, PoCel5 and TeEgl5A with different thermal 51 

properties were hybridized to study the roles of different (βα) motifs. This work illustrates the 52 

role that structure guided recombination can play in helping to identify sequence function 53 

relationships within GH5 enzymes by supplementing natural diversity with synthetic 54 

diversity. 55 

 56 

Keywords: GH5 Cellulase; (βα)8-barrel structure; structure-based recombination; hybrid 57 

enzymes; thermostability;  58 
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INTRODUCTION 60 

Cellulases are a class of industrially important enzymes that have been widely used for 61 

biotechnological applications (1, 2). A subset of cellulases isolated from thermophilic 62 

microbes are highly thermostable, and display higher cellulolytic activity and half-life at 63 

elevated temperatures, which can in turn improve the economic viability of industrial 64 

processes by increasing enzymatic hydrolysis rates via operation at higher temperature (3, 4). 65 

The GH5 family of endoglucanases is a common component of enzyme cocktails for biomass 66 

conversion, and representatives across this family are able to act on diverse oligosaccharide 67 

substrates (5). The endoglucanase TeEgl5A from Talaromyces emersonii exhibits the highest 68 

thermostability known so far for this family, with an optimal temperature of 90°C (6). 69 

However, this is an outlier among fungal GH5 enzymes, with the most well characterized 70 

GH5 enzymes, including those from Piromyces rhizinflata (PrEglA) (7), Thermoascus 71 

aurantiacus (TaCel5A) (8), Hypocrea jecorina (Trichoderma reesei) (TrCel5A) (9), 72 

Ganoderma lucidum (GlCel5A) (10), and Aspergillus niger (AnCel5A) (11) exhibiting an 73 

optimal temperature below 70°C. These enzymes are less well suited for some industrial 74 

applications, so engineering a thermostable fungal endoglucanase that retains high catalytic 75 

activity is desirable.  76 

Various protein engineering approaches, such as rational design and directed evolution, 77 

have been employed to improve the thermal properties of mesophilic fungal cellulases 78 

(12-14). Among these, SCHEMA, a computational approach to select blocks of sequence 79 

with minimal disruption of residue-residue contacts in the resulting functional hybrids (15), 80 
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offers a useful tool to improve enzyme thermostability. This recombination method has been 81 

used to generate novel recombinant enzymes of β-lactamase, β-glucosidases, and GH6 82 

chimeras with significantly higher activity and thermostability (16-18). Structure-based 83 

fusion subdomains belonging to different proteins are also an effective method for creating 84 

hybrid enzymes with new properties (19). 85 

GH5 enzymes consist of an eightfold repeat of (βα) units that form a barrel, a common 86 

(βα)8 fold that prior experiments have shown are amenable to improvement through the 87 

combinatorial shuffling of polypeptide segments to improve or add functionalities to the 88 

protein. For example, the N- and C-terminal four (βα)4-barrels of histidine biosynthetic 89 

enzymes were assembled to give two highly active hybrid enzymes HisAF and HisFA with 90 

the (βα)8 fold (20, 21). A high degree of internal structure was exhibited in these two fusion 91 

proteins. Sequence-function analysis showed that the recombined protein fragments 92 

contributed additively to enzymatic properties in a given chimera (22). In a subsequent 93 

experiment, the half barrel of HisF was replaced with (βα)5-flavodoxin-like fold from the 94 

unrelated but structurally compatible bacterial response regulator CheY, resulting in a stable 95 

protein with a (βα)8-like fold (23). Later, a catalytically active form of the symmetrical barrel 96 

was obtained by fusing two copies of the C-terminal half-barrel HisF-C of HisF (24). 97 

Together, these examples suggest that the symmetrical (βα)8 barrels like GH5 enzymes are a 98 

suitable scaffold for engineering new enzyme properties or functionalities (25).  99 

In this study, we use the plasticity of the classical (βα)8 barrel fold highlighted above to 100 

probe the relationship between structure and thermostability in fungal GH5 cellulases by 101 
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conducting structure-guided protein engineering. The cellulase TeEgl5A from T. emersonii (6) 102 

exhibits high thermostability, retaining almost all of the activity after incubation at 70°C for 1 103 

h, although the structural underpinning for thermal tolerance in this enzyme is unknown. 104 

There are many homologous mesophilic proteins. We specifically investigate the cellulase 105 

PoCel5 from Prosthecium opalus 125034 which retains only <20% activity at 70°C for 10 106 

min. PoCel5 shares the (βα)8-barrel structure with TeEgl5A along with 51% sequence 107 

identity, but shows a much lower temperature optimum, 60°C relative to 90°C, and has been 108 

shown to be experimentally tractable to work with (26). By using the fusion approach, the 109 

combinations of the first four (βα) module(s) of TeEgl5A were introduced into PoCel5, 110 

producing ten hybrid enzymes (Table1, Fig. S1). Two of these hybrids exhibit substantial 111 

improvements in thermostability relative to the mesophilic parent and catalytic efficiency for 112 

specific substrates, which have the potential to lower process costs in industrial 113 

bioconversion processes. The functional roles of this N-terminal sequence were also verified 114 

in another GH5 cellulase from Aspergillus niger (11) and its hybrid. With this work, we 115 

determined the structural regions in TeEgl5A that contribute to its high thermostability. 116 

Comparative molecular dynamics (MD) simulations suggest that improved hydrophobic 117 

packing of the interface between α2 and α3 helices is the primary mechanism behind the 118 

improved hybrid thermostability. These simulations also indicate a TeEgl5A-specific 119 

hydrogen-bond network surrounding R52 that may be an attractive target to further improve 120 

GH5 thermostability.  121 

 122 
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RESULTS  124 

  Cloning and sequence analysis of PoCel5. A gene fragment, 341 bp in length, was 125 

amplified from the genomic DNA of P. opalus CBS 125034, using GH5-specific primers. 126 

The 5′ and 3′ flanking regions were obtained by TAIL-PCR and assembled with the known 127 

sequence to give full-length PoCel5 (1062 bp). Sequence analysis indicated that the ORF of 128 

PoCel5 is interrupted by one intron (69 bp). The cDNA of PoCel5 contained 993 bp that 129 

encoded a GH5 endoglucanse of 330 amino acids with an estimated molecular mass of 35 130 

kDa and a predicted pI value of 4.94. Based on high sequence homology with other GH5 131 

cellulases of known structure, PoCel5 likely contains only one catalytic domain with a 132 

