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ABSTRACT

A new gene from Bjerkandera adusta strain UAMH 8258 encoding a carbohydrate esterase (designated as BacesI) was iso-
lated and expressed in Pichia pastoris. The gene had an open reading frame of 1410 bp encoding a polypeptide of 470 amino
acid residues, the first 18 serving as a secretion signal peptide. Homology and phylogenetic analyses showed that BaCesI
belongs to carbohydrate esterases family 4. Three-dimensional modeling of the protein and normal mode analysis revealed a
breathing mode of the active site that could be relevant for esterase activity. Furthermore, the overall negative electrostatic
potential of this enzyme suggests that it degrades neutral substrates and will not act on negative substrates such as peptido-
glycan or p-nitrophenol derivatives. The enzyme shows a specific activity of 1.118 U mg21 protein on 2-naphthyl acetate.
No activity was detected on p-nitrophenol derivatives as proposed from the electrostatic potential data. The deacetylation
activity of the recombinant BaCesI was confirmed by measuring the release of acetic acid from several substrates, including
oat xylan, shrimp shell chitin, N-acetylglucosamine, and natural substrates such as sugar cane bagasse and grass. This makes
the protein very interesting for the biofuels production industry from lignocellulosic materials and for the production of
chitosan from chitin.
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INTRODUCTION

Lignocellulose degradation is a central step for carbon
recycling in land ecosystems1 and involves the combined
metabolic activity of numerous organisms. Plant cell
walls are composed predominantly of polysaccharides

such as cellulose, hemicellulose, pectin (representing up

to 70% of its biomass) and lignin, a heterogeneous

aromatic polymer 2–4 that forms a tight complex with

these polysaccharides in varying proportions in plants.5

Among plant cell wall polysaccharides, hemicelluloses are

interesting because they are part of a barrier against the

attack of pathogens and are constituted by different sug-

ars that could have important biotechnological applica-

tions. Hemicelluloses have b-(1 ! 4)-linked backbones

made of xyloglucans, xylans, mannans, and gluco-

mannans, and b-(1 ! 3,1 ! 4)-glucans in an equatorial

configuration.6 Their backbones have branches com-

posed by monomers such as D-galactose, D-xylose, L-

arabinose, and D-glucuronic acid, generating various

types of hemicelluloses that are strongly dependent on

the tissue and plant species.4 A special feature in all the

types of hemicelluloses is that these are partially esteri-

fied with acetic acid. Acetylation not only modifies the

physicochemical properties of polysaccharides, for exam-

ple, increasing their solubility, but it also protects the

plant cell wall against microorganisms and prevents

hydrolysis of glycosidic linkages by the corresponding

hydrolases7,8 representing an obstacle for enzymatic sac-

charification of plant hemicelluloses to produce ferment-

able sugars. To remove acetyl groups, wood-degrading

microorganisms, in particular Basidiomycetes, have

developed a set of enzymes that mainly include acetylxy-

lan esterases (AXEs), whose function is to hydrolyze the

ester linkages of the acetyl groups in positions 2 and/or

3 in natural acetylated xylan and to cooperate with gly-

coside hydrolases in plant polysaccharide degradation.9

These enzymes are currently grouped in at least eight

families, specifically in carbohydrate esterase (CE) fami-

lies 1–7 and 16.8 The enzymes present in CE families 1–

7 differ in structure, substrate, and positional specificity,

and belong to serine type esterases. An exception are the

members of CE4 family, which includes: acetylxylan

esterases (EC 3.1.1.72), chitin deacetylases (EC 3.5.1.41),

chitooligosacharide deacetylases (EC 3.5.1.), peptidogly-

can GlcNAc deacetylase (EC 3.5.1.), and peptidoglycan

N-acetylmuramic acid deacetylase (EC 3.5.1.), all of

which catalyze the N- or O- deacetylation of substrates

such as acetylated xylan, chitin, and peptidoglycan.10

They all share a universal conserved region in their pri-

mary structure named the “NodB homology domain” or

the “polysaccharide deacetylase domain,”11 and are con-

sidered aspartate deacetylases, activated with bivalent

metal cations coordinated with two histidines,12 and

adopt a distorted (a/b)7 barrel fold.8 Members of this

family have been cloned from several microorganisms

such as Volvariella volvacea (acetylxylan esterase, VvaxeII)

