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stearothermophilus. Thus, we proposed a novel family of 
carbohydrate esterase for both Cbes-AcXE2 and Axe2.
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Introduction

Lignocellulosic biomass is a renewable feedstock used 
to produce biofuels and green chemicals and to reduce 
fossil fuel dependence (Ellabban et  al. 2014; Kerckhoffs 
and Renquist 2013; Kopetz 2013). Numerous cellulolytic 
microbes have been harnessed in biomass refineries for 
biomass hydrolysis and transformation. However, to date, 
achieving a cost-effective enzymatic release of fermentable 
sugars from complex and recalcitrant biomass remains a 
challenge (Fatih Demirbas 2009; Hasunuma et  al. 2013; 
Himmel et al. 2007). In biomass hydrolysis, these microbes 
either act as sources of enzyme mixtures that deconstruct 
the biomass or they produce fuels and chemicals directly 
from the biomass in a single step of consolidated 
bioprocessing (Fatih Demirbas 2009; Himmel et al. 2007).

Thermophilic cellulolytic microbes have been regarded 
as a potential inexpensive alternative because of their 
advantages associated with high temperature. A higher 
reaction rate and substrate loading, the minimum risk 
of contamination, and the ease of product recovery at 
a higher temperature render the overall process highly 
cost-effective (Blumer-Schuette et  al. 2008, 2014). 
Numerous thermophilic genera, namely Clostridia, 
Caldicellulosiruptor, Acidothermus, Geobacillus, and 
Thermobifida, have been reported to degrade cellulose or 
complex biomass (Blumer-Schuette et  al. 2014). Among 

Abstract  Caldicellulosiruptor bescii, the most thermo-
philic cellulolytic bacterium, is rich in hydrolytic and 
accessory enzymes that can degrade untreated biomass, but 
the precise role of many these enzymes is unknown. One 
of such enzymes is a predicted GDSL lipase or esterase 
encoded by the locus Athe_0553. In this study, this prob-
able esterase named as Cbes-AcXE2 was overexpressed 
in Escherichia coli. The Ni–NTA affinity purified enzyme 
exhibited an optimum pH of 7.5 at an optimum temperature 
of 70  °C. Cbes-AcXE2 hydrolyzed p-nitrophenyl (pNP) 
acetate, pNP-butyrate, and phenyl acetate with approxi-
mately equal efficiency. The specific activity and KM for 
the most preferred substrate, phenyl acetate, were 142 U/
mg and 0.85 mM, respectively. Cbes-AcXE2 removed the 
acetyl group of xylobiose hexaacetate and glucose pentaac-
etate like an acetyl xylan esterase (AcXE). Bioinformat-
ics analyses suggested that Cbes-AcXE2, which carries 
an SGNH hydrolase-type esterase domain, is a member of 
an unclassified carbohydrate esterase (CE) family. Moreo-
ver, Cbes-AcXE2 is evolutionarily and biochemically 
similar to an unclassified AcXE, Axe2, of Geobacillus 
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these microbes, Caldicellulosiruptor bescii has the highest 
optimum growth temperature of 78  °C and can grow up 
to 90  °C (Yang et  al. 2010). In addition, this bacterium 
utilizes various insoluble polymeric substrates as carbon 
sources, such as raw switchgrass, crystalline cellulose, 
xylan, pectin, and starch (Basen et  al. 2014; Yang et  al. 
2010). Therefore, efforts are being focused on elucidating 
the set of unique enzymes involved in the degradation 
and utilization of these substrates to achieve an improved 
understanding of the molecular mechanism underlying C. 
bescii-based biomass hydrolysis.

To date, based on the transcriptomic and proteomic 
studies on C. bescii, the functional roles of only a few 
cellulolytic, xylanolytic, and pectinolytic enzymes 
have been identified (Dam et  al. 2011; Kataeva et  al. 
2013; Lochner et  al. 2011). Of these characterized 
enzyme groups, a secreted multidomain cellulase, 
CelA (Athe_1857), has been reported to be primarily 
involved in the solubilization of crystalline cellulose 
(Brunecky et al. 2013; Dam et al. 2011). Deletion of the 
corresponding CelA-encoding gene from the genome 
drastically diminishes cell’s ability to grow on cellu-
lose and switchgrass (Young et  al. 2014). Similarly, Su 
et  al. identified and explored xylan degradation-related 
enzymes. An operon of six genes (Athe_182–187) 
encoding two endoxylanases, two xylosidases, a prob-
able acetylxylanesterase (AcXE), and a glycoside hydro-
lase family 43 domain containing protein was involved 
in xylan utilization (Su et al. 2013). In addition, recom-
binant versions of these six xylanolytic enzymes were 
used to design a thermostable enzyme cocktail for xylan 
hydrolysis (Su et  al. 2013). Furthermore, a pectinolytic 
enzyme (Athe_1854) was reported to function synergis-
tically with CelA in raw switchgrass degradation (Ala-
huhta et al. 2013).

