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Abstract 24 

The goal of this work was the autodisplay of the endo β-1,4-xylanase (XynA) from 25 

Clostridium cellulovorans in Escherichia coli using the AIDA system to carry out whole-26 

cell biocatalysis and hydrolysate xylans. For this, pAIDA-xynA vector containing a 27 

synthetic xynA gene was fused to the signal peptide of the toxin subunit B Vibro cholere 28 

(ctxB) and the auto-transporter of the synthetic aida gene, which encodes for the connector 29 

peptide and β-barrel of the auto-transporter (AT-AIDA). E. coli TOP10 cells were 30 

transformed and the biocatalyst was characterized using beechwood xylans as substrate. 31 

Optimal operational conditions were temperature of 55°C and pH 6.5, and the Michaelis-32 

Menten catalytic constants Vmax and Km were 4.14 x 10-2 mg/mL/min (149 U/gDCW) and 33 

6.01 mg/mL, respectively. Xylanase activity was inhibited by Cu2+, Zn2+ and Hg2+ as well 34 

as EDTA, detergents, and organic acids, and improved by Ca2+, Co2+ and Mn2+ ions. Ca2+ 35 

ion strongly enhanced the xylanolytic activity up to 2.4-times when 5 mM CaCl2 were 36 

added. Also, Ca2+ improved enzyme stability at 60 and 70°C. Results suggest that pAIDA-37 

xynA vector has the ability to express functional xylanase to perform whole-cell 38 

biocatalysis in order to hydrolysate xylans from hemicellulose feedstock. 39 

 40 

Keywords: AIDA; autodisplay; hemicellulose; whole cell biocatalysts; xylanase.  41 

 42 

1. Introduction. 43 

Hemicellulose is the second most abundant polysaccharide on earth after cellulose, and 44 

they together structure the vegetal biomass. The hemicellulose contains β-(1→4) linked 45 

pentoses units, being xylans (composed by xylose and arabinose) the main components of 46 

the polymer [1]. Thus xylans are an attractive raw material to produce prebiotics (that will 47 



3 

 

stimulate the growth of benefic microorganism in the gastrointestinal tract), packaging 48 

coatings, to release fermentable carbohydrates to produce biofuels, or other value-added 49 

metabolites [2–4]. To obtain units of xylose, xylans must be hydrolyzed through thermal, 50 

chemical or enzymatic methods. In this sense, endo-1,4-β-xylanases (EC 3.2.1.8) catalyze 51 

the hydrolysis of β-1,4-xylans into xylo-oligosaccharides of variable length and D-xylose 52 

[5,6]. Enzymatic hydrolysis of xylans is the most efficient method to release the monomers 53 

without the production of toxic compounds such as formic acid or furfural [7,8], however 54 

the use of enzymes is an expensive method. Therefore, extensive approaches have been 55 

implemented to obtain functional and re-utilizable biocatalysts [9,10]. Re-utilizable 56 

biocatalysts can be obtained through enzymatic immobilization, i.e. the whole-cell catalysis 57 

approach. This will allow the autodisplay of enzymes in the outer membrane of microbial 58 

cells [11–13]. Enzyme autodisplay has the advantages that the enzymes are continuously 59 

regenerated, no purification after production is required, the enzyme is stabilized, 60 

prolonging its half-life time, the surface area of reaction is higher in comparison with other 61 

immobilization techniques, the catalysis occurs in the extracellular medium, and therefore it 62 

has a reduction of the resistance of the mass transfer of the substrate to the enzyme [14–16]. 63 

The Auto-Transporter Adhesin Involved in Diffuse Adherence (AT-AIDA), is a protein 64 

autodisplay system from E. coli that has been used to efficiently display proteins, epitopes 65 

and enzymes in E. coli’s surface [17–20]. AIDA autotransporter can export more than 66 

100,000 recombinant protein units per single cell, a characteristic that has been used for the 67 

development of different biotechnological applications, specially those focused to generate 68 

biocatalysis on the cell surface [11]. 69 

In this work, an endo-1,4-β-xylanase (XynA) from Clostridium cellulovorans was 70 

expressed into Escherichia coli using an optimized synthetic gene, xynA, that was fused to 71 
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the autotransporter aida gene. The whole cell biocatalyst was tested using synthetic and 72 

natural substrates to obtain its kinetic and enzymatic characteristics.  73 

 74 

2. Materials and methods 75 

2.1 Design and construction of artificial XynA-AIDA system  76 

A synthetic xynA gene was designed using the protein sequence of the endo-1,4-β-xylanase 77 

(XynA) from Clostridium cellulovorans (GenBank: AAN32825.1). The xynA sequence was 78 

redesigned to optimize the codon usage for its correct expression in E. coli. The expression 79 

plasmid contained: (1) The constitutive gapAP1 promoter drives the aida-xynA gene 80 

expression, (2) the signal peptide of the toxin subunit β Vibro cholere (ctxB, UniProtKB - 81 

E3UUX3) to translocate the polypeptide into the internal membrane, and (3) the aida auto-82 

transporter gene which encodes for the connector peptide and β-barrel (aminoacids from 83 

