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a  b  s  t  r  a  c  t

Endoglucanases  are  key enzymes  in  the  degradation  of cellulose,  the most  abundant  polymer  on  Earth.
The aim  of  this  work  was  to  perform  the  biochemical  and  biophysical  characterization  of  CelE2,  a soil
metagenome  derived  endoglucanase.  CelE2  harbors  a conserved  domain  from  glycoside  hydrolase  family
5 (GH5)  and  a C-terminal  domain  with identity  to  Calx-beta  domains.  The  recombinant  CelE2  displayed
preference  for  hydrolysis  of  oat  beta-glucan,  followed  by  lichenan  and  carboxymethyl  cellulose.  Optimum
values  of  enzymatic  activity were  observed  at 45 ◦C and  pH 5.3,  and  CelE2  exhibited  considerable  ther-
mal  stability  at  40 ◦C for up to  360  min.  Regarding  the  cleavage  pattern  on  polysaccharides,  the  release
of  oligosaccharides  with  a wide  degree  of polymerization  indicated  a characteristic  of  endoglucanase
activity.  Furthermore,  the  analysis  of products  generated  from  the  cleavage  of cellooligosaccharides  sug-

gested that  CelE2  exhibited  transglycosylation  activity.  Interestingly,  the  presence  of  CaCl2 positively
affect  CelE2,  including  in the  presence  of  surfactants.  SAXS  experiments  provided  key  information  on  the
effect  of  CaCl2 on  the stability  of  CelE2  and dummy  atom  and rigid-body  models  were  generated.  To  the
best  of  our  knowledge  this  is  the  first  biochemical  and  biophysical  characterization  of an endoglucanase
from  family  GH5  displaying  this  unconventional  modular  organization.
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1. Introduction

The main drivers for the development of renewable energy
sources are the high dependence on nonrenewable energy sources
coupled with their price fluctuation and environmental concerns
regarding the emission of greenhouse gases from burning of fos-
sil fuels [1]. In this context, lignocellulosic biomass represents a
promising renewable source for the production of biofuels [2,3].

Lignocellulosic biomass is typically composed of 40–60% cellu-
lose, 20–40% hemicellulose, 10–25% lignin and minor amounts of
ash, acids and extractives [4]. The production of biofuel from ligno-

cellulosic biomass involves deconstruction of the plant cell wall and
depolymerization of cellulose and hemicellulose into monomeric
sugars through a combination of physicochemical pre-treatment
and enzymatic hydrolysis [4,5]. Glycoside hydrolase (GH) is a class
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f enzymes with fundamental importance for the hydrolysis of
ellulose and hemicelluloses. Since the degradation of these com-
onents is part of many biological reactions in nature, a variety of
rganisms are able to produce enzymes with versatile specificities
nd biochemical properties [6–8].

The classical scheme for hydrolytic cellulose degradation
nvolves at least three types of enzyme activities working synergis-
ically: (i) endo-1,4-�-glucanases, which randomly cleave internal
onds of the cellulose chain, (ii) exo-1,4-�-glucanases, which
ydrolyze the external bonds of the reducing or non-reducing
nd of the chain and (iii) �-glucosidases, that cleave cellobiose
olecules to glucose [9]. Recently, lytic polysaccharide monooxy-

enases (LPMOs) have been recognized as important players in the
mprovement of cellulose degradation by acting in synergy with
ellulases [9,10].

Representatives of endoglucanases are distributed in a vari-
ty of GH families accordingly to the CAZy (Carbohydrate Active
nzymes) database [11]. Of these, GH5 is one of the largest family in
erms of number of members, taxonomic dispersion and substrate
pecificity, and has been the target of several studies, since it con-
emplates important activities for deconstruction of carbohydrates
rom the plant cell [12,13].

Commonly, enzymes involved in plant cell wall degradation
isplay multi-modular organization, which includes the catalytic
omain and accessory domains such as carbohydrate binding mod-
les (CBMs), the most well studied type of accessory domain,
bronectin type III domain (Fn3), immunoglobulin-like domain (Ig-

ike) and Calx-beta domains, whose functions are still not fully
lucidated [14–19].