Although several studies on C. bescii have been 
reported, the functions of many enzymes from C. bescii, 
including many hydrolases and polysaccharide lyases asso-
ciated with biomass degradation, remain undetermined. 
The present study focuses on the probable AcXE encoded 
by the locus Athe_0553, which was found to be upregu-
lated during growth on switchgrass, but its function was not 
established in the previous study by Kataeva et al. (2013).

AcXEs are essential for the removal of acetyl groups 
attached to xylopyranosyl, glucuronoxylan, and galacto-
glucomannan of the heterogeneous hemicellulose. This 
deacetylation reaction is crucial for overall biomass 
hydrolysis, because hemicellulose constitutes approxi-
mately 20–30% of the total lignocellulosic material (Biely 
2012; Biely et  al. 1985; Mackenzie et  al. 1987; Pawar 
et al. 2013; Zhang et al. 2011). AcXEs are either extracel-
lular or intracellular and remove the acetyl groups located 
at the O-2 or O-3 positions of xylopyranosyl residues. 

Typically, microbes degrade polymeric xylan into solu-
ble deacetylated xylooligosaccharides (XOSs) through a 
synergistic action of secreted endoxylanase and AcXEs. 
Subsequently, XOSs are transported inside the cell, where 
β-xylosidases produce fermentable xylose sugars (Biely 
2012; Pawar et  al. 2013; Su et  al. 2013). AcXEs play a 
fundamental role in the overall xylan utilization, because 
acetyl group removal is essential for β-xylosidase action 
(Biely et al. 1996, 2000; Zhang et al. 2011).

To date, only one AcXE1 of C. bescii, which was encoded 
by the locus Athe_0152 but not upregulated, has been stud-
ied in detail (Su et al. 2013). AcXE1 together with endoxyla-
nase and β-xylosidase was reported to increase xylose yield 
in oat-spelt xylan (OSX) hydrolysis (Su et al. 2013).

Moreover, two probable AcXEs, Athe_0186 and 
Athe_0553, have been found to be upregulated by 15- and 
4-fold, respectively, which validates their specific roles 
in biomass degradation (Chowdhary et  al. 2015; Kataeva 
et  al. 2013). Therefore, the biochemical characterization 
of these upregulated AcXEs would reveal their specific 
roles in xylan utilization. Moreover, a previous study was 
unsuccessful in overexpressing Athe_0186, a member of 
the six-gene cluster associated with xylan degradation, 
in Escherichia coli (Su et al. 2013). In the present study, 
another enzyme, predicted as a GDSL lipase and named 
as Cbes-AcXE2, was overexpressed in E. coli. The puri-
fied protein was characterized in detail. Our study suggests 
that Cbes-AcXE2is a member of an unclassified thermo-
stable AcXE that acts on soluble acetylated xylobiose and 
glucose.

Materials and methods

Gene cloning and protein expression

Cbes-AcXE2 [National Center for Biotechnology Informa-
tion (NCBI) Reference Sequence ACM59679] was poly-
merase chain reaction (PCR)-amplified from the genome 
of C. bescii (DSM 6725). The PCR was performed using 
PrimeSTAR HS DNA polymerase premix (DSS Takara 
Bio India Pvt. Ltd., New Delhi, India) and a set of prim-
ers. The following primers were used: (1) forward primer, 
5′-GACGGGTGTGCTAGCAAGATTGAAAATGGAA-
GCAAACTTCTTTTCATAG-3′ and (2) reverse primer, 
5′-GAGAGTGGCTCTCGAGAAACTCTATAGCTTT-
TAAAAACGCATTGG-3′ (the NheI and XhoI restric-
tion sites are represented in italics). The amplified prod-
uct was cloned into the pET-23a plasmid at the NheI and 
XhoI restriction sites, and this recombinant plasmid was 
transformed into the E. coli BL21(DE3) cells for protein 
overexpression. The protein was expressed by growing the 
E. coli BL21(DE3) cells at 37  °C, with constant shaking 
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at 200  rpm for 24  h in an autoinduction terrific growth 
medium with trace elements (Hi-Media Laboratories Pvt. 
Ltd., Mumbai, India).

Protein purification, quantification, and electrophoresis

The grown cells were resuspended in a lysis buffer 
(20  mM Tris, pH 8.2) and lysed using the freeze–thaw 
method. Subsequently, the cell lysate was heated at 
70  °C for 30  min, and the cell-free extract was prepared 
by centrifuging the heated cell lysate at 9500  rpm for 
40  min. The supernatant was loaded onto a lysis buffer 
pre-equilibrated 1.5 ml Ni–NTA agarose column (Qiagen, 
Venlo, The Netherlands). Subsequently, the bound proteins 
were eluted with an imidazole-containing elution buffer 
(1  M imidazole; 20  mM Tris, pH 8.2) and 1% glycerol. 
Protein estimation of the eluted fractions was performed 
using the Bradford method, and the purified protein 
was analyzed through 12.0% sodium dodecyl sulfate 
polyacrylamide gel electrophoresis (SDS-PAGE) to assess 
the purity and molecular weight according to the Laemmli 
SDS-PAGE protocol (Bradford 1976; Laemmli 1970).