(βα)8-barrel fold. Similarly, N-terminal 19 amino acids were predicted to be a signal peptide, 133 

and three N-linked glycosylation sites (Asn23, Asn64, and Asn76) are possible based on 134 

protein sequence and structure (Fig. 1).  135 

  Design and production of a chimeric enzyme library. The thermophilic TeEgl5A 136 

enzyme (temperature optimum at 90°C), exhibits high catalytic efficiency and broad substrate 137 

specificity (6), and shares a common (βα)8-barrel fold with PoCel5. This (βα)8-TIM-barrel 138 

structure is common in 28 GH families, which include xylanases, cellulases, mannanases, 139 

amylases, and triosephosphate isomerases (CAZy; http://www.cazy.org) (27), and may have 140 

evolved through gene duplication event as in a previously studied imidazole glycerol 141 

phosphate synthase (28). Catalytic amino acids typical of GH5 cellulases are also shared 142 

between both TeEgl5A and PoCel5. 143 
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Based on this common structure and functionality, we swapped sequence fragments 144 

between TeEgl5A and PoCel5 to create a chimeric cellulase library. These sequence swaps 145 

occur at the boundary of individual (βα) modules. Within each module, there is a β-strand 146 

and α-helix linked together by a βα-loop. For enzymes with a (βα)8 topology, the eight 147 

β-strands assemble into a central β-sheet, i.e. the barrel, which is surrounded by eight 148 

α-helices (10). Guided by the enzyme structures, the N-terminal and C-terminal modules of 149 

endoglucanases TeEgl5A, PoCel5, and AnCel5A were used to design twelve fusion proteins, 150 

combinatorically isolating the specific fragments that result in improved thermostability (Fig. 151 

S1 and Table 1).  152 

  Expression and purification of PoCel5 and hybrid enzymes. Recombinant PoCel5 was 153 

successfully produced in P. pastoris GS115 component cells after a 48-h methanol induction. 154 

The enzyme was purified to electrophoretic homogeneity (Fig. S2a) but with an apparent 155 

molecular mass higher than the predicted value (35 kDa), with glycosylation likely 156 

accounting for the higher molecular weight. After treatment with Endo H to remove 157 

glycosylation, recombinant PoCel5 migrated as a protein band corresponding to its expected 158 

molecular mass. 159 

Five (H4, H5, H6, H8, and H9) of the ten PoCel5-TeEgl5A hybrid enzymes exhibited 160 

cellulase activity measured by DNS. In comparison to the wild-type, these active hybrids 161 

showed various protein migration patterns in the gel before and after Endo H treatment to 162 

remove enzyme glycosylation (Fig. S2a). The different numbers of structure-based 163 

N-glycosylation sites, four (Asn2, Asn23, Asn63, and Asn76) for H4, two (Asn21 and Asn44) 164 
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for H5, two (Asn2 and Asn23) for H6, one (Asn36) for enzymes H8, and H9, may account 165 

for this variation. After the Endo H treatment, all hybrid enzymes exhibited a molecular mass 166 

equal to their estimated values (Table 1).  167 

  Effect of pH. The effect of pH on the activity and stability of wild-type and hybrid 168 

enzymes was determined using CMC-Na as the substrate. The wild-type and hybrid H4 were 169 

optimally active at pH 5.0, while the others had a pH optimum at 4.0 (Fig. 2a). The enzymes 170 

exhibited pH-dependent stability (Fig. 2b). The wild-type and hybrids H4H6 retained 171 

long-term activity over a pH range of 4.0 to 7.0 (>80% activity), were largely ineffective and 172 

possibly unfolded at pH 8.09.0, but retained >50% activity at pH 10.012.0. In contrast, 173 

hybrids H8 and H9 had a broader pH stability range, retaining >70% activity at pH 3.0 to 174 

10.0. 175 

  Thermal property analysis. To determine the optimal temperature of PoCel5 and hybrids, 176 

their enzyme activities at different temperatures (4090°C) were determined after a 10 min 177 

reaction with 1% CMC-Na in 100 mM citric acid-Na2HPO4 at optimal pH. The optimal 178 

temperature of wild-type PoCel5 was determined to be 60°C (Fig. 2c). When replacing the 179 

(βα) module(s) of PoCel5 with those from TeEgl5A, the temperature optima of all hybrids 180 

were lower than the 90°C for TeEgl5A. H4 exhibited maximum activity at 50°C, H5 and H6 181 

had a temperature optimum of 60°C similar to the wild-type, and H8 and H9 showed optimal 182 

activities at 80°C and 70°C, respectively. Significant differences were also seen in their 183 

thermostability (Fig. 2d). When incubated at 70°C, PoCel5 as well as hybrids H4H6 lost 184 

activity rapidly, retaining <20% activity within 10 min. By contrast, H8 and H9 retained >60% 185 
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activity for 1 h, indicating that in this case the replacement of the N-terminal (βα) module(s) 186 

from the mesophilic PoCel5 with the thermophilic TeEgl5A improved hybrid thermostability. 187 

The thermal stability parameters of the wild-type PoCel5 and PoCel5-TeEgl5A hybrids 188 

were also compared (Table 2). The T50, Tm, and t1/2 values at 55°C of PoCel5 were 57°C, 189 

53.6°C, and 0.4 h, respectively. In comparison to the wild-type, hybrids H6, H8, and H9 190 

show higher T50 (719°C increase) and Tm (7.622.9°C increase) values and longer t1/2 191 

(16650-fold) at 55°C, with H8 and H9 being more thermostable.  192 

  Specific activity and kinetics. GH5 cellulases can often act on multiple substrates, 193 

including glucan substrates as well as birchwood xylan, Avicel, and laminarin (6, 29, 30). 194 

Table 3 shows the activity of the enzyme library on four substrates. Enzymatic digestion was 195 

fastest for barley β-glucan, lichenan, and CMC-Na, with comparatively slow activity when 196 

given locust bean gum as a substrate. The enzymes demonstrated no activity with birchwood 197 

xylan, Avicel, and laminarin, suggesting specificity typical of cellulolytic endoglucanases. 198 

The specific activities of PoCel5 against barley β-glucan, lichenan, and CMC-Na were higher 199 

than that of hybrids H4‒H6 with the replacements of β4α4 (H4), β1α1 + β2α2 (H5), and β2α2 + 200 

β3α3 (H6), but much lower than that of hybrids H8 and H9 and TeEgl5A. These results 201 

indicate that introduction of the N-terminal three (hybrid H8) and four (hybrid H9) blocks of 202 

(βα) modules of TeEgl5A improved the catalytic performance of PoCel5. H9 exhibited the 203 

highest specific activities among all enzymes against barley β-glucan, lichenan, and CMC-Na, 204 

which were 20%, 116%, and 160% higher than that of the parental PoCel5 enzyme, 205 
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respectively. The improved catalysis is in some cases non-additive, as both H8 and H9 206 

demonstrated improved performance on CMC-Na relative to both parent enzymes.207 

  To better understand the effect of different motifs from TeEgl5A on the catalytic 208 

performance of PoCel5, kinetic studies of the wild-type PoCel5 and PoCel5-TeEgl5A 209 

hybrids were performed using CMC-Na as the substrate at the optimal reaction conditions of 210 

each enzyme (Table 4). The Km and Vmax values of PoCel5 were 4.9 ± 0.3 mg/mL and 647 ± 211 

46.7 mol/min/mg, respectively, and its catalytic efficiency was kcat/Km 76.2 ± 1.8 mL/s/mg, 212 

which is lower than that of the EG (118 mL/s/mg) from Penicillium purpurogenum (31). The 213 

kinetic values of the hybrids had the same trends as the specific activities. In comparison to 214 

the PoCel5 parent, hybrids H4H6 showed decreased substrate affinity (higher Km values) 215 

and reduced reaction velocity and turnover rates (lower Vmax and kcat values), while hybrids 216 