839 to 1,286, GenBank X65022.1), fused with the optimized xynA gene. DNA sequence 84 

was modified using GenScript Co. (New Jersy, USA) to eliminate internal restriction sites 85 

and to codon-optimize it prior its synthesis. The resulting sequence was designated as aida-86 

xynA gene, which was flanked by the NdeI and BamHI restriction sites. The aida-xynA gene 87 

has a longitude of 3,176 pb, which encodes for a fusion protein of 965 amino acid residues. 88 

The resulting DNA construction was synthetized by Biomatik Corp. (Delaware, USA) and 89 

cloned into the pUC57 vector (Thermo Fisher Scientific) using the EcoRV sites. The 90 

resulting plasmid was named as pAIDA-xynA (Fig. 1). Codon Adaptation Index was 91 

calculated for the native and optimized sequences [21]. 92 

 93 

2.2. Bacterial strain and growth conditions 94 



5 

 

E. coli TOP-10 strain was transformed with the pAIDA-xynA plasmid by electroporation. 95 

Cells were routinely grown at 37°C in Luria-Bertani (LB) medium, containing 250 μg/mL
 

96 

of ampicillin (Sigma-Aldrich). Solid media were prepared by the addition of agar (1.5% 97 

w/v). 98 

 99 

2.3. Endo-1,4-β-xylanases activity visualization 100 

To visualize the endo-1,4-β-xylanase activity, cells of E. coli TOP10/pAIDA-xynA were 101 

cultured in 24 well-plates with LB solid medium plus 0.2% of the chromogenic compound 102 

RBB-Xylan (4-o-methyl-D-glucurono-D-xylan Ramazol Brilliant Blue, RBB, Sigma-103 

Aldrich) and 150 μg/mL
 
of ampicillin. Then, 0.5 µL of cell suspension with an optical 104 

density at 600 nm (OD600) of 10 were spot-cultivated and incubated at 37°C for 24 h, where 105 

1 OD600 was equivalent to 0.37 g (dry cell weigh, DCW)/L. Non-transformed E. coli 106 

TOP10 cells were also cultured under same conditions as negative control. 107 

 108 

2.4. Enzymatic reaction in the whole cells 109 

The enzymatic assay was performed using the method reported for glycolytic immobilized 110 

enzymes [22,23] as follows: 10 mL of LB medium with 250 µg/mL ampicillin were 111 

inoculated with cells of E. coli TOP10/pAIDA-xynA at 37°C and shaking at 200 rpm until 112 

an OD600 of 1 was attained. Then cells were collected by centrifugation at 16,089 xg and 113 

washed twice with the reaction buffer (0.1 M acetate buffer pH 6.5). Enzymatic reactions 114 

were carried with 1 mL of cells at an OD600 of 10 and using 1% of soluble beechwood 115 

xylans (Sigma-Aldrich) as substrate. Temperature, pH and CaCl2 concentration of the 116 
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reaction was modified according sections 2.5, 2.6 and 2.6, respectively. For the optimal 117 

conditions, the enzymatic reaction was incubated at 55°C, pH 6.5, at 1,400 rpm for 30 min. 118 

The reactions were stopped by centrifugation at 16,089 xg for 5 min and 250 L the 119 

supernatant (diluted, if required) was used to measure the enzymatic activity by the 3,5-120 

Dinitro Salicylic Method (DNS), as described below. This protocol was also used for the 121 

following sections for the evaluation of the effects of temperature, pH, Ca2+, and metal 122 

ions. 123 

 124 

2.5. Effect of temperature and pH on the biocatalyst activity  125 

The effect of temperature on the biocatalyst activity was assessed by incubation of 1 mL of 126 

cells at an OD600 of 10 in the reaction buffer containing 1% beechwood xylans as described 127 

above, at temperatures ranging from 30 to 70°C, at 1,400 rpm for 30 min. For the effect of 128 

pH, the assays were done at different pH (4-8) using the universal Britton and Robinson´s 129 

buffer (50 mM phosphoric acid, 50 mM boric acid and 50 mM acetic acid), supplemented 130 

with 1% beechwood xylans, and incubated at 55°C and 1,400 rpm for 30 min. Negative 131 

controls of reaction using medium cell free were also included. All the experiments were 132 

performed in triplicate. 133 

 134 

2.6. Thermal stability of the biocatalyst  135 

To estimate the thermal stability, 1 mL of cells at an OD600 of 10 were incubated in the 136 

reaction buffer (0.1 M acetate buffer pH 6.5) at 55, 60, 70 and 80°C for 15, 30, 45 and 60 137 
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min, with or without addition of CaCl2 5mM. After the corresponding incubation, cells 138 

were transferred into ice for 5 min. Residual activity was measured by incubating cells at 139 

55°C for 30 min at 1,400 rpm, with 1% beechwood xylans. The negative controls (cell-free) 140 

were also evaluated. The activity of cells assayed at 55°C was defined as 100%. 141 