(GenBanK FJ536255),9 chitin deacetylase from Rhizopus

circinans (AY861444.1),13 and several others. Three-

dimensional structures have been obtained for enzymes

from bacteria10 and for two eukaryotic chitin deacety-

lases, one from the fungal pathogen Colletotrichum linde-

muthianum (PDB 2IW0)14 and the other from

Aspergillus nidulans (PDB 2Y8U).
In this work, we report a new sequence of a carbohy-

drate esterase gene from the Basidiomycete fungus Bjer-
kandera adusta (BacesI). Blastp results showed high
similarity with family 4 carbohydrate esterases and phy-
logenetic analyses coincided in grouping this gene in the
same family. We built a homology model of the CE
domain, and explored both its dynamics and ligand
binding preferences. The coding sequence was success-
fully expressed in Pichia pastoris, and the esterase activity
was confirmed using 2-naphtyl acetate. Its deacetylase
activity was further confirmed by the release of acetic
acid from commercial substrates such as oat xylan,
shrimp shell chitin, and N-acetyl glucosamine and natu-
ral lignocellulosic materials like sugar cane bagasse and
grass, and suggests that this protein has a biotechnologi-
cal potential. It could be used together with cellulases
and other enzymes in biological pretreatment for the sac-
charification of lignocellulosic materials for biorefinery
applications. It could also be useful to treat arthropod or
fungal chitin to obtain chitosan, which has received
much interest recently for commercial and biomedical
applications.

MATERIALS AND METHODS

Strains and growth conditions

For propagation and maintenance, B. adusta strain
UAMH 8258 was grown on solid PDA medium (DIFCO)
(2% potato, 2% dextrose, and 1.5% agar) for 8 days at
28!C and then stored at 4!C until further use. For induc-
tion of carbohydrate esterase expression, B. adusta was
grown for 7 days at 28!C on solid minimal medium (7.8
mg L21 CuSO4.5H2O, 18 mg L21 FeSO4.7H2O, 500
mg L21 MgSO4.7H2O, 10 mg L21 ZnSO4, 50 mg L21 KCl,
1 g L21 K2HPO4 2 g L21, NH4NO, 2% corn cobs (ground
to a homogeneous powder) as carbon source and 1.5% of
agar, adjusted to pH 5.0 with phosphoric acid, modified
from Ref. [15].
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E. coli strain DH5a was grown in Luria-Bertani
medium (LB) and used for propagation, stocking and
manipulation of plasmid pJET (Thermo-scientific) deriv-
atives. Low-salt LB (tryptone 10 g L21, sodium chloride
5 g L21, and yeast extract 5 g L21) was used for mainte-
nance of E. coli DH5a with plasmid pPICzaA (Invitro-
gen), since high salt concentrations decrease the activity
of zeocin, the antibiotic selection for this plasmid.

Pichia pastoris strain X-33 (Invitrogen), was used to
express the BacesI cDNA. YPD medium (yeast extract 10
g L21, peptone 20 g L21, dextrose 20 g L21, and 15
g L21 of agar) was used for growth and maintenance of
the strain, and 100 mg mL21 zeocin was added to YPD
to select transformants. Minimal dextrose/methanol
medium (MD/MM: 1.34% YNB, 4 3 1025 biotin, 1.5%
agar; 2% dextrose or 0.5% methanol, respectively) were
used to identify the phenotypes Mut1 and Muts; BMGY
and BMMY media (Buffered Glycerol/methanol-complex
Medium: 1% yeast extract, 2% peptone, 100 mM potas-
sium phosphate pH 6.0, 0.34% YNB, 4 3 1025% biotin;
1% glycerol or 0.5% methanol, respectively) were used to
induce recombinant protein expression.

Cloning of BacesI gene

The full-length BacesI sequence (see Results section)
was obtained using two protocols: GenomeWalkerTM