H8 and H9 showed greater substrate affinity, reaction velocity, and turnover rates. The 217 

catalytic efficiencies of the hybrids H4H6 decreased to 17.451.4% to that of PoCel5, and 218 

those of H8 and H9 increased up to 276%. The H8 and H9 enzymes specifically are in some 219 

sense even more efficient than the thermophilic TeEgl5A parent, as they combine the high 220 

affinity of PoCel5 with the higher turnover rate of TeEgl5A for a 2-3 fold improvement in 221 

catalytic efficiency (kcat/Km) relative to either parental enzyme. These findings indicate that 222 

the replacement of different (βα) modules from TeEgl5A could either enhance or prove 223 

deleterious to the function of PoCel5, depending on the specific replacements made. The 224 

primary differences in the five PoCel5-TeEgl5A hybrids in catalytic performance (substrate 225 

binding, enzyme catalysis, and product dissociation) may be attributed to their structural 226 
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differences. The hybrids H4H6 had only one or two (βα) module(s) from TeEgl5A, while 227 

the hybrids H8 and H9 contained three or four (βα) exogenous modules (Table 1). Hybrids 228 

H5 and H8 had one module difference (β1α1+β2α2 vs. β1α1+ β2α2+β3α3), but varied in 229 

temperature optima (60°C vs. 80°C), thermal stability, and catalytic performance. Based on 230 

these results alone, we conjecture that the β3α3 module may play a key role in protein 231 

structure and catalysis. However, hybrid H3 (containing the β3α3 of TeEgl5A alone) did not 232 

show improvements in the properties examined in this study. Moreover, the hybrids H4 233 

containing partial segments of the replaced modules of H8 and H9 had no improvement in 234 

stability and catalysis.  235 

  Functional verification by AnCel5 and its hybrids. To verify the common effect of the 236 

(βα)1-3 and (βα)1-4 modules of TeEgl5A, the corresponding part of another GH5 cellulase 237 

from A. nidulans was also replaced (11). Two hybrid enzymes (AnCel5-H1 and AnCel5-H2) 238 

were constructed and produced in P. pastoris GS115, but only AnCel5-H2 showed cellulase 239 

activity. After purification to homogeneity (Fig. S2b), the wild-type AnCel5 and hybrid 240 

AnCel5-H2 were biochemically characterized. Both AnCel5 and AnCel5-H2 were optimally 241 

active at pH 4.0 (Fig. S3a). However, AnCel5-H2 showed adaptability and stability over 242 

higher temperatures. It had an optimal temperature of 80°C, 10°C higher than that of the 243 

wild-type AnCel5 (Fig. S3b). AnCel5 was stable at temperature 60°C, while the hybrid 244 

AnCel5-H2 retained stability at 70°C (Fig. S3c). Moreover, AnCel5 lost activity rapidly at 245 

70°C and 80°C (retaining <10% within 20 min); under the same conditions, AnCel5-H2 246 

retained >30% activity after a 1 h-incubation (Fig. S3d). The T50, Tm, and t1/2 (70°C) values of 247 
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AnCel5 and AnCel5-H2 were 70 ± 2 and 78 ± 1°C, 83.5 ± 1.0 and 87.0 ± 1.0°C, and 0.6 ± 0.1 248 

and 9.0 ± 0.6 h, respectively. When using CMC-Na as the substrate, AnCel5 and AnCel5-H2 249 

showed a specific activity of 1818 ± 26 and 2800 ± 34 U/mg respectively, similar Vmax (2397 250 

± 57 vs. 2486 ± 36 mol/min/mg) and kcat (1402 ± 35 vs. 1462 ± 47 /s) values, but different 251 

Km values (4.2 ± 0.3 vs. 3.4 ± 0.2 mg/mL). When combined with the previous results, 252 

selective recombination of different related enzymes can indeed be an effective strategy for 253 

improving the thermal stability and catalytic efficiency of GH5 fungal cellulases. 254 

  Mechanism of improved thermostability. The evidence presented indicates that there are 255 

structural elements unique to the N-terminal region of the thermophilic TeEgl5A that enhance 256 

the performance of the enzyme at high temperature. Based on the determined melting 257 

temperatures (Table 2), a region of particular interest would be the interface between β2α2 and 258 

β3α3, which when replaced by the TeEgl5A equivalent as in H6, raises the melting 259 

temperature relative to unaltered PoCel5 by nearly 10°C. Additional 1015°C increases in 260 

the melting temperature when β1α1 from TeEgl5A are also included, as in H8 and H9, but not 261 

when independently replaced, as in H1 and H5, suggest that the β1α1 module also is involved 262 

in the denaturation process of these hybrid enzymes. 263 

  To explore which specific interactions may participate in the increased melting points of 264 

specific chimeras, conventional equilibrium MD simulations were performed for models of 265 

H8, H9, as well as both parent enzymes. By varying the simulation temperature from 25°C 266 

(298K) to near the melting point 70°C (343K) and beyond to 125°C (398K), we track how 267 

these interactions change with temperature over the course of the five replicates for each 268 
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combination of temperature and protein. By correlating specific interactions with temperature 269 

change across the conformational ensemble created by simulation, we resolve the improved 270 

hydrophobic packing at the interface between modules 2 and 3. Since single simulations are 271 

only 200 ns long, only minimal thermal denaturation is observed. Together, the results from 272 

the MD simulations provide mechanistic insight as to the denaturation process, and how it is 273 

arrested in part in the H8 and H9 hybrids. 274 

  Barrel stabilization by hydrogen bond networks. A commonly invoked mechanism to 275 

improve protein thermostability are rigidifying mutations (32), which would result in 276 

significantly lower fluctuations for specific residues. Using MD simulations, we can directly 277 

test for reduced fluctuations at specific residue positions by computing the root mean squared 278 

fluctuation (RMSF), which measures the mean fluctuation away from the average position of 279 

that residue (Fig. 3). We find that there is a consistent reduction in fluctuation at elevated 280 

temperature only for the original thermophilic TeEgl5A, particularly in structured regions 281 

within the β-sheets. The hybrid enzymes, by contrast, have fluctuations in line with what was 282 

observed in PoCel5, even in regions where the sequence was identical to TeEgl5A (β1α1-β3α3 283 

for H8, β1α1-β4α4 for H9). Thus, the increased thermostability of H8 and H9 are not strictly 284 

due to rigidifying mutations.  285 

  Instead, the reduced RMSF for the β-sheets within TeEgl5A imply that there are specific 286 

interactions formed within the barrel of TeEgl5A that are not present in the PoCel5 or its 287 

hybrids. From the sequences alone, it is not clear which residues are in close proximity and 288 

might interact across the barrel. TeEgl5A sequence introduces a number of charged residues 289 

not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which wasthis version posted August 1, 2018. ; https://doi.org/10.1101/382069doi: bioRxiv preprint 

https://doi.org/10.1101/382069


 