 142 

2.7. Effect of calcium on biocatalyst  143 

The effect of Ca2+ ion on the biocatalyst was determined by incubation in Britton and 144 

Robinson ́s buffer pH 6.5 at 55°C at 1,400 rpm for 30 min with 1% beechwood xylans and 145 

with calcium chloride ranging from 0 to 10 mM. The negative controls (cell-free) were also 146 

evaluated. The activity assayed in the absence of calcium was defined as 100%. 147 

  148 

2.8. Effect of metal ions, detergents and organic inhibitors  149 

The effect of 1 mM of metals: ZnCl2, NaCl, KCl, CoCl2, CuCl2, FeCl3, MgCl2, MnCl2, 150 

NiCl2, HgCl2, and Pb(C2H3O2)2, detergents: EDTA, SDS, Tween 80, DTT and TRITON 151 

X100, and organic inhibitors present in lignocellulosic hydrolysates: acetic acid (20 mM), 152 

formic acid (10 mM) and furfural (0.5 mM) was determined by incubation of 1 mL of cells 153 

at an OD600 of 10 in reaction buffer (0.1 M acetate buffer pH 6.5). For each treatment, cells 154 

were incubated at 55°C for 30 min, at 1,400 rpm, with 1% beechwood xylans. The negative 155 

controls (cell-free) were also evaluated. The activity assayed in the absence of metals, 156 

detergents or organic inhibitors was defined as 100%. 157 

 158 
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2.9. Kinetic parameters calculation  159 

The Michaelis-Menten constants were estimated using the enzyme activity assay with cell 160 

suspension at OD600 of 5 and different initial substrate concentrations from 0 to 20 mg/mL 161 

beechwood xylans in Britton and Robinson ́s buffer (pH 6.5) at 55°C by 2 h under constant 162 

agitation at 1,400 rpm. Kinetic constants (Vmax and Km) were calculated using the Hanes-163 

Woolf equation [24] using standard linear regression technique. 164 

 165 

2.10. Determination of enzyme activity  166 

The endo-1,4-β-xylanase activity was determined by measuring the reducing sugars 167 

released during xylans hydrolysis by 3,5-Dinitro Salicylic Method (DNS) [25] with some 168 

modifications. The reaction mixture contained 250 µL
 
of supernatant from centrifuged 169 

samples (diluted in water, if required) and 750 µL
 
of DNS reagent, the reaction mixture 170 

was boiled for 5 min at 100°C and stopped by cooling to room temperature. The 171 

absorbance was measured at 595 nm in microplate reader (BioRad). Xylose, (Sigma) in the 172 

range of 0.15 to 6 mg/mL, was used as the calibration curve for total reducing sugar 173 

determination. 1 U was defined as the amount of enzyme that releases 1 μmol of reducing 174 

sugars per minute, and for the biocatalyst specific activity as one activity unit of biocatalyst 175 

per mg of E. coli cells.  176 

 177 

2.11. Statistical analysis  178 

The statistical analysis of the experiments was determined by analysis of variance 179 



9 

 

(ANOVA) and unpaired Student ́s t-test. Treatments with p < 0.05 were considered as 180 

statistically significant. The statistical analysis was performed using Microsoft Excel v16.0 181 

and GraphPad Prism v5.  182 

 183 

3. Results and discussion 184 

 185 

3.1 Design of aida-XynA cassette 186 

The pAIDA-XynA plasmid of 5,922 pb was constructed to confer the ability on E. coli to 187 

hydrolysate xylans through the expression of the synthetic gene fusion aida-xynA (Fig. 1). 188 

The open reading frame (ORF) was codon optimized for its expression in E. coli. The 189 

original aida-xynA gene had a Codon Adaptation Index of 0.59 and after the optimization it 190 

was 0.95, which is an indicator of the improvement in its efficiency of translation [21]. The 191 

percentage of GC was reduced from 63.44 to 54.05%, and all the internal restriction sites 192 

and the sequences similar to Shine-Delgarno (SD) into the ORF were discarded. Strategic 193 

restriction sites (AscI and XhoI) were also included to allow the substitution of the xynA 194 

gene by other genes of interest, and EcoR1-BamHI sites for subcloning the entire cassette 195 

including the gapA promoter, into other plasmids. The molecular elements of the cassette 196 

are: The gapAP1 promoter, optimal SD sequence for E. coli, ctxB signal peptide from 197 

Vibrio cholera, synthetic xynA gene encoding for the endo-β-1,4- xylanase from C. 198 

cellulovorans, and the synthetic aida gene encoding β-barrel (AT-AIDA) from E. coli (Fig. 199 

1). AIDA autotransporter has been successfully used to display different enzymes for whole 200 

cell biocatalysis. For instance, tyrosinase Tyr1 from Bacillus megaterium was functionally 201 

expressed in the surface of E. coli in order to oxidize externally added tyrosine to produce 202 
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melanin biopolymer [26]. Enzyme methyl parathion hydrolase was expressed on the surface 203 

of E: coli by fusing it with the AIDA autotransporter, in order to degrade methyl parathion 204 