Universal Kit (Clontech) and RLM-RACE (rapid amplifi-
cation of cDNA ends of AmbionVR Life Technologies) fol-
lowing the suppliers’ instructions. Also, a Northern blot
(DIG High DNA Labeling and Detection Starter Kit II,
Roche) was performed to predict the size of the tran-
script, according to the manufacturer’s instructions. As a
probe, a 500 bp cDNA fragment was amplified through
Reverse Transcriptase coupled-PCR (RT-PCR) (RevertAid
Reverse Transcriptase Thermo Scientific) from B. adusta
RNA, with a pair of primers (Supporting Information
Table SI) designed within the known partial sequence
(see results for the original finding). To generate the 5!-
end of the coding region of BacesI, total RNA was
obtained by the TrizolVR method16 from B. adusta grown
on solid minimal medium with 2% corn cobs as a car-
bon source as described above. Its quality was verified in
1.5% agarose gel with 37% formaldehyde, and 10 mg
were used to follow the procedure recommended by the
RACE kit. To search for the genomic sequence of BacesI,
a genomic DNA library constructed from B. adusta
grown on 2% wheat straw as a carbon source was used
as template for PCR reactions following the instructions
of the GenomeWalkerTM Universal Kit (Clontech). Two
pairs of reverse primers (Supporting Information Table
SI) were designed for the PCR reactions in both proto-
cols. The first pair of oligonucleotides was designed from
a known partial sequence. The second pair (GWRev1
and GWRev2) was designed in the sequence generated
from the first PCR fragments, which were cloned in

pJET and sequenced. Finally, the coding sequence of the
BacesI without its native signal peptide was amplified
using a pair of FwCEpPICza/RevCEpPICza primers with
cutting sites for EcoRI and XbaI respectively (Supporting
Information Table SI), which allowed the subcloning into
the expression vector (pPICzaA). The PCR conditions
were as follows: 95!C 5 min (one cycle), 95!C 45 s, 60!C
30 s, 72!C 2 min (30 cycles), and 72!C 7 min (one
cycle), on a thermocycler (Axigen-Maxigene) and the
amplification was carried out with the Taq DNA poly-
merase enzyme (Thermo Scientific). The amplified prod-
uct was purified with the Column DNA Gel Extraction
Spin Kit (Thermo Scientific), ligated into the vector
pJET (pJET-BacesI) and transformed into electrocompe-
tent cells of E. coli DH5a, for subsequent sequencing.

Phylogenies

Phylogenetic analysis was performed online in the
server Phylogeny.fr (http://www.phylogeny.fr/version2_
cgi/index.cgi).16–20 A first phylogeny was constructed
considering three protein sequences from each of the six-
teen families of carbohydrate esterases (CE) described in
the Carbohydrate-Active enZYmes Database (CAZy)
(http://www.cazy.org). Sequences from both prokaryotes
and eukaryotes were selected and are indicated in Figure
2. Sequences from BLAST searches in the non-redundant
protein collection at the National Centre for Biotechnol-
ogy Information (NCBI) were not considered for this
phylogeny to avoid a bias with a particular family of CE.

Another phylogeny was constructed with 105 eukaryo-
tic sequences belonging to CE4 family and the CE
sequence of B. adusta. All these sequences are deposited
in CAZy database and include yeasts, filamentous fungi,
plants and protozoa. Also 25 sequences from a BLAST
search ("60% identity) on the non-redundant protein
collection at the NCBI were considered for this new
reconstruction (in total 130 sequences).

Multiple sequence alignment

Because of the different size of the CE4 sequences,
regions containing the CE signatures from six well-
characterized and representative proteins of the CE4 fam-
ily were selected for the multiple alignments (see results
and Fig. 3), which were performed using online plat-
forms Clustal Omega (https://www.ebi.ac.uk/Tools/msa/
clustalo/) and ESPript 3.0 (http://espript.ibcp.fr/ESPript/
ESPript/).

Structure prediction and analysis

The amino acid sequence of the mature protein start-
ing at Q19 was submitted to the I-TASSER server.21,22

After identifying the structural boundaries of the CE4
domain, the N-terminal (Q19 to G175), CE4 (G176 to
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E402) and C-terminal (T403 to F470) domains were sub-
mitted independently to I-TASSER.

The model of the CE4 domain was refined by hand,
fitting the side-chain rotamers of residues within and
around the active site (D197, D198, R285, Y288, Y323,
L356, H358 and D359) to those of equivalent residues in
CE4 domains deposited in the PDB23 and identified by
I-TASSER as close structural neighbors (2Y8U, 2IW0 and
1W1A), and adding a Zn atom. Hydrogen atoms were
added with CHARMM-GUI (http://www.charmm-gui.
org) and refined with 100 steps of steepest descent
energy minimization with the CHARMM36 force field.24

The final structure was submitted to energy refinement
with 200 steps of steepest descent energy minimization,
keeping the gamma carbon of D198 fixed to ensure
proper Zn coordination. The refined structure was used
for pKa calculations in the PROPKA server,25–29 using
PROPKA 3.1 to account properly for the presence of Zn
in the protein. Electrostatic potential calculations were
done in the APBS server,30 using CHARMM charges
assigned at pH 7 and default parameters. Normal modes
calculations were done in the ElN!emo server31 using
default parameters, and retrieving for analysis the first
three modes.