In this context, the aim of this work was to perform compre-
ensive biochemical and biophysical characterization of CelE2, a
odular cellulase derived from soil metagenome composed by an
-terminal GH5 domain and a C-terminal with identity to Calx-beta
omains.

. Materials and methods

.1. Sequence and architecture analysis

The cele2 gene was identified after functional screening on car-
oxymethyl cellulose of a soil-derived metagenomic library, as
escribed previously [20]. Plasmid from the positive clone was
xtracted and submitted to DNA sequencing in an Applied Biosys-
ems 3500xL Genetic Analyzer at the Brazilian Bioethanol Science
nd Technology Laboratory. The sequences generated were ana-
yzed in Geneious Pro 5.6.2 (http://www.geneious.com) [21] for
dentification of the coding DNA sequence (CDS). The nucleotide
equence from the predicted CDS was compared to the NCBI
atabase using the BLASTX tool and deposited in the NCBI Gen-
ank (accession number KU715986). The modular architecture of
elE2 was evaluated in further details by comparison with PFAM
nd SMART databases [22–24]. Predictions of the signal peptide
nd biochemical and biophysical parameters were performed via
ignalP 4.1 [25] and Protparam tool from ExPASy [26], respectively.

In order to perform orthologous group annotation, protein
equence was  compared against the Eggnog database [27]. For
hylogenetic analysis, protein sequences from the respective
rthologous group were downloaded and used for construction of
he phylogenetic tree in Mega 6.06 [28] using the neighbor-joining

ethod [29].
.2. Cloning, heterologous expression and protein purification

The coding DNA sequence of CelE2 was PCR-amplified using
he forward primer 5′ TATAGCTAGCCTGAGTATCTCGGATGCC 3′ and
gical Macromolecules 99 (2017) 384–393 385

reverse primer 5′ ATAAAGCTTTTAGGCGCTACCCACCCGATC 3′, con-
taining NheI and HindIII restriction sites (underlined in the primers,
respectively). The amplified gene was  cloned into expression vector
pET-28a (Novagen), in fusion with an N-terminal 6-His tag. Subse-
quently to the transformation in Escherichia coli Rosetta-gamiTM

2 (Novagen), heterologous expression was  performed by cultiva-
tion of cells in LB broth containing 50 �g mL−1 kanamycin and
40 �g mL−1 chloramphenicol, at 37 ◦C and 200 rpm until the OD600
reached 0.6–0.8. Afterward, IPTG was added at a final concen-
tration of 1 mM to induce expression and the temperature and
agitation speed were reduced to 18 ◦C and 180 rpm, respectively, for
approximately 16 h. Then, the culture was  centrifuged at 35,250 × g
for 30 min  at 4 ◦C and the recovered cells were resuspended in
20 mM Tris-HCl (pH 7.5), 200 mM NaCl, 20% glycerol and 5 mM
imidazole followed by cell disruption in an ultra sonicator (Son-
ics Vibra-CellTM). The first step of purification consisted of affinity
chromatography that involved incubation of the recovered super-
natant with TALON resin (Clontech) followed by elution of proteins
with 20 mM Tris-HCl (pH 8.0), 200 mM NaCl, 20% glycerol and
100 mM imidazole. Next, the protein sample was  further purified by
size exclusion chromatography using a Superdex 75 10/300 GL col-
umn  (GE Healthcare), equilibrated with 20 mM sodium phosphate
buffer (pH 7.4) containing 50 mM NaCl. The purity of the collected
protein fractions was  assessed by SDS-PAGE [30] and quantification
was performed by absorbance at 280 nm,  considering the predicted
extinction coefficient of CelE2 (123300 M−1 cm−1).

2.3. Biochemical characterization

In all steps of biochemical characterization the hydrolytic activ-
ity was determined by quantification of the amount of reducing
sugar released according to the 3,5–dinitrosalicylic acid method
[31], and all the assays were carried out at least in triplicate.