[27]. Gustavsson et al. [28] fused aida gene with the gene for an Arthrobacter citreus ω-205 

transaminase variant (AcωTA) to allow E. coli to produce chiral amines in the supernatant 206 

culture. A carboxylesterase, EstA from Burkholderia gladioli fused to AIDA anchor 207 

molecule, was displayed on the surface of E. coli to gain the esterase activity over p-208 

nitrophenylacetate [29]. Also, a metabolically engineered E. coli was transformed with the 209 

fusion AIDA-AmyA to express α-amylase from Bacillus megaterium to hydrolyze starch, 210 

and to simultaneously produce ethanol and hydrogen [22]. 211 

 212 

3.2 Detection of endo-β-xylanolytic activity on plate 213 

To visualize the xylanolytic activity as a result of the transformation with the pAIDA-214 

XynA into E. coli, a qualitative plate assay was done. The enzyme activity was observed by 215 

the change of the intense blue color to a smoother tone on blue (Fig. 2). This change was 216 

better visualized in a gray scale images. As noted in Fig. 2A and B, cells harboring the 217 

plasmid pAIDA-XynA presented a halo around the bacterial colony, whereas the colony of 218 

control cells, the halo was not observed (Fig 2C and D). Colorimetric assay corroborated 219 

the functionality of the pAIDA-xynA since the xylanolytic activity gained by the E. coli 220 

cells, is the result of the transcriptional, translational events as well as the translocation of 221 

the polypeptide (SP-xylanase-β-barrel) to the periplasm space by the Sec secretion system, 222 

excision of the signal peptide, and posterior autodisplay by the auto-transporter through the 223 

outer membrane. The RBB assay has been used successfully to detect the xylanolitic 224 

activity in E. coli cells expressing a xylanase of Thermomyces lanuginosus fused to Lpp-225 



11 

 

OmpA protein [30] and in the autodisplay of a xylanase from Trichoderma reesei in the 226 

surface of Saccharomyces cerevisiae [31]. 227 

 228 

3.3 Effect of pH and temperature and thermal stability of the biocatalyst 229 

The effect of pH on the activity of the biocatalyst was evaluated in the range 4 to 8. As 230 

showed in Fig. 3a, the maximum activity was attained at pH 6.5, and it decreased at pH 8 231 

showing a 30% of the relativity activity. The optimum pH value for the biocatalyst (6.5) is 232 

similar to those reports for xylanases from mesophilic bacteria, such as the free endo-1,4-β-233 

xylanase from Bacillus licheniformis [32], and an immobilized xylanase from Bacillus 234 

subtilis fused to the protein expansin [33]. The effect of temperature was assessed in the 235 

range of 30 to 70°C using 1% of soluble xylans. As noted in the Fig. 3b, the enzyme 236 

activity increased from 5.6 to 100% when temperature increased from 30 to 55°C, after 237 

that, the relative enzyme activity decreased to 7.3% at 70°C. Therefore, the optimum 238 

temperature for the biocatalyst was 55°C. Kosugi et al. reported 60°C and pH 5 as the 239 

optimal conditions for the free endo-1,4-β-xylanase from C. cellulovorans [34]. These 240 

differences with respect to the enzyme immobilized reported here, could be explained as 241 

result of the anchorage of the enzyme into the cell-wall of E. coli, which induced changes 242 

in the thermodynamic properties of the xylanase by the union to the AIDA auto-transporter 243 

[35]. These changes in the optimal conditions could be an advantage for its application at 244 

large scale, because a lower temperature reduces the use of energy, and a pH closest the 245 

neutral is easier to reach [36,37].  246 

The thermal stability of the xylanase was evaluated at temperatures above the optimal 247 

observed (Fig. 4). The xylanase remained active after a treatment of 60 min at 60°C, 248 

decreasing only at 83% with respect of the control (cells incubated at 55°C). The activity of 249 
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the enzyme at 70°C decreased at 43% in the first 15 min of incubation, maintaining only 250 

15% after 60 min of incubation. When cells were incubated at 80°C for 15 min, xylanase 251 

activity fell at 28%, and reached only 7% at 30 min of incubation, remaining this low at the 252 

following incubation times (Fig. 4). A similar thermal stability profile was described for the 253 

Xyn10B xylanase of Caldicellulosiruptor lactoaceticus, in which activity was conserved at 254 

65°C, but it was lost after 30 min of incubation at 70°C [38]. Optimum temperature-activity 255 

(Table 1) and thermal stability for the E. coli-immobilized XynA from C. cellulovorans are 256 

in the range of temperatures of previously reported GH11 xylanases [39,40]. 257 

 258 

3.4 Effect of calcium and thermal stability 259 

The effect of Ca2+ ion on the biocatalyst was performed under optimal conditions of 260 

temperature and pH (55°C and 6.5, respectively). As shown in Fig. 5, the enzyme activity 261 

increased 2.4-times when 5 mM of CaCl2 where added to the reaction mix, the same effect 262 

was observed with 10 mM CaCl2. This positive effect of Ca2+ to increase the enzyme 263 

activity of the endo-1,4-β-xylanase from C. cellulovorans was also reported by Yazawa et 264 

al. [41] for the xylanase from alkaliphilic Bacillus sp. strain 41M-1 (Table 1). On the 265 

contrary, 10 mM of Ca2+ inhibited the activity of endo-1,4-β-xylanase from Cellulomonas 266 

fimi [42], and caused a slight decrease in the activity of Xyn10B from Acidothermus 267 

cellulolyticus [43]. Whereas, 10 mM of Ca2+ improved the activity of xynB from 268 