Enzyme assay

The purified Cbes-AcXE2 was concentrated and buffer-
exchanged in a 3-kDa centrifugal concentrator (Pall Corpo-
ration, India). The protein was quantified by measuring UV 
absorbance at 280 nm based on the molar extinction coef-
ficient (34.045  mM−1  cm−1). Furthermore, p-nitrophenyl 
(pNP)-acetate, pNP-butyrate, pNP-octanoate, pNP-dodeco-
nate, phenyl acetate, N-acetylglucosamine, glucose pentaac-
etate, OSX, except 1,4-β-xylobiosehexacetate and birch-
wood xylan were used in the assays. All these substrates 
were purchased from Sigma-Aldrich (St Louis, USA) 
except 1,4-β-xylobiosehexacetate, which was procured from 
Carbosynth (UK). The acetylation of OSX was performed 
on the basis of a previously reported protocol, and acetyla-
tion was confirmed through the gravimetric analysis of acet-
ylated OSX (Biely et al. 1996).

A 3-ml standard assay mixture comprised approxi-
mately 1 µg of Cbes-AcXE2 and 0.375 mM pNP esters. 
The released pNP after hydrolysis was continuously 
measured at 410  nm using a UV-2550 UV–Vis spectro-
photometer (Shimadzu, Kyoto, Japan) coupled with an 
accessory TCC-240A for cuvette temperature control. 
The standard enzyme assays were performed in the fol-
lowing buffers: 100  mM citrate (pH 5.0–6.0), 100  mM 
phosphate (pH 7.0–7.5), and 100 mM Tris (pH 8.0–9.0). 
The molar extinction coefficients of pNP at 410 nm were 
1.8, 9.6, 13.3, 17.4, and 18.1  mM−1  cm−1 at pH 6.0, 
7.0, 7.5, 8.0, and 9.0, respectively. Similarly, at pH 7.5, 
the same standard enzyme assays were performed in a 

temperature range of 40–90 °C to determine the optimum 
conditions of Cbes-AcXE2. One unit of enzyme corre-
sponds to the release of 1 µM pNP/min/ml.

In the phenyl acetate assay, 0.21-M substrate (Sigma-
Aldrich, St Louis, USA) was used with approximately 
12  µg of the purified protein in a total reaction volume 
of 3  ml. The phenol released after hydrolysis was 
progressively measured at 270 nm. The molar extinction 
coefficient of phenol was 1.67 mM−1 cm−1 at 270 nm in a 
100-mM phosphate buffer of pH 7.5.

The enzyme activity with acetylated substrates was 
determined by quantifying the release of acetic acid from 
substrates. Approximately 1 mg of N-acetylglucosamine, 
glucose pentaacetate, 1,4-β-xylobiose hexaacetate, OSX, 
acetylated OSX, and birchwood xylan were incubated 
with 1–2 µg of the protein in an assay mixture of 400 µl. 
Acetic acid release was measured using the high-
performance liquid chromatography (HPLC)-based 
method as described previously (Mackenzie et al. 1987). 
An Agilent HPLC model 1260 equipped with an Aminex 
87 H column (300 × 7.8 mm) and a variable wavelength 
detector was used to measure acetic acid release at 
210 nm. The column was operated at 65 °C, with a flow 
rate of 0.6 ml/min and 5-mM sulfuric acid as an eluent.

Enzyme kinetics

The kinetic parameters, namely KM, Vmax, and catalytic 
efficiency, were determined from the Lineweaver–
Burk plot for the assays performed in 100-mM sodium 
phosphate buffer (pH 7.5) at 70  °C. In the two assays, 
pNP-acetate (0.01–5.0  mM) and phenyl acetate (0.1–
2.0  mM) were used as substrates, and 1  µg of Cbes-
AcXE2 was used in both assays. The enzymatic reactions 
were monitored through UV–Vis spectroscopy as 
described in the previous section. The initial velocities of 
both enzymatic reactions were plotted in the Lineweaver–
Burk double-reciprocal plot to estimate the kinetic 
parameters.