First, the enzymatic activity was analyzed in reactions (100 �L)
with different soluble polysaccharides 0.25% (w/v) (purchased
from Megazyme and Sigma-Aldrich) in 40 mM  of sodium acetate
buffer pH 5.5, for 60 min  at 40 ◦C. For evaluation of temperature-
dependence, reactions containing oat �-glucan 0.25% (w/v)
(Megazyme) in 40 mM sodium acetate buffer pH 5.5 were incu-
bated in a range of 15–90 ◦C for 30 min. The influence of different
pH values on enzymatic activity was evaluated in 40 mM sodium
acetate buffer (pH 3.6–5.6) and 40 mM sodium phosphate buffer
(pH 5.8–8.0), in reactions containing oat �-glucan 0.25% (w/v) fol-
lowed by incubation at 45 ◦C for 60 min.

After these initial characterization steps, all assays were per-
formed in oat �-glucan 0.25% (w/v) and at the optimal pH and
temperature. Thermal stability was assessed by incubation of CelE2
in 20 mM sodium phosphate buffer (pH 7.4) containing 50 mM NaCl
at temperatures ranging from 40 ◦C–90 ◦C, followed by the col-
lection of aliquots at regular times for measurement of residual
activity by incubation for 30 min  at optimal conditions.

The effect of different metal ions on enzymatic activity was
evaluated by addition of compounds to be tested in the final
concentration of 5 mM  [32], followed by incubation for 60 min
at 45 ◦C. Considering that small variations of the concentration
of ions present on purified CelE2 may  interfere in the assays of
ion supplementation, two independent experiments were per-
formed. For analysis of the chelating effect, an enzyme solution was
treated with final concentrations of 1 mM,  5 mM  and 10 mM EDTA
(Ethylenediaminetetraacetic acid − Calbiochem) for 60 min at 5 ◦C.
Next, reactions containing EDTA-treated enzyme were incubated
for 30 min  at 45 ◦C for determination of residual enzymatic activ-

ity. Additionally, CaCl2 (5 mM final concentration) were added in
reactions containing EDTA-treated enzyme in order to evaluate the
ability of this metal salt to restore the enzymatic activity. Lastly,
the enzymatic activity of CelE2 was evaluated in the presence of
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% (v/v) TritonTM X-100 (Sigma-Aldrich) and 1 mM SDS (Sodium
odecyl Sulfate − Merck), with incubation for 60 min  at 45 ◦C.
eactions containing these agents were also evaluated with sup-
lementation of 5 mM CaCl2. Comparisons of enzymatic activity in
he presence and absence of compounds were assessed by perform-
ng the unpaired Student t test using GraphPad Prism version 7.00,
raphPad Software, La Jolla California USA, www.graphpad.com.

.4. Analysis of the cleavage pattern by capillary zone
lectrophoresis

The cleavage pattern was determined by evaluation of the
ydrolysis products released after overnight incubation (at 45 ◦C)
ith 5 mM of oligosaccharides (cellobiose − C2, cellotriose − C3,

ellotetraose − C4 and cellopentaose − C5, all from Megazyme),
.25% (w/v) oat �-glucan and 10% (w/v) Avicel PH-101 (Sigma
ldrich). Following incubation, the soluble fractions from the
eactions were recovered and derivatized with 8-aminopyrene-
,3,6-trisulfonic acid trisodium salt (APTS, Sigma-Aldrich) by
eductive amination [33]. Separations were performed using a
/ACE MQD  Instrument (Beckman Coulter) equipped with laser
nduced fluorescence detection at the same conditions as described
n Alvarez et al. [34].

.5. Circular dichroism spectroscopy (CD) and thermal
enaturation

Circular dichroism spectroscopy and thermal denaturation
ere performed according to Mandelli et al. [35]. Far-UV CD

pectra were recorded using the JASCO 815 spectropolarimeter
JASCO Inc., Tokyo, Japan), equipped with a Peltier tempera-
ure control unit, from 195 to 260 nm in a 1 mm path length
uartz cuvette. Data collection considered a scanning speed of
00 nm min−1, spectral bandwidth of 1 nm and a response time
f 0.5 s. The purified enzyme (0.2 mg  mL−1), diluted in 20 mM of
odium phosphate buffer (pH 7.4) containing 50 mM NaCl, was
sed for collection of spectral data. Solvent spectra were sub-
racted in all experiments, and each spectrum was  an average
f 20 scans. Thermal denaturation analyzes of the recombinant
nzyme were monitored by measuring the ellipticity changes
t 219 nm while increasing the temperatures from 20 to 100 ◦C
t a rate of 1 ◦C min−1. Residual activity was measured by
ecovering of protein sample from the cuvette followed by incu-
ation for 30 min  at optimal conditions in oat �-glucan 0.25%
w/v).