 

17 

within the barrel relative to PoCel5, some of which were determined to be protonated at 290 

physiological pH by pKa estimation tools (33) based on their inaccessibility to water and 291 

possible hydrogen bonds that could be made with neighboring residues. The network of 292 

interactions that is formed in TeEgl5A (Fig. 4B) directly connects together more structural 293 

elements relative to the interactions seen in PoCel5 (Fig. 4A), reducing the fluctuation 294 

increases within the central barrel as the temperature rises (Fig. 3). In the hybrid enzymes, 295 

only some of these interactions are retained. There is effectively a Q94D mutation in both H8 296 

and H9 due to the sequence they inherit from TeEgl5A. This change relative to PoCel5 is 297 

sufficient to provide R52 a strong binding partner and significantly lower the fluctuations of 298 

the R52 residue in the hybrids, as indicated by the black arrows in Fig. 3. 299 

  Other interactions found in TeEgl5A that further stabilize the central barrel are missing 300 

from the hybrids. One example occurs at position 201, where H8 and H9 retain Q201 instead 301 

of E201 found in TeEgl5A. As a result, neighboring charged residues do not form extended 302 

hydrogen bonding networks as they do in TeEgl5A (Fig. 4B), and instead show a lack of 303 

interaction similar to PoCel5 (Fig. 4A). At low temperatures, the weaker hydrogen bond 304 

networks formed with N13 and sporadic interactions between Q94 and Q201 are sufficient to 305 

stabilize the barrel. However, without the central barrel stabilization brought about by the 306 

additional hydrogen bonds seen in TeEgl5A, the barrel exhibits higher fluctuations with 307 

increasing temperature. The extensive TeEgl5A interaction network increases thermostability 308 

of the barrel complex, and may be an additional avenue by which thermostability could be 309 
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further improved, similar to efforts in other fungal cellulases to add hydrogen bonds to 310 

improve thermostability (34, 35). 311 

  Specific Interactions in β2α2 and β3α3. To narrow down what subdomain components are 312 

interacting, we first evaluated hydrogen bonds within the first 4 module sets (Table 5). In this 313 

analysis, we see that PoCel5 actually creates hydrogen bonds more frequently within the first 314 

4 modules than do the hybrids or the thermophilic enzyme. This difference shrinks when the 315 

same analysis is conducted on the higher temperature simulations (Tables S2 and S3), 316 

indicating that these interactions are not as stable overall. In part, this may be due to the 317 

unexpected hydrogen bond formed between Y77 and V53 in the TeEgl5A and the hybrids H8 318 

and H9 (Fig. 4D) but is not present in PoCel5 (Fig. 4C). This interaction is the only direct 319 

hydrogen bond formed that goes between a helical segment and a beta strand within the first 320 

four modules of the enzyme (Table 5). When combined with the adjacent rigidifying 321 

interactions in the barrel core surrounding R52, this provides part of a mechanism of how 322 

sequence replacement improves thermostability. 323 

The hydrogen bond from Y77 to V53 is made possible by other aromatic residues in the 324 

vicinity subtly perturbing the relative orientation of the α2 and α3 helices. In PoCel5, residue 325 

123 is a tyrosine, which interacts with T78 to satisfy its hydrogen bonding requirements in an 326 

otherwise hydrophobic region of the protein (Fig. 4C). The effective Y123F mutation in the 327 

hybrids and TeEgl5A, coupled to N122 hydrogen bonding to S78, creates a hydrophobic 328 

pocket full of favorable π-stacking interactions (Fig. 4D). The stacking interactions maintain 329 

a favorable environment for Y79 without causing a helix rotation that would destroy the 330 
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structure, in turn causing the carbonyl of V53 to have an alternate hydrogen bonding partner. 331 

These interactions together mean that the hydrophobic packing improves at this interface 332 

relative to the mesophile, a phenomena that has been noted in interaction clusters in other 333 

cellulases (36). 334 

  An alternative method of quantifying these hydrophobic interactions is to determine the 335 

number of contacts between different structural elements within the enzyme. The overall 336 

contact structure highlights the similar fold between all of the enzymes considered here (Fig. 337 

S4). However, the most revealing aspect of contact analysis occurs when comparing the 338 

number of contacts across different temperatures (Fig. 5). As expected, the number of 339 

observed contacts tends to decrease at high temperature due to the increased fluctuation 340 

computed previously (Fig. 3). The singular clear exception are the contacts between α2 and α3, 341 

which actually increase with temperature in the hybrids and TeEgl5A. The hydrophobic 342 

effect strengthens at higher temperature (37), driving the observed aromatic packing within 343 

the simulations.  344 

DISCUSSION 345 

Protein structure and function evolve through sequence changes, substitutions, duplications, 346 

insertions, and deletions, including rearrangement or recombination of short fragments as we 347 

did here, building on earlier work showing that folded hybrid domains can be generated by 348 

shuffling polypeptide segments (38). Based on prior experimental and structural studies 349 

suggesting that the common (βα)8 barrel or TIM barrel evolved from an ancestral half-barrel 350 
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through a series of duplication, fusion, and diversification events (20, 39), including specific 351 

research in glycoside hydrolases (40, 41), our work here is in effect accelerated evolution 352 

with a particular design goal in mind. The research here is designed to combine the high 353 

substrate affinity of a mesophilic enzyme with the thermostability of a thermophilic enzyme 354 

to produce more efficient enzymes for specific substrates.  355 

The key to the success of the improved enzyme variants was replacing the N-terminal half 356 

barrel, as the C-terminal half-barrel hybrid was not functional. This has precedence elsewhere 357 

in the literature for TIM barrel enzymes. In previous study, Prerna Sharma and coworkers 358 

reported that a stable and active chimera CelBCelCCA, which showed maximum activity at 359 

70°C and was created by fusion the N-half barrel of the thermophilic CelB (maximum 360 

activity at 95°C) and C-half barrel of mesophilic CelCCA (maximum activity at 50°C) (40). 361 

Furthermore, Numata et al. constructed chimeric isopropylmalate dehydrogenases by 362 

connecting fragments from a thermophilic and a mesophilic parental enzyme. They found 363 

that the thermal stability of the chimeric enzymes was nearly proportional to the fraction of 364 

the sequence coming from the thermophilic enzyme, suggesting that amino acid residues 365 

contributing the thermal stability distribute themselves in the N-terminal half (42). Together 366 

with our results, this suggests that the N-terminal half barrel determines the thermostability of 367 

TIM barrel proteins, possibly by being the first part to unfold completely at the melting 368 

transition, although this was not observed over the short simulation timescales. 369 

The observed high activity of two hybrid enzymes on specific substrates was also not 370 

guaranteed. Recombination of the segments between related enzymes often results in hybrids 371 
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with diminished activity. For example, Hosseini-Mazinani and coworkers created 18 hybrid 372 

genes by substituting the coding region of the P. vulgaris β-lactamase gene with the 373 

equivalent portions from the RTEM-1 gene (43). Most of these hybrids produced inactive 374 

proteins, and a few hybrid enzymes had partial or trace activity. Even though the previously 375 

mentioned chimera CelBCelCCA displays hyperthermophile-like structural stability, the 376 

chimera activity is significant lower than those of the parental enzymes CelB or CelCCA (40). 377 