Xanthomonas axonopodis pv. citri towards beechwood xylan. Calcium ions are structurally 269 

necessary for the maintenance of the geometry of XynB active site, Ca2+ absence caused a 270 

negative effect on the substrate recognition and binding [44].  271 

Besides improving the enzymatic activity, Ca2+ ions improved the thermal stability of 272 

XynA. As observed in fig. 4, cells treated with CaCl2, showed an improved residual activity 273 

about:blank
about:blank
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after incubation at 60 and 70°C. Specially at 70°C, cells without calcium addition its 274 

activity dropped at 70 and 43% at 15 and 30 min of incubation, respectively. In contrast, 275 

when 5 mM of CaCl2 was added, XynA activity remained at 90 and 70%, respectively, 276 

indicating its thermal protective effect (Fig. 4). Even when Ca2+-treated cells were 277 

incubated for 15 min at 80°C, the residual activity was 1.5-times higher in comparison with 278 

cells without calcium addition. A similar effect was observed for XYLA from 279 

Pseudomonas fluorescens subsp. cellulosa. Although enzyme activity was not significantly 280 

improved under optimal conditions, 1mM of Ca2+ protected XYLA from thermal 281 

inactivation and proteolytic (chymotrypsin) attack, in comparison with reactions using 282 

1mM EDTA or enzyme versions without Ca2+ binding sites [44]. The addition of 5 mM of 283 

Ca2+ improved the thermostability of the Xyn10A from thermophilic bacteria Thermotoga 284 

thermarum, and its activity was 400% improved when 1 mM of Ca2+ was present [45].  285 

The endo-1,4-β-xylanase from C. cellulovorans is composed by three distinct functional 286 

domains (Figure 6). The glycosyl hydrolase domain from family 11 (GH11), that runs from 287 

amino acid 32 to 227 [46,47]; The carboxy-terminal domain corresponds to the NodB 288 

deacetylase, located from amino acid 319 to 497, that removes acetyl groups from 289 

acetylated xylan [48] and the central domain of XynA corresponds to the Dockerin I, 290 

spanning amino acids 224 to 311. This domain plays a function as cohesin and participates 291 

in the formation of the bacterial cellulosome [49]. The dockerin I contains a conserved 292 

feature residue pattern (D [NDT] x x D [DEN] x x D), this dockerin repeats can bind two 293 

Ca2+ ions, as observed in Fig. 6, this residue repeats are highly conserved among 294 

xylanolytic microorganisms. The positive effect of Ca2+, described for the XynA of C. 295 

cellulovorans, has been reported for xylanases of Clostridium strain BOH3 [50]. C 296 

thermocellum [51,52], Clostridium saccharoperbutylacetonicum, and other GH11 297 
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xylanases [53]. Also, Ca2+ induces the correct folding of the dockerin into its tertiary 298 

structure essential for the cohesin binding, required for the union with the substrate in C. 299 

thermocellum [54]. As observed for other carbohydrate hydrolases, for example the 300 

cellohydrolase from C. thermocellum where Ca2+ plays a central role on its stability and 301 

contributes to its thermo stability [55]. These results indicate, that the addition of calcium 302 

ions will ensure that calcium-binding sites are occupied improving the endo-1,4-β-xylanase 303 

activity and its stability. 304 

 305 

3.5 Effect of metal, detergents and organic inhibitors 306 

The effect of metals on the activity of E. coli-immobilized XynA was also evaluated. As 307 

observed in figure 7, 1 mM of Na+, Mg2+, or Pb2+ ions caused a mild inhibition (0-15%) of 308 

XynA activity. Meanwhile Cu2+ and Zn2+ ions caused a 25 and 43% decrease, respectively, 309 

Hg2+ caused a higher inhibitory effect, cells pre-treated with 1mM showed only an 8.2% of 310 

the activity observed in the untreated cells (control, Fig. 7). Similar inhibitory effects by 311 

Hg2+, Cu2+ and Zn2+ have been described for xylanases from Aspergillus ficuum [56], 312 

Penicillum glabrum [57], P. sclerotiorum [58], and Bacillus sp. strain K-1 [59]. Strong 313 

inhibitory effect of Hg2+ has been explained by its ability to interact with sulfhydryl groups 314 

of cysteine residues, inducing conformational changes that might alter the catalytic or 315 

stabilizing domains of xylanases [60,61].  316 

Interestingly, 1 mM of Mn2+ or Co2+, improved the xylanase activity by 1.15- and 1.4-times 317 