.6. Small-angle X-ray scattering

SAXS (Small angle X-ray scattering) data were collected at the
razilian Synchrotron Light Laboratory (LNLS − CNPEM) at the
AXS1 beamline. Scattering patterns were recorded using a Pila-
us detector and the wavelength of the incident radiation was  set
o � = 1.54Å with a sample-detector distance of 908 mm,  result-
ng in a scattering vector (defined by q = 4� sin

(
�
)

/�,  where 2�

s the scattering angle) ranging from 0.012 < q < 0.436 Å−1. SAXS
nalyzes were performed at 20 ◦C, with enzyme concentrations
arying from 1.0 mg  mL−1 to 2.4 mg  mL−1 in the absence and pres-
nce of 5 mM of CaCl2. SAXS data were scaled by the intensity
f the beam and sample absorption. The background scatter-
ng was subtracted from the sample scattering and integration
f the SAXS patterns was performed using the Fit2D software

36].

Fitting of the experimental curve and evaluation of the pair-
istance distribution function p(r) were conducted using the Gnom
oftware [37] from the ATSAS package. The low-resolution dummy
gical Macromolecules 99 (2017) 384–393

atom model (DAM) was generated using the ab initio routine
implemented in the program Dammin [38]. The molecular weight
and oligomerization state were evaluated using SaxsMoW [39].
High-resolution homologous models were generated from the
sequence using the Swiss-Model [40], based on the templates
PDB id 1VRX and 2DPK, respectively for catalytic and Calx-beta
domains. The rigid body model (RBM) was  generated using Bunch
[41]. Crysol [42] was  used to simulate the scattering pattern and
to evaluate the structural parameters of the DAM and RBM. The
DAM and RBM were superimposed using the program SUPCOMB
[43].

3. Results and discussion

3.1. Phylogenetic analysis of CelE2

After functional screening of a metagenomic library derived
from soil, a clone harboring an insert of approximately 2.3 kb with
the ability to hydrolyze CMC  was isolated. Sequence analysis of
the insert resulted in identification of a CDS for a protein with 477
amino acids, referred to as CelE2, with no putative signal peptide.
Comparison of the predicted protein sequencing with the NCBI-nr
database indicated high identity values to a hypothetical protein
from Mycobacterium sp. EPa45 (81% identity, accession number
WP 052960145.1), glycoside hydrolase family 5 from Mycobac-
terium rhodesiae JS60 (79% identity, accession number EHB55226.1)
and a hypothetical protein from Mycobacterium rhodesiae (79%
identity, accession number WP  050950473.1).

The domain architecture evaluation performed by comparison
of the CelE2 protein sequence to the Pfam database indicated the
presence of a conserved domain from glycoside hydrolase family
5 (PF00150) in the N-terminal region, extending from amino acid
29–348 (e-value 1.5e−57, 100% coverage of HMM  model), while
in the C-terminal region, a Calx-beta domain was predicted from
amino acid 360–454 (PF03160, e-value 2.9e−20, 89% coverage of
HMM model). The same domain was predicted in the C-terminal
end, from amino acid 350–454, when the analysis was  performed
against the SMART database (e-value 2.16e−15). The Calx-beta motif
was first reported in 1997 by Schwarz and Benzer [44] as a com-
ponent of the Na-Ca exchanger from Drosophila melanogaster,  also
identified in mammalian integrin �4 and in proteins from Syne-
chocystis sp. PCC6803 [44,45]. A recent search (July, 2016) for the
term “Calx-beta” associated with the term “glycoside-hydrolase”
in the Uniprot database [46] resulted in the identification of 251
entries. Maekawa et al. [18] and Hayase et al. [19] provided insights
on the existence and importance of the Calx-beta domain in the
�-glucosidase (GH3), BglM1, from Physarum polycephalum, sug-
gesting that it may  play a role in maintaining the protein tertiary
structure.