Similarly, in our research, half of the ten hybrids showed no activity even though they were 378 

constructed with similar methodology as the other five that were active, implying that more 379 

research will need to be done to determine what are the determinants of chimeric protein 380 

function. 381 

To our surprise, two hybrid enzymes (H8 and H9) demonstrated increased the enzyme 382 

specific activity and catalytic efficiency using carboxymethylcellulose sodium (CMC-Na) as 383 

a substrate. Normally, mutants with increased stability often lose catalytic efficiency because 384 

flexibility is required for enzyme activity, whereas structural rigidity improves 385 

thermostability (32, 44). In contrast to this, both H8 and H9 showed improvement on 386 

thermostability and catalytic efficiency, which reduces the enzyme loading (and thereby the 387 

cost) required for production. We suspect that the systematic nature of the SCHEMA 388 

replacement and high structural homology of the TIM barrel proteins resulted in correctly 389 

positioned amino acids that were in the appropriate position for substrate binding and 390 

catalytic bond cleavage after functional domain recombination.   391 
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Parental enzymes that are sufficiently related lend themselves to the construction of hybrid 392 

proteins. Recombination segments or subdomain of proteins lies in the high similarity, thus 393 

the interaction required for the proper structure and function of hybrids will be retained. Then, 394 

recombinants are analyzed in an attempt to identify determinants responsible for parameters 395 

such as thermostability or activity (45). Based on the identity of the modules replaced in 396 

hybrids exhibiting enhanced thermostability, H8 and H9, and to some extent H6, the 397 

reasonable conclusion is that the interfaces between the β2, α2, β3, and α3 elements within 398 

PoCel5 are stabilized through hybridization with TeEgl5A. In addition, with the results 399 

showing the mechanism behind the melting point improvement of the H8 and H9 hybrids 400 

relative to the progenitor PoCel5, we can begin to speculate on the thermal denaturation 401 

mechanism of PoCel5. Since the hybrid enzymes strengthened hydrophobic interactions 402 

between the second and third module to improve the melting point, this suggests that native 403 

PoCel5 unfolding is initiated by water disrupting the packing between α2 and α3. One 404 

potential mechanism seen in simulation is T78 rotating away from its hydrogen bonding 405 

interaction with Y123 when it has the thermal energy to do so, drawing water to interact 406 

closely with Y123. In the H6, H8, and H9 hybrids, increasing the temperature strengthens the 407 

aromatic hydrophobic interactions at this same interface, raising the melting point until 408 

another structural element denatures and disrupts the structure.  409 

The order of the relative melting points between H6, H8, and H9 can be used to inform the 410 

order of denaturation. Hybrid H6 has a lower melting point than H8 or H9 while sharing the 411 

thermophilic version of modules 2 and 3, but not module 1. This suggests that a structural 412 
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element in module 1 unfolds first, likely α1 due to its greater accessibility to solution. After α1 413 

unfolds, α2 would then not be packed against it, and may then drift away from α3, perturbing 414 

the packing between α2 and α3 and leading to enzyme unfolding. Our analysis finds no 415 

specific interactions with the remainder of the enzyme that would stabilize α1. Instead, our 416 

hypothesis is much simpler, and is motivated by sequence changes at the N-terminal end of 417 

α1. Residue 35 of TeEgl5A is a proline, compared with a tyrosine in PoCel5. Prolines at the 418 

N-terminal end are known to raise the melting point of α-helices (46-48). Similarly residue 36 419 

of TeEgl5A introduces an additional N-glycosylation site relative to PoCel5. Glycosylation is 420 

also known to increase the thermostability of α-helices (49, 50). Together, these changes 421 

maintain the structure of α1 up to higher temperature, which in turn protects the packing of 422 

the α2 and α3 helices. 423 

This does not, however, mean that α1 is the first helix to unfold. Even considering the short 424 

simulated timescales, we observed a loss of structure in α5 even at modest temperature, as 425 

evidenced by the high RMSF in that part of the protein (Fig. 3). It may be that this helix is 426 

natively in equilibrium between its folded and unfolded states, and that the adjacent residues 427 

were uniquely chosen to form compensatory interactions with the unfolded helix, preserving 428 

the overall structure. Such compensatory interactions would provide a mechanism for the 429 

melting point differential between H8 and H9, since only in H9 is the native α4-α5 interface is 430 

disrupted by the sequence changes made. However, another possible explanation is that the 431 

unfolding of α5 is a modelling artefact of adding in two additional alanines relative to the 432 

homologous crystallographic models. 433 
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In summary, through combinatorial swapping of sequence elements between a mesophilic 434 

and thermophilic cellulase, we created two enzymes with higher efficiency than either of the 435 

parental enzymes. These successful hybrid enzymes demonstrate increased thermostability 436 

relative to the mesophilic parent, while still less than that of a true thermophile. The high 437 

efficiency and improved thermostability may be useful for reducing enzyme loadings within 438 

industrial processes. Through the companion MD simulations performed at a ladder of 439 

temperatures, the interactions that lead to enhanced thermostability have been identified on 440 

the α2-α3 interface, which improves residue packing. Recapitulating the R52 interactions 441 

identified with surrounding anionic residues in the thermophilic TeEgl5A may be a further 442 

method of stabilizing the newly created hybrid enzymes. 443 

MATERIALS AND METHODS 444 

  Strains, plasmids, and chemicals. The donor P. opalus CBS 125034 strain was cultivated 445 

at 28°C in an inducing medium containing 5 g/L
 
(NH4)2SO4, 1 g/L KH2PO4, 0.5 g/L 446 

MgSO4·7H2O, 0.2 g/L CaCl2, 10 mg/L FeSO4·7H2O, 30 g/L corncob, 30 g/L soybean meal, 447 

and 30 g/L wheat bran. Escherichia coli Trans I-T1 (TransGen, Beijing, China) was used for 448 

gene cloning and construction of the hybrid enzymes. The vector pPIC9 and Pichia pastoris 449 

GS115 from Invitrogen (Carlsbad, CA) was used for enzyme expression. Yeast extract 450 

peptone dextrose (YPD), minimal dextrose (MD), buffered glycerol complex (BMGY), and 451 

buffered methanol complex (BMMY) were prepared according to the Pichia Expression Kit 452 

manual (Invitrogen). The FastPfu DNA polymerase from TransGen, restriction 453 

endonucleases from Fermentas (Burlington, Ontario, Canada), T4 DNA ligase from New 454 
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England Biolabs (Hichin, UK), and BglII from TaKaRa (Kyoto, Japan) were purchased. The 455 

substrates carboxymethyl cellulose-sodium (CMC-Na), barley β-glucan, Avicel, laminarin, 456 

birchwood xylan, and locust bean gum were supplied by Sigma-Aldrich (St. Louis, MO). 457 