(Fig. 7), respectively. Likely, 2 mM of Co2+ or Mn2+ ions caused an increment in the 318 

relative activity of the recombinant xylanase from Streptomyces coelicolor Ac-738 [62]. 319 

Relative enzyme activity was increased by 20 and 85% when purified xylanase from 320 

Bacillus subtilis ASH was incubated with 1 mM of CoCl2 and MnCl2, respectively [63]. 321 
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Further analysis are required to determine if Co2+ and Mn2+ ions participate in the 322 

formation of hydrophobic, ionic or disulfide interactions that might result in an improved 323 

stabilization of the E. coli-immobilized XynA structure.  324 

Detergents and chelators effects on XynA activity were also evaluated. 1 mM of EDTA, 325 

SDS, tween-80, or Triton-x100 caused a minor decrease, ranged between 9-16%, in the 326 

residual activity of the xylanase enzyme (Fig. 7). EDTA could act as a chelator, trapping 327 

metals that are required for proper enzyme folding, such as Ca2+, as previously described 328 

[44]. SDS will interfere with the formation of hydrophobic interactions required for 329 

maintaining the structure of the xylanase, as previously described [57,64].   330 

A final set of compounds was evaluated for its effects on XynA activity, fomic acid, acetic 331 

acid and furfural. As observed in figure 7, activity of XynA was reduced by 36% when E. 332 

coli cells were pre-treated with 10 mM of formic acid. 20 mM of acetic acid and 0.5 mM of 333 

furfural caused a minor inactivation of the enzyme (Fig. 7). These three compounds and its 334 

evaluated concentrations were selected based on its presence and abundance in 335 

lignocellulosic hydrolysates [65,66] that might interfere with the activity of the xylanase. 336 

As observed for E. coli-immobilized XynA, from a group of 11 inhibitors, 0.5 g/L (10.8 337 

mM) of formic acid caused the higher decrease in the xylans hydrolysis rate of 44.49 %, 338 

followed by acetic acid and furfural, but in a lower extent. The mechanism of action of 339 

formic acid on the xylanase, according with its kinetic parameter analysis, it’s a mixed-340 

inhibition (competitive and uncompetitive) mechanism [67].  341 

 342 

3.6 Michaelis-Menten parameters  343 

The initial velocity of the endo-1,4-β-xylanase followed a typical Michael-Menten kinetics 344 

as the xylans concentration was increased in the range of 0 to 20 mg/mL (Fig. 8). Vmax and 345 
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Km were determined using to regression of the Hanes-Woolf plot and the values were 4.14 346 

x10-2 mg/mL/min (149 U/gDCW) and 6.01 mg/mL. Table 1 summarizes the Km values and 347 

the specific enzyme activities for some free and immobilized endo-1,4-β-xylanases. The Km 348 

for the immobilized endo-1,4-β-xylanase by the AIDA system reported here (6.01 mg/mL) 349 

was similar to those values of Km reported for the free xylanase from Clostridium 350 

acetobutyllicum (6 mg/mL, larchwood xylans) [68]. Since the immobilization of the 351 

enzyme, it would be valuable to further perform an analysis using the heterogeneous 352 

catalysis approach's kinetics. Immobilized xylanases, in alginate, Q-sepharose or agar-agar 353 

showed variable values of Km constants, ranged between 5.38 -10.97 mg/mL (Table 1). 354 

The E. coli-AIDA-immobilized XynA meets the described range [69–71]. Kumar et al [72] 355 

showed that alginate bed-immobilization of xylanase from B. licheniformis strain Alk-1 356 

improved the 4ºC-30 days storage stability (80%) in comparison with the free enzyme 357 

(5%), besides improving their recycling efficiency up to five reaction cycles. Xylanase 358 

immobilization has shown to have a positive effect in retaining their activity after several 359 

recycling cycles, also improving their temperature and pH tolerance, in contrast with their 360 

free-enzyme version Table 1 [69,70,73]. 361 

Immobilization of xylanases on the surface of microorganisms has not been extensively 362 

reported, and thus there is no available information of the kinetic constants. Xylanases have 363 

been expressed on the surfaces of yeast; XYNII from T. reesei fused to the yeast-agglutinin 364 

in S. cerevisiae [31], a xylanase from a rumen fosmid library fused to the surface 365 

membrane protein Aga1 in S. cerevisiae [74], xylanase xyn from Paenibacillus polymyxa 366 

PPL-3 using Aga2p as an anchor protein in S. cerevisiae [75], xylanase TxXYN from 367 

Thermobacillus xylanilyticus fused to cell wall proteins YlPir, YlCWP1 and YlCBM in 368 

Yarrowia lipolytica [76]. Also, have been displayed in E. coli: the XynA xylanase from T. 369 
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lanuginosus was fused to Lpp-OmpA protein for its expression on the surface of E. coli, 370 

able to degrade oat-spelt-xylans, at optimal pH of 6.2 and 65ºC [30], similar to those 371 

obtained for E. coli-AIDA-immobilized XynA. Xylanase XyloA from Fusarium 372 

graminearum was fused with anchor protein Blc, in order to degrade beechwood xylans by 373 