Docking assays were done with Autodock-VINA32 on
the refined model, using the default parameters, and
including side chain flexibility for residues lining the
active site (D197, V223, R226, S250, R285, Y288, W309,
D319, N321, D322, Y323, L356, H358, D359, L360, and
F361). Ligands were taken directly from the ZINC
database33 (2-naphthyl acetate, N-acetyl-D-glucosamine
alpha, N-acetyl-D-glucosamine beta, ferulate and acetate),
from the PDB (chitin, from 1HJW) or built (xylan) and
refined using the MMFF94 force field in Avogadro
(http://avogadro.cc/wiki/Main_Page) until energy conver-
gence. As positive controls of the docking process,
acetate was docked to our model and to 2IW0 (Colleto-
trichum lindemuthianum CE4 with acetate and Zn at the
active site).14 All structural models were rendered in
VMD.34

Expression of BaCesI in P. pastoris X-33

pJET-BacesI was digested with EcoRI and XbaI, and
the released BacesI cDNA fragment was inserted into
pPICzaA (Invitrogen, USA), digested with the same
enzymes. This construct was designated as pPICZaA/
BacesI and was transformed into E. coli DH5a. The iden-
tity of the insert was verified by restriction digestion and
DNA sequencing. This construction was linearized with
SacI, and the transformation into P. pastoris X-33 cells
was performed by electroporation for 5 ms at 2000 volts
employing an Eporator apparatus (Eppendorf). Positive
transformants were selected for their ability to grow on
YPD plates containing zeocin at a final concentration of
100 mg/mL, and P. pastoris X-33 transformed with the

empty vector pPICZaA was used as a negative control.
Integration of the BacesI gene into the genome of P. pas-
toris X-33 was confirmed by colony PCR analysis using 5!
and 3! AOX1 primers, following instructions of EasySe-
lectTMPichia Expression Kit (life technologies Invitrogen).

Positive transformants were grown on MD plates to
28!C for 48 h, and then transferred to MM medium
under the same temperature and time conditions to
induce the expression of the BacesI gene, and to select
Mut1 (Methanol utilization plus) and Muts (Methanol
utilization slow) phenotypes. A colony identified as
Mut1 and designed as CE1, P. pastoris X-33 transformed
with the empty vector, and the wild type P. pastoris X-33
(controls) were inoculated into 15-mL BMGY medium
in a 50-mL flask, and grown at 28!C on a rotary incuba-
tor (200–250 rpm) until the OD600 reached 2–6 (#16–
18 h). Then, cells were harvested by centrifugation at
1500 g for 5 min and resuspended in 50-mL BMMY
medium in a 250-mL flask at the same temperature and
rpm. BacesI expression was induced by adding methanol
to a final concentration of 0.5% at 24-h intervals during
4 days. Every day, 5 mL of culture were taken for RNA
extraction to monitor the presence of the BacesI tran-
script from CE1 and the control strains by reverse tran-
scription coupled PCR, using primers FwCEpPICza/
RevCEpPICza. After 96 h the supernatant was then
recovered by centrifugation at 1500g for 10 min and con-
centrated in a 30 kDa cut-off amicon (GE healthcare);
the protein was stored at 4!C until further use.

rBaCesI activity assays

Initially, recombinant BaCesI (rBaCesI) esterase activ-
ity was determined using 2-naphthyl acetate (Sigma) as
substrate. A stock solution was prepared as follows:
99 mL of Phosphate buffered saline (PBS 1X: NaCl 8.0
g L21, KCL 0.2 g L21, Na2HPO4 1.44 g L21 and KH2PO4