Thermostability and fluorescence intensity 
measurements

The thermal stability of the protein was determined by 
incubating the protein in a buffer (pH 7.5) at 70  °C, and 
enzyme activity was measured at different time points by 
performing standard assays with pNP-acetate. Furthermore, 
the same protein sample was used to collect the fluores-
cence emission data at an excitation wavelength of 280 nm 
and a band width of 5 nm on a Jasco FP-6500 spectrofluor-
ometer. The collected data represent an average of 10 scans.
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Dynamic light scattering

The purified and filtered protein solution (0.684  mg/ml) 
in 50-mM phosphate buffer (pH 7.2) was used to measure 
the hydrodynamic radius on a Möbiuζ light scattering 
instrument (Wyatt Technology Corporation, USA). The 
data were acquired for every 5 s, with 50 acquisitions for 
five independent runs. The collected data were analyzed 
using Dynamics software to calculate the average radius, 
diffusion coefficient, and polydispersity.

Bioinformatics analyses and homology modeling

NCBI protein Basic Local Alignment Search Tool (BLAST) 
was performed using the online BLAST web interface 
(https://blast.ncbi.nlm.nih.gov/Blast.cgi?PAGE=Proteins) 
(Johnson et  al. 2008). The protein sequences for different 
carbohydrate esterase (CE) families were retrieved from 
the Universal Protein Resource Knowledgebase. The phylo-
genetic studies of multiple aligned protein sequences were 
performed through Molecular Evolutionary Genetics Anal-
ysis (MEGA) 5.05 using the default parameters (Tamura 
et  al. 2007). A phylogenetic tree was constructed on the 
basis of the neighbor-joining statistical method and the pois-
son model of amino-acid substitution with bootstrap rep-
lications of 1000. The sequence alignment was performed 
using Clustal Omega, and the predicted secondary structure 
was formatted and demonstrated using the ESPript3 online 
server (Robert and Gouet 2014; Sievers et al. 2011).

Homology modeling created a structural model of Cbes-
AcXE2 on the template of Axe2 from Geobacillus stearo-
thermophilus (PDB ID: 3W7V). The default parameters 
of the Swiss Model (http://swissmodel.expasy.org/) server 
were used to predict the structural model (Biasini et  al. 
2014). The graphics and three-dimensional structure were 
represented using a molecular visualization tool, Pymol 
(The PyMOL Molecular Graphics System, Version 1.8 
Schrödinger, LLC).

Results and discussion

Cbes‑AcXE2 is a novel SGNH hydrolase‑type esterase 
domain containing AcXE

The Carbohydrate-Active Enzyme database has grouped 
esterases working on carbohydrates into 16 CE families 
(Lombard et  al. 2014). AcXEs (EC 3.1.1.72) acting on 
acetylated xylan have been distributed into eight CE 
families, CE1-7 and 16 (Biely 2012; Pawar et al. 2013). 
Although the CE12 family has two probable AcXEs, 
the deacetylation activity of both enzymes on xylan 
is yet to be established (Adesioye et  al. 2016). AcXEs 

present in the eight CEs, except CE4, have the standard 
catalytic triad, Ser-His-Asp (Glu), of the serine esterase 
in a conserved motif of either GxSxG or GDSL (Akoh 
et  al. 2004). Among these CEs, CE3, CE6, and CE16 
also have an SGNH hydrolase-type esterase domain 
(Ašler et  al. 2010). Furthermore, the SGNH hydrolase 
domain is present in viral hemagglutinin-esterase 
surface glycoproteins, a mammalian acetylhydrolase, a 
rhamnogalacturonan acetylesterase, and a multifunctional 
enzyme thioesterase I (TAP) from E. coli (Bielen et  al. 
2009; Lo et al. 2003; Sánchez et al. 2012).

NCBI Protein BLAST of Cbes-AcXE2 against the 
RefSeq protein database revealed a conserved domain of 
the SGNH hydrolase superfamily and observed similar 
sequences in all known members of Caldicellulosirup-
tor (all protein sequences are included in online resource 
2). As expected, the identical sequences from the same 
genus had a sequence identity of >90%. Cbes-AcXE2 was 
found to be upregulated during growth on switchgrass; 
therefore, the presence of highly identical sequences in 
all known members of Caldicellulosiruptor may sug-
gest that Cbes-AcXE2 plays an important role in biomass 
degradation.

Furthermore, multiple sequence alignments of all pro-
tein sequences having greater than 40% sequence identity 
with Cbes-AcXE2 revealed conserved amino-acid residues, 
namely, S, G, N, and H of the typical SGNH hydrolase 
superfamily (Fig. 1a). From these protein sequences, only 
Axe2 from G. stearothermophilus was active on acetylated 
xylan (Alalouf et  al. 2011). Furthermore, Cbes-AcXE2 
shared significant sequence identity (58.69%) with Axe2. 
Based on the sequence alignment, the likely catalytic triad 
residues in Cbes-AcXE2 were Ser-15, Asp-192, and His-
195 (Fig.  1a). The predicted catalytic residues of Cbes-
AcXE2 were analyzed further in a three-dimensional struc-
tural model. Nonetheless, Axe2 has not been linked to any 
known CE family; therefore, Cbes-AcXE2 is an unclassi-
fied thermostable AcXE with a distinct SGNH hydrolase 
esterase domain.