E. coli [77]. Endo-1,4-β-xylanase from Aspergillus fumigatus was fused to the ice 374 

nucleation protein (INP) anchor from Erwinia ananas IN-10 InaA for its display in E. coli 375 

BL21-SI surface [78]. In the best of our knowledge this is the first report of the utilization 376 

of the AIDA system for the autodisplay of a functional xylanase in the surface of E. coli. 377 

 378 

4. Conclusions 379 

The synthetic construction encoding the fusion protein constituted by the ctxB signal 380 

peptide, endo-1,4-β-xylanase, β-barrel AT-AIDA was transcriptional, translational and 381 

post-translational processed efficiently by E. coli. The whole-cell biocatalyst through the 382 

AIDA auto-transporter and using beechwood xylans as substrate, shows an optimal 383 

xylanolytic activity at 55°C and pH 6.5. Cu2+, Zn2+ and Hg2+ as well as EDTA, detergents, 384 

and organic acids are inhibitors, whereas Co+2, Mn+2 and Ca2+ increase the enzymatic 385 

activity. Also, the Ca2+ ion improves thermal stability of the xylanase. The enzyme follows 386 

a Michaelis-Menten kinetics behavior with a Km of 6.01 mg/mL. The expression of 387 

glycolytic enzymes such as the endo-1,4-β-xylanases on the surface of E. coli cells is an 388 

effective method for enzyme immobilization to hydrolysate complex substrates such as the 389 

xylans. 390 
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Table1. Comparison of specific enzyme activity of the endo-1,4-β-xylanase E. coli-AIDA-684 

immobilized XynA and Km values for some biocatalysts reported in the literature.  685 

Microorganism 

Optimum 

Temperature 

(C) 

Optimum 

pH (-) 

Catalyst 

conditions 
Ca2+ effect Km Reference 

Bacillus 

licheniformis S3 
60 3.0–11.0 

Ca2+ alginate-

immobilized 
- 10.97 mg/mL [71] 

B. pumilus strain 

MK001 
63 6.5 

Ionic binding with 

Q-sepharose 
- 

8.2 mg/mL with 

Birchwood xylan 
[69] 

B. pumilus strain 

MK001 
60 6.0 Free enzyme - 

7.9 mg/mL with 

Birchwood xylan 
[69] 

Geobacillus 

stearothermophilus 
60 7.0 

Immobilized in 

agar-agar 
- 

0.507 mg/min 

with xylan 
[70] 

Geobacillus 

stearothermophilus 
50 7.0 Free enzyme - 

0.523 mg/min 

with xylan 
[70] 

B. licheniformis 
strain Alk-1 

60 9.0 

Glutaraldehyde 

activated Ca2+ 

alginate beads 

- 
5.38 mg/mL with 

beechwood xylan 
[72] 

B. licheniformis 

strain Alk-1 
50 8.0 Free enzyme - 

4.36 mg/mL with 

beechwood xylan 
[72] 

Cellulomonas fimi 45 5.0 
Purified by gel 

filtration 

Inhibited by 

Ca2+ 

1.72 mg/mL with 

larchwood xylan 
[42] 

(Marinifilaceae 

bacterium SPP2) 
50 6.0 Purified enzyme 

Poor inhibition 

by 5 mM of 

CaCl2 

0.97 mg/mL with 

beechwood xylan 
[79]  

Clostridium 

thermocellum strain 

ISO II 

65 6.0 
Partially purified 

enzyme 

Ca2+ improved 

the enzyme 

activity at 5.6 

mM 

2.54 mg/mL with 

insoluble oat 

spelt xylan 

[80] 

C. cellulovorans 45 5.5 Free enzyme - 

7.7-8.3 mg/mL 

with birchwood 

xylan 

[81] 

C. cellulovorans 55 6.5 
Whole-cell 

Immobilized 

Ca2+ improved 

the enzyme 

activity at 5 mM 

6.01 mg/mL with 

beechwood xylan 
This work 
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Figure captions 687 

 688 

Fig.1. Map of pAIDA-xynA plasmid used for the autodisplay of the endo-1,4-β-xylanase 689 

using the AIDA system of E. coli. Cassette contains of the gapAP1 promoter (PgapA), the 690 

signal peptide CtxB derived from Vibrio cholera (SP), followed by the synthetic gene 691 

encoding the endo-1,4-β-xylanase (xynA) from C. celluvorans, and the β-barrel of the 692 

autotransporter AIDA (AT-AIDA). Other elements are the origin of replication of pMB1 693 

(Ori) and the β -lactamase gene (bla). 694 

 695 

Fig. 2. Colorimetric assay used for detection of the endo-1,4-β-xylanase activity on: (A, B) 696 

E. coli TOP10/pAIDA-XynA and (C, D) E. coli TOP10 cells as negative control. The 697 

strains were cultured on a LB agar 24-well plate plus RBB-Xylan for 48 h at 37°C. B and D 698 

are the images in gray tones of A and C images, respectively for a better appreciation. The 699 

arrows show the hale of substrate hydrolysis. 700 

 701 

Fig. 3. a) Determination of optimal pH (6.5) for the endo-1,4-β-xylanase activity. b) 702 