0.24 g L21) pH 6.5, 1 mL of triton-X-100, 500 mL of 2-
naphthyl acetate (250 mM dissolved in acetone) and 100
mL of Fast Garnet reagent (100 mg mL21 of Fast Garnet
powder in PBS-triton-X). The supernatants from 200 mL
cultures from P. pastoris X-33 transformed with the
empty vector, the wild type P. pastoris X-33, and the
BacesI transformed strain were concentrated by ultrafil-
tration through an Amicon 30 kDa membrane. The final
reaction volume was 1 mL of stock solution plus 0.1
mg mL21 protein from concentrated cultures superna-
tants and incubated at room temperature for 30 min.
Absorbance was read at 538 nm every 4 min in a Bio-
matte 3 spectrophotometer (Thermo Spectronic), and
substrate blanks without protein extract were routinely
included. In all experiments, total protein was measured
by the Lowry method35 with the Folin reagent (HYCEL),
and bovine serum albumin (BSA) was used as a stand-
ard. Specific activity was expressed as units per milliliter
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per milligram of protein. All measurements were per-
formed in triplicate from independent samples.

Deacetylase activity measurements

rBaCesI activity toward acetylated carbohydrates was
also tested. Shrimp shell chitin, oat xylan, and N-acetyl-
glucosamine (all from Sigma), and natural substrates,
such as ground sugar cane bagasse (Saccharum officina-
rum) collected in the State of Morelos (Mexico) and
ground grass (Pennisetum purpureum) collected from the
State of Veracruz, Mexico, were used to measure the
release of acetic acid. Reaction mixtures consisted of
20 mg of each substrate suspended in 300 mL of sodium
phosphate buffer pH 7.0 and 0.1 mg mL21 of protein
from the concentrated rBaCesI preparation. Mixtures
were incubated at 37!C for 16 h with orbital shaking
(225 rpm) and centrifuged for 5 min to remove insoluble
material. The release of acetic acid was quantified in the
supernatant using an enzyme-linked assay kit Enzy-
ChromTM Acetate Assay Kit (BioAssay Systems), and
absorbance was read at 570 nm.

Inhibition assays of rBaCesI by ferulic acid

Assays were performed as described above for 2-
naphtyl acetate at pH 7, but in the presence of 50, 100,
200, 300, 400, 500, and 1000 lM of ferulic acid.

Statistical analysis

All experiments were performed in triplicate. Similarly,
readings from independent experiments were determined
in triplicate. Simple classification ANOVA tests were
applied to determine significant statistic differences
between the different cases. Hartley–Cochran–Bartlett
and Kolmogorov–Smirnov and Lilliefors tests were per-
formed to analysis homogeneity of variance and normal
distribution in the data.36

A post hoc analysis that defines the order of the differ-
ences found in the ANOVAs was developed. Fisher LSD
and Tukey HSD tests were considered for the post hoc
analyses.37 All statistical calculations were performed in
STATISTICA.

RESULTS

Nucleotide sequence and cloning of BacesI

Upon analysis of 768 sequenced clones from a cDNA
library form B. adusta (Cuervo et al. manuscript in prep-
aration), we identified a sequence with high similarity to
fungal carbohydrate esterases. Because it is of interest for
our group to study biomass degradation we decided to
study this gene, which we termed BacesI. Using the pro-
tocols mentioned in Materials and Methods, a 1730 bp
genomic sequence was obtained, in which a potential

promoter of 50 nucleotides was predicted with the Neu-
ral Network Promoter Prediction software (http://www.
fruitfly.org/cgi-bin/seq_tools/promoter.pl), with a score of
1.0. A TATA box within the promoter region was identi-
fied, located 99 bp away from the ATG start codon of the
coding sequence. Comparison between the genomic and
cDNA sequences revealed the presence of three introns
with sizes of 54, 62, and 53 bp showing GT endings in the
5’ end and AG at the 3’, which is consistent with introns
found in fungi38 (Fig. 1). The cDNA consisted of 1410 bp
coding for a protein of 470 amino acids. The deduced pro-
tein sequence contains an N-terminal signal secretion
sequence of 18 amino acids with a cleavage site between
A18 and Q19, which was predicted by the SignalP software
(http://www.cbs.dtu.dk/services/SignalP/). The mature
protein consisted of 452 amino acids with a calculated
molecular mass of 49720 Daltons. The full nucleotide
sequence was deposited at GenBank with accession num-
ber KJ920937.

The deduced amino acid sequence of BaCesI was sub-
jected to Blastp and showed high identity (> 50%) with
carbohydrate esterases of fungal origin (Supporting
Information Table SII), whose main functions are anno-
tated to the carbohydrate esterase family 4 according to
the CAZy classification (www.cazy.org).