Using the neighbor-joining phylogenetic tree method, 
Cbes-AcXE2, Axe2, and identical sequences from Cal-
dicellulosiruptor were analyzed together with three CEs 
having a SGNH hydrolase-type esterase domain. Cbes-
AcXE2 was not related to any known CEs with SGNH 
hydrolase-type esterase domain (Fig.  1b). Notably, 
Cbes-AcXE2 was grouped with Axe2 from G. stearo-
thermophilus, which was previously proposed as a novel 
AcXE family (Alalouf et  al. 2011). All other homolo-
gous protein sequences were also grouped together with 
Cbes-AcXE2 and Axe2. Furthermore, Cbes-AcXE2 and 
Axe2 differed in terms of their sequence identity and 
phylogeny with all three CEs, namely CE3, CE6, and 
CE16, having SGNH hydrolase esterase domain.

https://blast.ncbi.nlm.nih.gov/Blast.cgi?PAGE=Proteins
http://swissmodel.expasy.org/
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Overexpression and purification of recombinant 
Cbes‑AcXE2

Cbes-AcXE2 was overexpressed in E. coli BL21 (DE3) 
cells using a T7 promoter-based expression system, and 
the protein was obtained in the soluble fraction of the cell 
lysate. The C-terminus 6X-Histag was used to purify the 
protein through Ni–NTA affinity chromatography. The 
overall protein yield was approximately 4–5  mg/g wet 

cell weight. SDS-PAGE of the eluted fractions (Fig.  2a) 
revealed that the purified protein has a molecular weight 
of approximately 25 kDa, which is consistent with the pre-
dicted molecular weight of 25.8 kDa.

Temperature and pH optima of Cbes‑AcXE2

pNP-acetate was used to determine the optimum tem-
perature and pH of the enzyme. The optimum pH and 

    

I          II                III                 V  

 G2PX31|C.lactoaceticus 6A

 E4S582 |C.kristjanssonii

 D9TII9|C.obsidiansis

 A4XHL3|C.saccharolyticus

 E4SGP9|C.kronotskyensis

 Cbes-AcXE2

 E4Q3V9|C.owensensis

 E4Q7G3 |C.hydrothermalis

 Q09LX1|Axe2|Geobacillus stearothermophilus

 CE3|A3DDK4|CtCes3|C. thermocellum

 CE3|Q9RLB8|CesA|Ruminococcus flavefaciens

 CE3|O13497|BnaIII|Neocallimastix patriciarum

 CE6|Q2YI73|AxeA|unidentified microorganism

 CE6|Q9F106|Axe6A|Fibrobacter succinogenes

 CE6|O59869|AxeA|Orpinomyces sp.(strain PC-2)

 CE16|A7J2C6|Aes1|Hypocrea jecorina
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Fig. 1   a Multiple Sequence alignment of Cbes-AcXE2 with the pro-
tein sequences having greater than 40% sequence identity to show 
the four conserved blocks marked with amino-acid positions number 
on top row. The conserved residues—S, G, N, and H—in the blocks 
are labeled with roman numerals with an arrow mark (bottom row). 
Multiple sequence alignment was performed by Clustal Omega 

online server and formatted by ESPript 3 online server. b Unrooted 
neighbor-joining phylogenetic tree of Cbes-AcXE2, Axe2, and iden-
tical sequences from Caldicellulosiruptor genus with other members 
of carbohydrate esterases having SGNH hydroloase esterase domain-
CE3, CE6, and CE16. Phylogenetic tree was constructed by MEGA 
5.05 software
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temperature were 7.5 and 70 °C, respectively (Fig. 2b, c). 
The optimum conditions of Cbes-AcXE2 were very close 
to the optimum growth conditions of C. bescii (approxi-
mately pH 7.0 and 78  °C). However, the temperature 
optimum of AcXE2 was 8  °C lower than the optimum 
growth temperature of C. bescii (Yang et  al. 2010). A 
similar difference in the optimum temperature has also 
been observed in the recombinant version of CelA, which 
lacked glycosylation compared with the native CelA 
(Brunecky et  al. 2013; Chung et  al. 2015). Therefore, 
posttranslational modifications could play a role in low-
ering the temperature optimum of Cbes-AcXE2.