Determination of optimal temperature (55°C) for the endo-1,4-β-xylanase activity. Values 703 

are expressed as the mean of the percentage of relative activity. Bars represent means ± 704 

standard deviations for three replicates.  705 

 706 

Fig. 4. Thermal stability of E. coli-AIDA-immobilized XynA. Residual endo-1,4-β-707 

xylanase activity was measured after pre-incubation at 60°C (circles), 70°C (squares), and 708 
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80°C (triangles), for 15 to 60 min, of cells without (gray lines) and with addition (black 709 

lines) of 5mM of CaCl2. Bars represent means ± standard deviations for three replicates. 710 

 711 

Fig. 5. Effect of the Ca2+ ion on the relative endo-1,4-β-xylanase activity of E. coli-AIDA-712 

immobilized XynA. Bars represent means ± standard deviations for three replicates (p < 713 

0.05). 714 

 715 

Fig 6. Modular structure of XynA from Clostridium cellulovorans. (a) Distinct functional 716 

domains: glycosyl hydrolase domain from family 11 (GH11), the Dockerin I, and the NodB 717 

deacetylase domain. (b) Alignment of conserved feature residue pattern (D [NDT] X X D 718 

[DEN] X X D), highlighted in yellow, for calcium binding sites, of the Dockerin I domain 719 

from different xylanolytic microorganisms.  720 

 721 

Fig. 7. Effect of metallic ions, detergents and organic compounds on E. coli-AIDA-722 

immobilized XynA activity. Residual endo-1,4-β-xylanase activity in presence of 1 mM of 723 

metals and detergents, 20 mM acetic acid, 10 mM formic acid, or 0.5 mM furfural. Bars 724 

represent means ± standard deviations for three replicates. 725 

 726 

 727 

Fig. 8. Michaelis-Menten type graph showing the initial velocity of the endo-1,4-β-728 

xylanase of E. coli-AIDA-immobilized XynA using different xylan concentrations. Bars 729 

represent means ± standard deviations for three replicates. The small graph shows the liner 730 

regression using the reciprocals of substrate concentration ([S]) and the initial velocity (Vo). 731 
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Fig. 6 788 

 789 

  790 

Dockerin XynA-AIDA Clostridium cellulovorans

Clostridium cellulolyticum

Clostridium thermocellum

Clostridium thermocellum ATCC 27405 

Ruminococcus sp. 18P13 

Rhodopirellula baltica SH 1 

Clostridium clariflavum DSM 19732 

Eubacterium eligens ATCC 27750 

Ruminococcus albus 7 

Geobacter uraniireducens Rf4 

Clostridium saccharoperbutylacetonicum ATCC

Rhodopirellula baltica SH 1 

Erysipelothrix rhusiopathiae str. Fujisawa

Eubacterium eligens ATCC 27750

1 YGDVNGDGKVNSADAALLKKYLLG.[ 6].AQLKAADVNGDG.[1].VNAIDLALLKKYLL 57

4 YGDYNNDGNVDSTDFAGLKKYIMA.[ 3].AYVKNLDVNLDN.[1].VNAFDLAILKKYLL 57

1 MGDVNGDGTINSTDLTMLKRSVLR.[ 6].DAKARADVDKNG.[1].INSTDVLLLSRYLL 57

7 IGDVNADGVVNISDYVLMKRYILR.[ 8].DDMWVGDVNGDN.[1].INDIDCNYLKRYLL 65

794 YGDVNADGIVDIADTVLLARYIAQ.[ 8].QGLQNADCDPDG.[1].IDSSDLTAIARYLA 852

1985 REDTNADGTVTASDALRVINYMNN.[12].TGWSRLDVNGDG.[1].VTALDALLVINKLN 2047

815 LGDINFDGDINSIDYALLKAHLLG.[ 6].DALKAADVDKNG.[1].VNSIDYAKMKQYLL 871

628 YGDANGDGDIDLFDFALIKRALLG.[ 6].IYWKAADCNKDG.[1].LDLFDFAVVKRYIL 684

385 RGDINGDGKLNDTDLEMLRNYLLK.[ 3].KISDKADINMDG.[1].VTMADFVQMNKAIL 438

1973 SGDINGDGKVDIADALLALQMAVG.[14].APLSNGKPAPDG.[1].IDIADAMLILEKAV 2037

684 KGDVTGDGTVDIQDYIALQKYILD.[ 4].INAANADVNGDG.[1].VNTADLFALRKMVL 738

1985 REDTNADGTVTASDALRVINYMNN.[12].TGWSRLDVNGDG.[1].VTALDALLVINKLN 2047

536 RGDVNGDGKISLIDLAMVKSHLLG.[ 6].DSFARADVNGDG.[1].LSLLDLAMIKSHLL 592

628 YGDANGDGDIDLFDFALIKRALLG.[ 6].IYWKAADCNKDG.[1].LDLFDFAVVKRYIL 684
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