Regarding the orthologous group annotation, the best classifica-
tion of CelE2 (e-value 3.71 e−169, score 566.5) was to ENOG4106R7G
which referred to the category of carbohydrate transport and
metabolism and was annotated as glycoside hydrolase family 5. The
phylogenetic tree (Fig. 1) indicated a close association of CelE2 to
endoglucanases from Mycobacterium flavescens and Mycobacterium
vanbaalenii (Taxon IDs: 350054 and 350058, respectively), with
both harboring Calx-beta domains according to the Pfam annota-
tion.

Recombinant CelE2 was  successfully overexpressed in the cyto-

plasmic fraction of the E.coli Rosetta-gami2 strain and displayed a
high level of purity after two  protein purification steps, as indicated
by SDS-PAGE (Fig. 2), with an apparent molecular weight similar to
the predicted value of 53.8 kDa.
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ig. 1. Phylogenetic analysis of CelE2 and orthologs of ENOG4106R7G constructed i
omputed using the p-distance method [69] and the Bootstrap values (n = 1000) are
ollowed by gene name from the Uniprot Database [46].

.2. Biochemical properties, substrate specificity and thermal
enaturation

CelE2 displayed a notably preference for hydrolysis of oat
-glucan (10.0 ± 0.95 �mol/min/mg − relative activity 100%), fol-

owed by lichenan (3.6 ± 0.06 �mol/min/mg − relative activity
5.9 ± 3.9%) and CMC  (0.7 ± 0.30 �mol/min/mg − relative activity
.6 ± 2.8%) (Fig. 3A). Both oat �-glucan and lichenan are mixed �-
,3-1,4-glucans, however, in the case of lichenan there is a higher
roportion of �-1,3 linkages [47,48]. In the other substrates tested
omposed of a variety of glycosidic bond types and monomeric
nits, lower levels or lack of enzymatic activity were observed
Fig. 3A). Specifically, the inability to cleave curdlan, a �-1,3-glucan
olysaccharide, suggested that CelE2 is not able to cleave �-1,3 gly-
osidic bonds. Thus, the activity of CelE2 on both oat �-glucan and

ichenan may  be the result of hydrolysis of �-1,4 glycosidic bonds.

The evaluation of optimum temperature and pH using oat �-
lucan as substrate revealed optimum values at 45 ◦C and pH 5.3
Fig. 3B and C). From 15 ◦C to 45 ◦C, CelE2 activity exhibited a cres-
a 6.06 using the neighbor-joining method [28,29]. The evolutionary distances were
n as percentage at the nodes. Sequences are identified by their taxonomic ID (NCBI)

cent profile as a function of temperature increase, with a maximum
at 45 ◦C. At 50 ◦C, CelE2 was able to retain approximately 82% of its
maximum enzymatic activity; however, from 50 to 55 ◦C there was
a drastic decrease in enzymatic activity to approximately 39%. Opti-
mum temperature values of approximately 50 ◦C have already been
reported for other soil metagenome derived cellulases [20,49]. At
pH values ranging from 4.8 and 5.6, CelE2 showed relative activity
values greater than 55%, with the optimum at pH 5.3. This result
indicated an acidophilic characteristic of CelE2, which is a com-
mon  behavior in comparison to other cellulases derived from soil
metagenome [49,50].

CelE2 exhibited considerable thermal stability (Fig. 3D) at 40 ◦C
after 360 min, retaining approximately 68% of its initial enzymatic
activity. After 360 min  of incubation at 50 ◦C and 60 ◦C, CelE2 was
able to retain 38% and 20% of its enzymatic activity, respectively.