Substrate specificity of Cbes‑AcXE2

Under optimum temperature and pH conditions, the 
enzyme hydrolyzed pNP-butyrate and pNP-acetate with 
almost similar efficiency. However, only approximately 
10–15% relative activity of the enzyme was observed 
with pNP-octanoate compared with pNP-acetate (Fig. 2d). 
In addition, Cbes-AcXE2 was active on phenyl acetate, a 
standard substrate of AcXE. The specific enzyme activity 
with phenyl acetate was 142 mM min−1 mg−1, which was 
significantly higher than that with pNP-acetate (Table  1; 
Fig.  2d). A higher specific activity with phenyl acetate is 

Fig. 2   a SDS-PAGE profile of the eluted protein from Ni–NTA 
affinity chromatography with protein molecular weight marker in 
the left lane. b, c Relative activity at different pH and temperatures, 
respectively. All reactions were incubated for 30 min and performed 
in triplicate. For different pH, the incubation temperature was 70 °C, 

and for different temperature, pH 7.5 was used in the assays. d Rela-
tive activity with different substrates; pNP C-2 (acetate); pNP C-4 
(butyrate); pNP C-8 (octanoate); pNP C-12 (dodecanoate); and PA 
(phenyl acetate). All assays were performed in triplicates
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common among AcXEs. Furthermore, AcXEs have been 
reported to prefer pNP-ester-containing short-chain fatty 
acids (Biely 2012; Biely et al. 1985, 1996).

To investigate whether the purified protein can dea-
cetylate the naturally acetylated substrate, we evaluated 
polymeric OSX, birchwood xylan, and acetylated OSX. 
However, Cbes-AcXE2 could not deacetylate any tested 
polymeric acetylated xylan (data not shown). By contrast, 
the evolutionary related protein, Axe2 from G. stearother-
mophilus hydrolyzed 20–30% acetyl groups from com-
pletely acetylated birchwood xylan (Alalouf et al. 2011).

In addition, soluble acetylated substrates, namely glu-
cose pentaacetate and 1,4-β-xylobiose hexaacetate, were 
analyzed to explore deacetylation activity of the enzyme. 
One microgram of Cbes-AcXE2 removed 100% acetyl 
groups from glucose pentaacetate within 1  h (online 
resource 1, Fig.  3a). Under similar conditions, only 
70–80% acetyl groups were released from 1,4-β-xylobiose 
hexaacetate (online resource 1, Fig.  3a). Here, when the 
enzyme dosage was increased to 2  µg, 1,4-β-xylobiose 
hexaacetate was also completely hydrolyzed in 1 h (online 
resource 1). In our experiments, the slower deacetylation 
rate of the enzyme on acetylated xylobiose than on glu-
cose pentaacetate may be attributed to the dimeric nature 
of 1,4-β-xylobiose hexaacetate. Although N-acetylglu-
cosamine was also used in the assays, the enzyme could 
not deacetylate the N-linked acetyl groups (Fig. 3a). Alto-
gether, these results confirmed that Cbes-AcXE2 is an 
O-linked deacetylase, which acts only on the O-linked 
acetyl groups of glucose and xylobiose but not on poly-
meric insoluble xylan.

In this study, we have not analyzed the reaction 
intermediates of the complete deacetylation reaction 
of fully acetylated glucose and xylobiose. Therefore, it 
is likely that the enzyme does not have any positional 
specificity toward the substrates. In contrast, AcXEs 
exhibit positional specificity, because acetylated 
glucuronoxylan present in the hardwood is mostly 
monoacetylated at position 2 or 3 or 2,3-di-O-acetylated 
(Adesioye et  al. 2016; Biely et  al. 2016). Therefore, 
further nuclear magnetic resonance and thin layer 
chromatography studies are warranted to investigate 
the intermediates of the aforementioned reactions and 
to establish the accurate role and positional specificity 
of Cbes-AcXE2 in the degradation of polymeric xylan-
derived acetylated XOSs.

Evidently, Cbes-AcXE2 has a distinct substrate 
specificity compared with the SGNH hydrolase-type 
esterase domain containing three CEs, namely CE3, 
CE6, and CE16. Cbes-AcXE2 prefers acetylated XOSs 
as substrates; however, a thermostable CE3 family AcXE, 
Ces3, from Clostridium thermocellum was highly active 
on polymeric acetylated xylan (Correia et  al. 2008). 
Similarly, members of the CE6 and CE16 families have 

Table 1   Michaelis-Menten constants of Cbes-AcXE2

pNP-Ac pNP-acetate, PA Phenyl acetate, One unit of enzyme corresponds to release of 1 µmole product per minute

Enzyme Substrate kcat (S
−1) KM (mM) kcat/KM (M−1 S−1) Specific Activity (Unit.mg−1) Reference

Cbes-AcXE2 pNP-Ac 175.21 0.61 2.87×105 94 This study

Axe2 pNP-Ac 31 27 1.14×103 72 (Alalouf et al. 2011)

Cbes-AcXE2 PA 116.15 0.85 1.36×105 142 This study

Axe2 PA 77 7 1.1×104 187 (Alalouf et al. 2011)

Fig. 3   a Kinetic data for acetic acid release from acetylated sub-
strates (labeled in top panel). The assays were done in triplicates at 
70 °C in a 100-mM phosphate buffer of pH 7.5. The acetic acid was 
quantified by Aminex 87 H column on an HPLC using variable wave-
length detector at 210 nm. The standard acetic acid graph is shown in 
online resource 1 (Fig. 1a). b Thermal inactivation kinetics of Cbes-
AcXE2. The protein was incubated for 0, 30, 60, 90, 120, 180, 240, 
and 300 min in triplicates at 70 °C in a 100-mM phosphate buffer of 
pH 7.5 followed by an assay with pNP-acetate under similar condi-
tions for 30 min
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broad substrate specificity for polymeric acetylated xylan 
as well as soluble acetylated XOSs (Adesioye et al. 2016; 
Alalouf et al. 2011).