Phylogenetic analysis

Representative sequences of the different CE families
were subjected to phylogenetic analysis in order to classify
the B. adusta CE sequence (Fig. 2). This sequence is
grouped into a sub-branch with two other fungal CE4 fam-
ily sequences annotated as chitin deacetylases: gi 57341404
from Volvariella and gi 330689933 from Rhizopus (marked
in red, Fig. 2). This clustering suggests that BacesI sequence
belongs to the CE4 family, and agrees with the classification
of those proteins reported in the better BLASTp hits (Sup-
porting Information Table SII). However another sequence
of CE4 family also from a Basidiomycete (Flammulina velu-
tipes, gi 322718529) is directly grouped with a plant repre-
sentative of family 6 (acetylxylan esterase, EC 3.1.1.72)
(CAZy database) (Fig. 2) (see Discussion).

To explore the relationship of the B. adusta CE
sequence with other proteins deposited in the GenBank,
a second phylogeny was performed with 130 CE4 family
sequences (Supporting Information Fig. S1). This phy-
logeny shows that the B. adusta sequence is closely
related with two proteins from the Basidiomycete Fomi-
topsis pinicola (gi 527299940 and gi 527298270) and with
one sequence of the Basidiomycete Postia placenta (gi
242214962) (Supporting Information Fig. S1). These pro-
teins are annotated as hypothetical proteins; however,
signature domains for chitin deacetylase activity (homol-
ogous regions with the catalytic domain of NodB and
CDA1) have been identified in these sequences. The pres-
ence of these domains strongly suggests that these
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proteins are xylanase/chitin deacetylases, and thus may
have the same activity as B. adusta CE.

Multiple sequence alignment

Regions containing the CE signatures of CE4 family
sequences of Bacillus subtilis (PDB 1W17), Streptococcus
neumoniae (PDB 2C1G), Aspergillus nidulans (PDB 2Y8U),
Colletotrichum lindemuthianum (PDB 2IW0), Rhizobium
meliloti (gi 89280604) and Mucor rouxii (gi 854339) were
selected for the multiple alignment considering previous
studies (Fig. 3).11,14,39–45 The best alignment (34.14% of
identity) is shown between B. adusta CE sequence with the
Mucor’s CE, while the lowest percent identity (21%) was
observed with the Streptococcus’s CE. The identity percen-
tages between B. adusta CE sequence and the other fungal

sequences were 26.67% (A. nidulans) and 26.27% (C. lin-
demuthianum). Sequences considered for the alignments
show different sizes with respect to BaCesI, so this could
be the reason for the low identity percentages between
them. However, five distinct highly conserved motifs in all
CE4 family that assemble the active site were also found in
BaCesI esterase (Fig. 3, see Discussion).44

When an alignment was performed with complete
sequences we observed that the N-terminus is conserved
among fungal CE family 4 sequences (Supporting Infor-
mation Fig. S2).

Modeling of BaCesI

In our first attempt at structural modeling of BaCesI,
we submitted the whole mature protein to the I-TASSER
server. The resulting model had a C-score of 21.77, and

Figure 1
Nucleotide and deduced amino acid sequence of BacesI from Bjerkandera adusta strain UAMH 8258. A TATA box at 299 bp from the ATG start
codon is shown double underlined. The cytosine marked as 11 indicates the site of transcription initiation. The ATG start codon is underlined
and in bold type. The signal peptide is shown in a grey box. Introns I, II, and III are shown as single underlined sequences. The bold type letters
in the introns show the consensus borders for fungal introns. Also in bold type (not underlined) the stop codon is highlighted.
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a TM-score of 0.5, mostly due to negligible sequence
similarity in the first 175 and the last 63 amino acids of
BaCesI with the two selected templates (2Y8U, a chitin
deacetylase from Aspergillus nidulans, and 2C1G, a pepti-
doglycan deacetylase from Streptococcus pneumoniae44).
Our attempts to model the N-terminal domain proved

fruitless, as there are no sequence homologs deposited in
the PBD for this region, despite its apparent conservation
in fungi (see sequence alignment in Supporting Informa-
tion Fig. S2). The C-terminus shows more sequence
divergence, even amongst fungi, and also lacks homologs
with a known structure. Therefore, we centered our