CelE2 was  virtually inactivated after 180 min  of incubation at 70 ◦C.
At higher temperatures, 90 ◦C and 80 ◦C, CelE2 was able to maintain
approximately 18% and 57% of its activity, respectively, after 30 min
of incubation.
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Fig. 2. SDS-PAGE of recombinant CelE2 protein purification performed first by affin-
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ty chromatography (column 1) followed by gel filtration chromatography (column
). MW − Molecular weight marker (PageRuler Plus Prestained Protein Ladder
0–250 kDa, Thermo Scientific).

Thermal unfolding was  assessed by circular dichroism spec-
roscopy. Firstly, the CelE2 far-UV CD spectra resulted in a profile
ith negative bands around 209 and 219 nm and a positive band

round 190 nm (Fig. 4A), reveling a secondary structure consis-

ent with alpha-beta proteins [51], which is similar to the profile
f others members of the GH5 family [20,52,53]. Thermal denatu-
ation of CelE2 was evaluated by analysis of temperature-induced
hanges in the CD signals at 219 nm.  The melting temperature (Tm)

ig. 3. A: Substrate specificity of CelE2 evaluated in substrates containing a variety of glyco
:  Thermal stability of CelE2 evaluated via enzymatic activity.
gical Macromolecules 99 (2017) 384–393

estimated via sigmoidal fitting of these data for CelE2 was  50 ◦C
(Fig. 4B), which is consistent with the activity assays (Fig. 3D),
since at higher temperatures the enzyme showed progressive loss
of enzymatic activity over time. Interestingly, when incubated at
99 ◦C for 15 min, CelE2 did not lose its secondary structure (Fig. 4A)
nor its activity (residual relative activity of approximately 26%),
which explains the activity observed at 90 ◦C during approximately
30 min, as shown in Fig. 3D. However, when CelE2 was progres-
sively heated (from 20 to 100 ◦C at a rate of 1 ◦C min−1), it lost its
secondary structure and was inactivated, as assessed by enzymatic
reactions (relative activity of 0.8%).

3.3. Effect of metallic compounds, EDTA and surfactants on CelE2
activity

As shown in Fig. 5A, apart from CaCl2 and CoCl2, all metallic salts
evaluated resulted in varying degrees of inhibition to CelE2 enzy-
matic activity. Based on results described in literature, the effect of
metal ions on endoglucanase activity is highly variable, however,
inhibition by Cu2+, Fe3+, Fe2+ and Zn2+ have already been reported
[54–60].

While 5 mM of CoCl2 did not show a clear effect on enzymatic
activity, the addition of 5 mM of CaCl2 promoted an increase in
CelE2 enzymatic activity. The effect of calcium on CelE2 enzy-
matic activity was further evaluated, first by the treatment of a
diluted sample of CelE2 with three different concentrations of EDTA
(1 mM,  5 mM and 10 mM).  As shown in Fig. 5B, treatment with

5 mM and 10 mM  promoted a significant reduction in CelE2 activ-
ity (p-value < 0.05), suggesting that CelE2 activity is influenced by
the presence of divalent cations even without external metal ions
supplementation. Interestingly, the addition of 5 mM of CaCl2 to

sidic bonds. B and C: Influence of temperature and pH on CelE2 activity, respectively.
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Fig. 4. Thermal denaturation of CelE2 monitored by circular dichroism. A: CD spectra in the far ultraviolet region. Black line represents the CelE2 spectra at 20 ◦C, light gray
line  is the CelE2 spectra after incubation at 99 ◦C for 15 min  and gray line is the CelE2 spectra after being progressively heated from 20 to 100 ◦C (1 ◦C min−1). B: Ellipticity at
219  nm as a function of temperature (bold squares), the solid line shows the fitted denaturation curve using the Sigmoidal adjustment (y =−6583 + (−9980 + 6583)/(1 + exp
((x-50)/12)) with R-squared of 0.96).
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eactions containing the EDTA-treated enzyme was  able to restore
elE2 activity (Fig. 5B). In a study performed with an endoglucanase

rom B. succinogenes (EG1), the presence of 1 mM EDTA decreased
nzymatic activity, but the addition of 1 mM CaCl2 was  not able to
ompletely restore enzyme activity [54]. On the other hand, Liu
t al., 2011 reported a soil metagenome derived endoglucanase
hich presented approximately a 24% improvement on enzymatic

ctivity in the presence of CaCl2, although the treatment with 10
m EDTA showed only a 7% reduction in activity [50]. These results

uggest that CelE2 enzymatic activity may  be modulated in the
resence of CaCl2.