Our study finding suggests that Cbes-AcXE2 can be an 
accessory enzyme in the xylanolytic enzyme inventory, 
which has not been reported previously. Presumably, 
in C. bescii-based xylan utilization, Cbes-AcXE2 
would participate in the deacetylation of transported 
extracellular XOSs, which are produced by the action of 
secreted endoxylanases. Therefore, it is likely that in C. 
bescii-based xylan utilization, the secreted endoxylanases 
will generate acetylated XOSs, which are subsequently 
transported inside the cell for degradation by intracellular 
Cbes-AcXE2.

Thermostability of Cbes‑AcXE2

The thermostability of Cbes-AcXE2 was evaluated at 
70  °C for 3  h by assessing pNP-acetate hydrolysis. The 
protein was stable for approximately 1.5  h, without any 
significant activity loss (Fig.  3b). Notably, the protein 
was thermally activated in the first hour of incubation. 
However, any structural adjustments in the recombinant 
Cbes-AcXE2 were very unlikely because the protein had 
already been exposed to similar temperature conditions as 
the purification step. Therefore, to further investigate the 
aforementioned observation, the protein samples used for 
the thermostability measurements were also evaluated to 
assess the changes in the intrinsic fluorescence intensity 
of the protein. Notably, a significant increase in the 
fluorescence intensity along with a small change in the 
emission maxima (λmax) was observed during the first 
hour of incubation (online resource 3). Therefore, it is 
plausible that the structural elements of the protein were 
more stably folded during the first hour of incubation at 
70  °C. Moreover, additional structural investigations of 
the molecular mechanisms governing the thermostability 
of Cbes-AcXE2 will provide insights about the thermal 
adaptability of this protein.

Catalytic efficiency of Cbes‑AcXE2

The Michaelis–Menten constants of Cbes-AcXE2 were 
calculated by plotting the initial velocities of Cbes-AcXE2 
with respect to pNP-acetate and phenyl acetate in the 
Lineweaver–Burk plot. KM, kcat, Vmax, and catalytic effi-
ciency were determined using both substrates (Fig.  4a, b; 
Table 1). The KM values were approximately same for both 
substrates, but the catalytic efficiency of pNP-acetate was 
twofold more than that of phenyl acetate. In comparison of 
Axe2, Cbes-AcXE2 was more efficient (Table 1). Notably, 
Cbes-AXE2 had a 12- and 20-fold lower KM for phenyl 

acetate and pNP-acetate, respectively (Alalouf et al. 2011). 
Apparently, this lower KM, which indicates increased sub-
strate affinity, could be attributed to the superiority of 
Cbes-AcXE2 over Axe2.

Structural model of Cbes‑AcXE2

A reliable three-dimensional structural model for Cbes-
AcXE2 was constructed using the template of Axe2 from 
G. stearothermophilus (PDB ID: 3W7V) (Lansky et  al. 
2014). The model had a global mean quality estimate score 
of 0.82, indicating an accurate predicted three-dimensional 
structure. The model superimposed satisfactorily with 
the evolutionary related protein Axe2, with a root-mean-
square deviation of 0.217 Å. Figure 5a shows the predicted 
model with overlaid catalytic triad residues and the loop 
involved in catalysis. The positions of Ser, His, and Asp 
(catalytic triad) were similar to the predicted residue posi-
tions of 15, 192, and 195, respectively, as described in the 
previous sections. Remarkably, the orientation of the loop 
around the active site was significantly altered (Fig.  5a), 

Fig. 4   a, b Lineweaver–Burk plot of the initial velocity data obtained 
for pNP-acetate and phenyl acetate, respectively. The assays were 
done in triplicates at 70 °C in a 100-mM phosphate buffer of pH 7.5. 
The linear fit and its equation are shown at the top left corner. Based 
on this, the Michaelis–Menten constants were calculated and shown 
in Table 1
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which could be a major factor leading to the differences 
between the catalytic efficiency and KM values of Cbes-
AcXE2 and Axe2.

The geometry of the residues forming the catalytic triad 
was analyzed (Fig. 5b). The catalytic Serine was positioned 
at a distance of 2.9  Å, and Asp was located 3.8  Å away 
from His. These observations suggested that the catalytic 
triad residues are apparently located at an optimum distance 
to facilitate enzyme catalysis (Hedstrom 2002; Kraut 1977; 
Radisky et al. 2006).