Lichenan was purchased from Megazyme (Wicklow, Ireland).  458 

  Cloning and sequence analysis of the gene Pocel5. The genomic DNA of P. opalus CBS 459 

125034 was extracted using a DNA isolation kit (Tiangen, Beijing, China). The total RNA 460 

was extracted, reverse transcribed, and used as a template for cDNA amplification as 461 

described by Zhao et al. (51). Using the genomic DNA of P. opalus CBS 125034 as a 462 

template, the core region of the cellulase-encoding gene PoCel5 was amplified with a 463 

degenerate primer set GH5-F/GH5-R (Table S1), and its 5′- and 3′- flanking regions were 464 

obtained by thermal asymmetric interlaced (TAIL)-PCR with four arbitrary degenerate 465 

primers from TaKaRa Genome Walking Kit and four nested specific primers (us-1, us-2, ds-1, 466 

and ds-2) (Table S1) designed based on the core region sequence of PoCel5 (52). The PCR 467 

products were ligated with pEASY-T3 vector for sequencing and assembled to give the 468 

full-length PoCel5 (GenBank accession number ARO48344). The expression primers 469 

Pocel5-F/Pocel5-R with EcoRI and NotI restriction sites (Table S1) were used to amplify the 470 

cDNA fragment coding for mature PoCel5 without the putative signal peptide sequence. The 471 

PCR product was purified using the Gel Extraction Kit (Omega Bio-tek, Norcross, GA) and 472 

then ligated into the pPIC9 expression vector to produce the recombinant expression vector 473 

pPIC9-Pocel5. 474 
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The DNA and amino acid sequences were analyzed using the BLASTx and BLASTp 475 

programs (http://www.ncbi.nlm.nih.gov/BLAST/) (53), respectively. The introns, exons, and 476 

transcription initiation sites were predicted using the GENSCAN Web Server 477 

(http://genes.mit.edu/GENSCAN.html) (54). SignalP 3.0 was used to predict the signal 478 

peptide sequence (http://www.cbs.dtu.dk/services/SignalP/) (55). Sequence assembly and 479 

estimation of the molecular mass and pI of the mature peptide were performed using the 480 

Vector NTI Suite 10.0 software (Invitrogen). 481 

  Production and purification of the recombinant PoCel5. The recombinant plasmid 482 

pPIC9-Pocel5 was linearized by BglII and transformed into P. pastoris GS115 competent 483 

cells by electroporation. Transformants were selected on plates of minimal dextrose medium 484 

at 30°C for 2 days. The positive clones were grown in shaker tubes containing 3 mL of 485 

BMGY at 30°C for 48 h, followed by cell collection and enzyme induction in 1.5 mL BMMY 486 

containing 0.5% methanol at 30°C for 72 h. The culture supernatant of each transformant was 487 

collected by centrifugation at 12,000 × g for 10 min at 4°C and examined by both 488 

SDS-PAGE and a cellulase activity assay. The positive transformants were also verified by 489 

colony PCR and sequencing. For scale-up cultivation, the transformant with highest cellulase 490 

activity was grown in 1-L Erlenmeyer flasks containing 400 mL of BMGY at 30°C for 48 h 491 

with an agitation rate of 200 rpm. Cells were harvested and resuspended in 200 mL of 492 

BMMY containing 0.5% (v/v) methanol for 48-h induction at 30°C.  493 

The culture supernatants were collected by centrifugation at 12,000 × g for 10 min at 4°C, 494 

followed by ultrafiltration using a vivaflow 50 ultrafiltration membrane with a molecular 495 
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weight cut-off of 10 kDa (Vivascience, Hannover, Germany). The crude enzyme was applied 496 

to HiTrap Q HP anion exchange column (Amersham Biosciences, Uppsala, Sweden) 497 

equilibrated with a 10 mM phosphate buffer of pH 7.5. A linear NaCl gradient of 0 to 1 M 498 

was used to elute the proteins. The apparent molecular mass and purity of purified 499 

recombinant PoCel5 were estimated by SDS-PAGE. Endo-β-N-acetylglucosaminidase H 500 

(Endo H) from New England Biolabs was used to remove N-glycosylation according to the 501 

manufacturer’s instructions. 502 

  Enzyme characterization. The cellulase activity was determined by using the 503 

dinitrosalicylic acid (DNS) method (56). Reactions containing 100 μL of properly diluted 504 

protein solution and 900 μL 1% (w/v) CMC-Na were incubated at pH 5.0 (100 mM citric 505 

acid-Na2HPO4) and 60°C for 10 min, followed by the addition of 1.5 mL DNS solution and 5 506 

min in a boiling water bath. When the reactions cooled to room temperature, the absorbance 507 

at 540 nm was measured. The standard curve for calibrating the enzyme activity was 508 

determined by 0.25–3.5 μmol glucose. One unit of enzyme activity was defined as the 509 

amount of enzyme required to release 1 μmol of reducing sugars per min. Specific activity 510 

was defined as the enzymatic units per milligram protein. 511 

The optimal pH for PoCel5 was determined at 60°C in 100 mM citric acid-Na2HPO4 512 

buffer ranges of 3.0–8.0. The optimal temperature was determined at pH 5.0 in the 513 

temperature range of 50–90°C. The pH stability was determined by measuring the residual 514 

activity at pH 5.0 (100 mM citric acid-Na2HPO4) and 60°C for 10 min after 1-h incubation at 515 

pH 3.0–12.0 and 37°C without CMC-Na. Thermostability was investigated after incubation 516 
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of the samples at pH 5.0 and 70°C for different periods of time. Residual activity was 517 

measured as described above. 518 

Substrate specificity of PoCel5 was determined by using 1% CMC-Na, barley β-glucan, 519 

lichenan, birchwood xylan, Avicel, laminarin, or 0.5% locust bean gum as the substrate. The 520 

kinetic parameters Km, kcat, Vmax, and kcat/Km were estimated from the PoCel5 activities at pH 521 

5.0 and 60°C for 5 min by using 1–10 mg/mL CMC-Na as the substrate. GraphPad Prism 6.0 522 

(http://www.graphpad.com/scientific-software/prism/) was used to calculate the values by 523 

using the Lineweaver-Burk plot.  524 

  Design and construction of the hybrid enzymes. PoCel5 shared 51% and 47% sequence 525 

identity with the thermophilic endoglucanase TeEgl5A (GenBank accession number 526 

KF680302) and its N-terminal (βα)4 modules (Fig.1), respectively. By using the fusion 527 

protein method, the N-terminal (βα)14 module(s) or the C-terminal (βα)58 modules of 528 

TeEgl5A were introduced into the corresponding parts of Pocel5 (Table 1), and a total of 10 529 

hybrid enzymes were constructed. To further verify the functional roles of the N-terminal 530 

sequence of TeEgl5A in another GH5 cellulase, AnCel5 (GenBank accession number 531 

AAG50051) from Aspergillus niger (11) sharing 56% identity with PoCel5 and 67% identity 532 

with TeEgl5A was selected, and hybrid enzymes were constructed by replacing the 533 