Regarding the influence of the surfactants, Triton X-100 reduced
elE2 activity by approximately 26% (±8%) while SDS completely

nactivated the enzyme. Interestingly, the addition of 5 mM CaCl2
o the reactions with surfactants resulted in less susceptibility of
elE2 to these compounds, since CelE2 was able to retain around
8% (±2%) and 7% (±3%) of its enzymatic activity in Triton X-100
nd SDS, respectively. Altogether, these results indicated that the
resence of CaCl2 may  have an important influence on CelE2 activ-

ty.

.4. CelE2 displayed beta-1,4 endoglucanase behavior with

vidences of transglycosilation activity

Capillary zone electrophoresis was used as a tool to characterize
he cleavage pattern of CelE2. Degradation of oat �-glucan gener-
e statistically relevant results in relation to the control reactions by the Student’s

ated mainly di-, tri-, tetra- and pentasaccharides (Fig. 6A), while
degradation of Avicel (Fig. 6A) resulted in accumulation of mainly
di- and trisaccharides. Therefore, CelE2 displayed a behavior typi-
cal of endoglucanases, which randomly attack the polysaccharide
chain resulting in the formation of oligosaccharides with a wide
range of length [61].

Also, the cleavage pattern of CelE2 was  analyzed by the products
released from hydrolysis of cellooligosaccharides. CelE2 was able to
cleave C5 and C4 (Fig. 6B), but not C3 and C2 (data not shown), sug-
gesting that the minimal length of the glucan chain to be cleaved
is four glucose units. Regarding hydrolysis of C4, it was observed
an accumulation of di- and trisaccharides. However, hypothesiz-
ing that CelE2 would be able to cleave an external glycosidic bond
of C4 to form C3, it should result in the release of glucose, which
was not observed. The same occurred in the hydrolysis of C5 which
generated tetra-, tri- and disaccharides, with no clear evidence of
glucose release. In addition, in both cases there were evidences of
formation of products with higher degree of polymerization than
the substrates initially added (Fig. 6B). Together, these two results
suggested the occurrence of transglycosylation activity, which is
a characteristic displayed by many retaining glycoside hydrolases
[62], which is the mechanism exhibited by GH5 members [11].

Several members from the GH5 family were already described as
possessing transglycosylation activity [63–65], however, accord-
ingly to Aspeborg et al. [12], the transglycosylation activity does
not correlate with subfamily classification and may  be related to
subtle peculiarities in protein structure.
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Fig. 6. Capillary zone electrophoresis for characterization of the cleavage pattern of CelE2. Solid lines indicate the products released after overnight hydrolysis of Avicel, oat �-
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lucan, cellopentaose (C5) and cellotetraose (C4). Dotted lines represent the controls
G),  cellobiose (C2), cellotriose (C3), cellotetraose (C4), cellopentaose (C5) and cell
han  the oligosaccharide initially added to the reaction. APTS indicates excess of th

.5. Small-angle X-ray scattering

In order to obtain the low-resolution envelope of CelE2 and
nvestigate the effect of calcium ions on enzyme stability, SAXS data

ere collected in the presence and absence of 5 mM of CaCl2. Since
o interparticle correlation effect was detected, analyzes were con-
ucted using data at the higher protein concentration (2.4 mg  mL−1

n the presence and 2.0 mg  mL−1 in the absence of calcium), due
o better statistical results. Fig. 7 shows the experimental data for
elE2 in the presence and absence of CaCl2. The zoom to the rect-
ngle in the low angle region (Fig. 7A − Insert) reveals that the
nzyme has a larger tendency to aggregate in the absence of cal-
ium, indicated by the ascent of the data points in this region. The
adius of gyration (Rg) obtained by Guinier approximation (Fig. 7B)
espected the q.Rg < 1.3 limit [66]. Rg obtained in the presence of cal-
ium (31.1 Å) had a significant decrease compared to data without
alcium ions (35.1 Å), quantitatively demonstrating the aggrega-

ion. Guinier analysis showed that calcium ions provide CelE2 with
reater stability.
ion without the addition of enzyme. Gray line shows the marker containing: glucose
ose (C6). * Indicates the formation of peaks with higher degree of polymerization
escent label 9-Aminopyrene-1,4,6-trisulfonic acid trisodium salt .