The previous X-ray crystallography studies have shown 
that Axe2 has an octameric doughnut-shaped assembly, in 
which an asymmetric unit of the dimer is assembled into 
an octamer through salt bridges and hydrogen bonds (Lan-
sky et al. 2013, 2014). Therefore, we determined the abso-
lute molecular weight of Cbes-AcXE2 through dynamic 
light scattering measurements. The molecular weight 
of Cbes-AcXE2 was approximately 185.6  kDa with a 
hydrodynamic radius of 5.5  nm (Fig.  6), which demon-
strated a compact octamer of the monomeric 25.8-kDa 
Cbes-AcXE2. Therefore, Cbes-AcXE2 and Axe2 not only 
shared a similar substrate specificity but also an exclusive 
quaternary structure.

Furthermore, the geometric positions of the crucial 
residues involved in salt bridges and hydrogen bonds 
were reported to be responsible for the octameric 
assembly of Axe2 (Lansky et  al. 2014). A structural 
comparison between these residues indicated that the 
residues for tetramer and octamer formation were 
well conserved. However, the residues involved in the 
assembly of a monomer into a dimer of Cbes-AcXE2 
(data not shown) were not conserved. Therefore, we 
speculated that a monomer is assembled into dimeric 
Cbes-AcXE2 through a different mechanism. Further 
X-ray crystallography studies on the monomer–dimer 
assembly are warranted to determine the orientation of 
the active site in the multimeric Cbes-AcXE2.

Fig. 5   a Three-dimensional structural model of Cbes-AcXE2 shown 
in green color. The active site residues and a loop of the model (red 
color) were superimposed to the Axe2 of G. stearothermophilus (PDB 
ID 3W7V) (cyan color). Catalytic residues—Ser 15 Asp 192 and His 
195—are shown in ball-stick. b Geometry of catalytic triad residues 
(red color) of Cbes-AcXE2—Ser 15 Asp 192 and His 195. Residue 
position and the distance between these residues are also shown

Fig. 6   Processed dynamic light 
scattering data of Cbes-AcXE2 
(0.684 mg/ml) in 50-mM 
phosphate buffer of pH 7.5. The 
data are average of 50 different 
acquisitions of 5 different runs. 
The graph shows hydrodynamic 
radius and the table shows 
the polydispersity, diffusion 
coefficient, and the absolute 
molecular weight
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Conclusions

In the current study, we performed the biochemical 
characterization of an AcXE of the most thermophilic 
cellulolytic bacterium, C. bescii. Our results demonstrated 
that Cbes-AcXE2 acts on acetylated xylobiose and 
glucose. Furthermore, Cbes-AcXE2 was upregulated 
during growth on switchgrass, and all known members of 
Caldicellulosiruptor had very similar protein sequences. 
Altogether, we suggest that Cbes-AcXE2 plays a pivotal 
role in plant biomass degradation. In addition, Cbes-
AcXE2 shares sequence identity, substrate specificity, and 
a unique octameric assembly with Axe2, which has not 
been included in any CEs. Therefore, we propose a novel 
CE family, CE17, for Cbes-AcXE2 as well as for the 
previously studied Axe2. These suggestions are consistent 
with those of a study by Adesioye et al. (2016).

Acknowledgements  We thank Prof. M.W.W Adams (University of 
Georgia, USA) for the kind gift of the genomic DNA of C. bescii. 
We also thank Dr. Ajit Tiwari for carefully reading the manuscript 
and providing his suggestions. This research was financially sup-
ported by Department of Biotechnology (Government of India) 
under the program Energy Bioscience Overseas Fellowship (No. BT/
NBDB/22/06/2011) and DBT-ICT Centre for Energy Biosciences – 
Phase II (BT/EB/ICT-Extension/2012).

References

Adesioye FA, Makhalanyane TP, Biely P, Cowan DA (2016) Phylog-
eny, classification and metagenomic bioprospecting of microbial 
acetyl xylan esterases. Enzyme Microb Technol 93–94:79–91. 
doi:10.1016/j.enzmictec.2016.07.001

Akoh CC, Lee GC, Liaw YC et  al (2004) GDSL family of serine 
esterases/lipases. Prog Lipid Res 43:534–552. doi:10.1016/j.
plipres.2004.09.002

Alahuhta M, Brunecky R, Chandrayan P et  al (2013) The structure 
and mode of action of Caldicellulosiruptor bescii family 3 pec-
tate lyase in biomass deconstruction. Acta Crystallogr Sect D 
Biol Crystallogr 69:534–539. doi:10.1107/S0907444912050512

Alalouf O, Balazs Y, Volkinshtein M et al (2011) A new family of 
carbohydrate esterases is represented by a GDSL hydrolase/
acetylxylan esterase from Geobacillus stearothermophilus. J 
Biol Chem 286:41993–42001. doi:10.1074/jbc.M111.301051
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