N-terminal (βα)13 and (βα)14 modules, analogous to hybrids H8 and H9 with PoCel5.  534 

All the fusion proteins were obtained by a two-step overlap extension PCR (Fig. S1). In the 535 

first-step PCR, parallel reactions were performed to amplify the objective DNA fragments 536 
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using the recombinant plasmids pPIC9-Teegl5A, pPIC9-Pocel5 and pPIC9-Ancel5 as 537 

templates and primers. The specific recombinations are listed in Table S1. The second-step 538 

PCR was used to amplify the final DNA products with the first-step PCR products as 539 

templates and primer sets F/A and R/B/D (Table S1). The 50-μL PCR mixture contained 1 540 

μL of each primer, 1 μL of Fastpfu Fly DNA Polymerase (TransStart, Beijing, China), 5 μL 541 

of dNTPs, 10 μL of Fastpfu Fly buffer, 3 μL of MgSO4, 1 μL of template DNA, and 28 μL of 542 

ddH2O. The PCR protocol contained an initial denaturation at 95°C for 5 min, followed by 30 543 

cycles of 94°C for 30 s, annealing at 60°C for 30 s, and elongation at 72°C for 60 s, with a 544 

final extension at 72°C for 10 min. The PCR products were purified, digested with EcoRI and 545 

NotI, ligated into the pPIC9 expression vector, and sequenced. The production, purification, 546 

and characterization of hybrid enzymes followed the same procedures of recombinant 547 

PoCel5A. 548 

  Thermal stability analysis. For short-term thermostability analysis, the purified 549 

recombinant wild-type and hybrid enzymes were incubated at 70°C and/or 80°C and optimal 550 

pH for 1-h without substrate. Samples were taken at specific time points for the cellulase 551 

activity assay under optimal conditions of each enzyme. Three thermodynamic parameters, 552 

T50, t1/2, and Tm, were used to compare the thermal properties of PoCel5, AnCel5, and their 553 

hybrid enzymes. T50 was defined as the temperature at which a 30-min incubation caused the 554 

protein (0.1 mg/mL) to lose 50% activity, while t1/2 was defined as the half-life of an enzyme 555 

at 55°C (for PoCel5 and its hybrid enzymes) and 70°C (for AnCel5 and its hybrid enzymes). 556 

Differential scanning calorimetry (DSC) was used to determine the Tm values. The Nano DSC 557 
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(TA Instruments) was run at a heating and scanning rate of 1°C/min over a temperature range 558 

of 30 to 90°C. Each sample contained 0.25 mg/mL protein in 10 mM citric acid-Na2HPO4 559 

buffer (pH 7.5). The test was repeated at least twice.  560 

  Molecular dynamics (MD) simulation. To determine the specific molecular interactions 561 

underlying the observed improvement in thermostability, a series of equilibrium classical 562 

molecular dynamics simulations of modelled GH5 structures were performed using NAMD 563 

2.12 (57). Four GH5 models were constructed, one for each of the PoCel5 and TeEgl5A 564 

parent enzymes as well as for the H8 and H9 chimeras. The creation of the four homology 565 

models used MODELLER 9.19 (58), using PDB structures 5I78 from Aspergillus niger (11), 566 

1H1N from Thermoascus aurantiacus (59), and 5L9C from Penicillium verruculosum as the 567 

structural templates for system construction. These templates all have greater than 50% 568 

sequence identity with each of the four GH5 sequences considered (Fig. 1), which is typically 569 

indicative of strong structural homology (58). Protonation states consistent with the optimal 570 

activity pH (5.0) for each GH5 model were determined using PROPKA 3.1 (33, 60). Since 571 

some of the PDB reference structures feature N-glycosylations (11), which are commonly 572 

found in other glycoside hydrolases (2) in addition to our direct experimental evidence for 573 

glycosylations on our enzymes, between 1 and 3 basic N-glycosylations were added where 574 

appropriate to accessible asparagine residues on each model using the GlyProt webserver (61). 575 

Specifically, PoCel5 has glycosylations on Asn23, Asn64, and Asn76. TeEgl5A has four 576 

glycosylations, on Asn36, Asn 190, Asn219, and Asn267. H8 and H9 each have a single 577 

glycosylation at Asn36. Other asparagine residues were determined to be inaccessible to 578 
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solution. Each of the four complete GH5 models was solvated in a water cube with 80 Å 579 

sides using the SOLVATE plugin of VMD (62). 580 

Following construction, each of the four GH5 models was simulated for 10ns where the 581 

alpha carbons were harmonically restrained to their initial positions using a 1 kcal mol
-1

 Å
-2

 582 

force constant. This equilibration step permits the placed water molecules and the modelled 583 

side chains to find their preferred orientations and rotameric states given the backbone 584 

structure. The equilibration was performed in a constant pressure and temperature ensemble, 585 

using a Langevin piston (63) as the barostat to maintain 1 atm of isotropic pressure and a 586 

Langevin thermostat (64) set to 298K with a 1ps
-1

 coupling coefficient. The CHARMM36 587 

(65, 66) force field was used for protein components, together with the CHARMM36 588 

carbohydrate force field for the glycosylations (67, 68) and the TIP3 water model (69). 589 

Non-bonded terms of the energy function were cut off at 12 Å after a 10 Å switching distance. 590 

Long range electrostatic forces were determined using the particle mesh Ewald method (70, 591 

71) with a 1.2 Å grid spacing.  592 

The end state after this short equilibration was then used as the starting point for all 593 

subsequent simulations. For each model, simulations were carried out at three different 594 

temperatures, 298K (25°C), 343K (70°C, near the melting point), and 398K (125°C). To 595 

minimize the impact of the stochastic nature of these simulations on the final conclusions, 596 

each combination of GH5 model and temperature was simulated five times for 200ns each. 597 

The aggregate 4 microseconds of trajectory were then analyzed using a python-enabled build 598 

of VMD (62), using its built-in hydrogen bond analysis tools. Atomic contacts between 599 
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structural elements were computed using a weighted contacts formula (72, 73), which were 600 

used to identify hydrophobic interactions that are otherwise difficult to quantify.601 
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FIGURE LEGENDS 827 

 828 

FIGURE 1. Sequence alignment of PoCel5, TeEgl5A, and their hybrid enzymes H8 and H9 829 

and three crystallized GH5 cellulases, 5I78 from Aspergillus niger (11), 1H1N from 830 

Thermoascus aurantiacus (59), and 5L9C from Penicillium verruculosum. Residue 831 

numbering at the bottom is numbered according to the sequence from PoCel5, which is used 832 

consistently throughout the text when referring to residue numbers, including for TeEgl5A 833 

and the hybrids to simplify interaction comparison between enzymes. Module elements are 834 

labelled above the sequence. Residues highlighted in purple are identical across all sequences, 835 

with residues highlighted in blue being conserved in all but 1 sequence. 836 

 837 
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 838 

FIGURE 2. Enzyme properties of the purified recombinant PoCel5, TeCel5 and their hybrid 839 

enzymes. The relative activities corresponding to 100% are 351 U/mg for PoCel5, 620 U/mg 840 

for TeEgl5A, 270 U/mg for H4, 175 U/mg for H5, 101 U/mg for H6, 721 U/mg for H8, and 841 