Homologous models from the (1) catalytic domain was gener-
ated based on the crystallography structure of an endocellulase
from Acidothermus cellulolyticus [67] (PDB id: 1VRX), which
presents a sequence identity of 53.91%, and from the (2) Calx-beta
domain was generated based on the crystallography structure of a
sodium/calcium exchanger from Canis lupus [68] (PDB id: 2DPK),
which presents a sequence identity of 59.02%.

Fitting of the experimental data and evaluation of the p(r)
(Fig. 8–Insert) were conducted for data in the presence of CaCl2 due
to the higher stability. The low-resolution dummy atom model was
generated and compared with the rigid-body model, which was
generated based on the relative positions between the domains,
compared to the experimental data. Fig. 8 shows the fits against the
SAXS experimental pattern. Structural parameters from the exper-
imental SAXS data of CelE2 and simulated SAXS from the DAM and
the RBM are presented in Table 1.

The molecular weight evaluated from SAXSMoW (67.4 kDa)

compared with the theoretical value (53.8 kDa) shows that, in the
experimental conditions CelE2 behaves mainly as a monomer in
solution. However, the parameters reveal a tendency of CelE2 to
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Fig. 7. Experimental SAXS curve of CelE2 in the presence and absence of CaCl2 (A). Zoom
CaCl2. Guinier Approximation (B).

Fig. 8. Experimental data of CelE2 in the presence of 5 mM of CaCl2 and fitting
procedures (DAM: Dummy  atoms model; RBM: Rigid-body model). Pair-distance
distribution function p(r) (Insert).

Table 1
SAXS structural parameters of CelE2. 1Exp, calculated from the experimental data
in  the presence of CaCl2.. 2DAM, parameters of the dummy atoms model. 3RBM,
parameters of the rigid-body model. 4Resolution is calculated as 2�/qmax.

Parameters Exp1 DAM2 RBM3

Rg ( ´̊A)(Guinier) 31.1 – –

Rg ( ´̊A) 29.7 29.3 25.0

Dmax ( ´̊A) 90.0 91.2 82.1

SAXS resolution4 ( ´̊A) 28.4 – –
Molecular weight (kDa) 67.4 – –

f
e
a
t
t

CTBE/CNPEM) and NGS (High Throughput Sequencing and Robotics
�2 – 3.5 4.7

orm oligomers, indicated by the higher molecular weight values
valuated from SAXS and increase in the Rg parameter when evalu-

ted only in the low q region. Nevertheless, this tendency is so small
hat it does not influence the reliability of the results, as shown in
he good agreement of the models (Fig. 9).
 of the low angle region (Insert) reveals a tendency to aggregate in the absence of

4. Concluding remarks

The cellulase (GH5) CelE2, displaying an unconventional domain
architecture, was successfully heterologously expressed in E.coli,
purified and submitted to biochemical characterization. CelE2
exhibited mesophilic and acidic characteristics, with substrate
preference for mixed �-1,3-1,4-glucans and a typical cleavage
pattern of endoglucanase with evidences of transglycosylation
activity. The addition of CaCl2 was  able to not only promote an
increase in CelE2 activity but also resulted in less susceptibility
of inactivation in the presence of surfactants. SAXS experiments
provided key information regarding the increased stability of the
enzyme in the presence of CaCl2, which possibly explains the higher
activity observed in the presence of this compound. Influence of
the Calx-beta domain on cellulase activity is a key point to be elu-
cidated, especially considering that this domain has already been
identified in other glycoside hydrolases.
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