917 U/mg for H9, respectively, with CMC-Na as the substrate. (a) pH-activity profiles tested 842 

at the optimal temperature of each enzyme (60℃ for PoCel5, 50℃ for H4, H5 and H6, 80℃ 843 

for H8, 70℃ for H9, and 90℃ for TeEgl5A). (b) pH-stability profiles. After incubation of the 844 

enzymes at 37℃ for 1 h in buffers ranging from pH 3.0 to 12.0, the residual activities were 845 

determined in 100 mM citric acid-Na2HPO4 buffer at optimal pH and optimal temperature of 846 

each enzyme. (c) Temperature-activity profiles tested at the optimal pH of each enzyme (pH 847 

5.0 for PoCel5 and H4, and pH 4.0 for TeEgl5A, H5, H6, H8, and H9). (d) 848 

Temperature-stability profiles. Each enzyme was pre-incubated at 70℃ and optimal pH in 849 

100 mM citric acid-Na2HPO4 buffer for different periods of time, and subjected to residual 850 

activity assay under optimal conditions of each enzyme. 851 
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 852 

FIGURE 3. Comparative per residue root mean square fluctuation (RMSF) across all 853 

trajectories. The RMSF for each simulated GH5 is presented on three subgraphs (PoCel5 854 

black, H8 red, H9 blue, and TeEgl5A gray), one for each temperature as indicated. To 855 

highlight the disparity of RMSF between structural elements and the intervening loops, the 856 

eight beta strand regions are highlighted in pink and the eight alpha-helical regions are 857 

highlighted in green, as well as labelled in the 398K subpanel. The elevated RMSF for 858 

PoCel5 at residue 52 is indicated by a black arrow. 859 
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 860 

FIGURE 4. Simulation snapshots. In the barrel assembly of PoCel5 (A) and TeEgl5A (B), 861 

we highlight specific interactions around the R52 residue present for each enzyme. For visual 862 

clarity, only heavy atoms and polar hydrogens are shown for the selected residues that form 863 

an extended hydrogen bond network with R52. Along the interface between β2α2β3α3, 864 

sequence differences between PoCel5 (C) and TeEgl5A (D) lead to different hydrogen bonds 865 

and hydrophobic packing arrangements. The hydrogen bond interactions are shown as green 866 

dashed lines. 867 

 868 
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 869 

FIGURE 5. Atomic contact change between different structural elements in going from 870 

298K to 398K. Each of the four enzymes studied is labeled in the upper right of each 871 

subpanel, with the colorscale defined on the far right. Contacts were defined between 872 

individual atom pairs that were within 5 Angstroms during simulation, and weighted 873 

according to distance. The weighting function used was 𝐶(𝑡) = ∑ 1
1 + 𝑒5(𝑑−4Å)
⁄𝑝𝑎𝑖𝑟𝑠 , 874 

where d is the distance between individual atoms in the pair. 875 
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TABLES 

 

Table 1. Schematic structures and molecular masses of the PoCel5-TeEgl5A hybrid enzymes
a
 

 

Protein Segment(s) The fragment sequence 

from PoCel5 

The fragment sequence 

from TeEgl5A 

Molecular mass 

(Da) 

H1 β1α1 47311 154 35,026 

H2 β2α2 149/88311 5895 35,445 

H3 β3α3 189/125311 98132 34,906 

H4 β4α4 1128/160311 137167 34,921 

H5 β1α1+β2α2 88311 195 35,605 

H6 β2α2+β3α3 149/125311 58132 34,921 

H7 β3α3+β4α4 189/160311 98167 34,801 

H8 β1α1+β2α2+β3α3 125311 1132 35,485 

H9 β1α1+β2α2+β3α3+β4α4 160311 1167 35,381 

H10 β5α5+β6α6+β7α7+β8α8 1159 168317 34,843 

a
 Residue numbering relative to the parent sequences 
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Table 2: Thermodynamic properties of PoCel5 and its hybrid enzymes 

 

Enzyme T50 (C) Tm (C)   t1/2(55C) (h) 

PoCel5 57 ± 1 53.6 ± 1.2 0.40 ± 0.05 

H4 58 ± 2 51.2 ± 1.0 0.06 ± 0.01 

H5 56 ± 1 49.3 ± 1.1 0.50 ± 0.04 

H6 64 ± 1 61.2 ± 1.0 6.5 ± 2.5 

H8 76 ± 2 76.5 ± 1.3 260 ± 3.5 

H9 72 ± 2 70.1 ± 1.2   96 ± 1.5 
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Table 3: Specific activities of PoCel5, TeEgl5A and their hybrid enzymes 

 

Enzymes Barly β-glucan 

(U/mg) 

Lichenan 

(U/mg) 

CMC-Na 

(U/mg) 

Locust bean gum  

(U/mg) 

PoCel5 1535 ± 13 1436 ± 81 351 ± 6 82 ± 6 

TeEgl5A 2688 ± 23 3291 ± 34 596 ± 26 96 ± 13 

H4 1130 ± 81 1424 ± 72 270 ± 11 71 ± 1 

H5 549 ± 16 633 ± 33 175 ± 2 30 ± 2 

H6 103 ± 2 159 ± 19 101 ± 1 1.4 ± 0.1 

H8 1606 ± 51 2548 ± 46 722 ± 30 55 ± 3 

H9 1844 ± 87 3107 ± 122 917 ± 50 74 ± 6 
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Table 4: Kinetic parameters of PoCel5, TeEgl5A and their hybrid enzymes with CMC-Na as the 

substrate  

 

Enzymes Km (mg/mL) Vmax (mol/min/mg) kcat (/s) kcat /Km (mL/s/mg) 

PoCel5 4.9 ± 0.3 647 ± 47 378 ± 31  76.2 ± 1.8 

TeEgl5A  7.4 ± 0.6  1014 ± 32 599 ± 12   81.2 ± 4.6 

H4 7.3 ± 0.1 352 ± 7 205 ± 4  28.2 ± 0.3 

H5 5.1 ± 0.3 251 ± 9 150 ± 5  39.2 ± 0.9 

H6 7.3 ± 0.4 167 ± 13 98 ± 8  13.3 ± 0.2 

H8 4.2 ± 0.3 1200 ± 44 710 ± 26   170 ± 7 

H9 4.0 ± 0.2 1445 ± 107 853 ± 63   210 ± 35 
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Table 5: Hydrogen bond propensities at 298K across all simulations for residues within the β1-4 

or α1-4 modules, excluding hydrogen bonds involved in helical interactions. A hydrogen bond is 

counted only if the heavy atoms are within 3.2 Angstrom and the hydrogen is no more than 30 

degrees removed from the direct line between the heavy atoms. To help quickly identify the 

structural element each residue is found in, the residue identifiers are color coded. Module 1 uses 

black, module 2 uses blue, module 3 uses green, and module 4 uses red. The lightness of the 

color indicates whether it is in a β element (dark) or α (lighter). 
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