Figure 2
Phylogenetic relationships of the CE of Bjerkandera adusta with different CE family members. The sequence of Bjerkandera adusta is shown in blue.
The sequences corresponding to the CE4 family are in red.
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modeling efforts on the CE4 domain, located between
amino acids 176 and 402. This domain was modeled suc-
cessfully by I-TASSER, yielding a structure with a C-
score of 1.31 and a TM-score of 0.9. The closest struc-
tures in the PDB are 2Y8U and 2IW0, with sequence
identities of 28% and 25% respectively to the CE4
domain of BaCesI. Supporting Information Figure S3A
shows the superposition of the model and the two closest
structural templates. As expected, the modeled CE4
domain of BaCesI has great structural similarity with its
preferred templates (Supporting Information Fig. S3A),
only differing in the presence of an extra loop compris-
ing residues 312–319, immediately before the conserved
block MT 4 (see below and Fig. 3).

The model of BaCesI was manually refined as
described in Materials and Methods. All relevant catalytic
residues are conserved, and are in equivalent chemical
environments as those of other reported fungal CE4
domains in the PDB,24 as measured by the local pKas

calculated with PROPKA.25 These are compiled in Sup-
porting Information Table SIII. D198, H247, and H251
are the Zn ligands. D197 was proposed as the water-
breaking residue, H358 as the proton donor that ends
the hydrolysis reaction, and D322 stabilizes the confor-
mation of H358. Furthermore, other important con-
served residues such as R285 (R135 in 2Y8U and
R142 in 2IW0) that stabilizes the conformation of D197
(D47 in 2Y8U and D49 in 2IW0), and Y288/Y323 (Y138/
Y166 in 2Y8U and Y145/Y173 in 2IW0) that line the
active site crevice and could participate in sugar binding
and catalysis, are located at the appropriate sites in the
energy-refined structure. All these are shown in Support-
ing Information Figure S3B.

The active site crevice is long and deep, almost cutting
the domain in half. Low frequency vibrational modes are
associated with functional motions in proteins,46 and
the elastic network model implemented in ElN!emo31 has
proven to be a good approximation to these modes.

Figure 3
Multiple sequence alignment. CE of B. adusta was aligned with six well-characterized sequences from the database. Distinct highly conserved motifs
(MT1 to 5) are shown in dotted-line boxes. Amino acid residues involved in catalytic activity are shown with a black circle and triangles.
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Figure 4 shows the first three vibrational modes of
BaCesI. The first one consists of a twisting motion of
roughly the left half of the molecule with respect to the
right half, displacing the alpha helix on the left
upwards and downwards [Fig. 4(A)]. The second one is
a clam-like motion of one half with respect to the other
half, opening and closing the active site cleft [Fig.
4(B)]. The last mode pries open the active site from
the top of the figure, as if peeling off the wedges of a
mandarin orange [Fig. 4(C)]. We speculate that the sec-
ond mode is particularly relevant to catalysis, as it
results in the largest change in accessibility to the active
site, and changes the distance between catalytic
residues.

We docked each of the tested substrates on to the
energy-refined BaCesI model. From the 20 structures
generated by Autodock/VINA for each ligand, we selected
those that placed the carboxylate carbon subject to
nucleophilic attack close to the Zn atom, H358 and
D197. Docking was successful for all ligands, including

ferulate. Figure 5 shows successful binding poses for 2-
naphthyl acetate and xylan; the pose for ferulate is shown
in Supporting Information Fig S4, while the poses for
the other ligands are available upon request. Both Y288
and Y323 participate in substrate binding; for the 2-
naphtyl-acetate substrate these two residues form stack-
ing interactions with the aromatic moiety.

It has been noted in the literature8 that p-nitrophe-
nol-acetate is a poor substrate for some CE4 carbohy-
drate esterases. We calculated the electrostatic potential
and mapped it at the molecular surface for our BaCesI
model and for available crystal structures of fungal and
bacterial canonical CE4 enzymes (2IW0 and 2Y8U, both
fungal chitin deacetylases; 2C71 and 2CC0, both xylan
esterases; and 1W1B, a bacterial peptidoglycan esterase).
These are shown in Figure 6, with the active site crevice
facing front. We note a strong negative character in
chitin deacetylases, a more neutral surface for xylan
acetylases, and a positive surface for the peptidoglycan
deacetylase.

Figure 4
Low frequency motions of BaCesI. The color ribbon follows main chain atoms, and the transparent structure in grey corresponds to the energy-
refined model. Full ribbons correspond to the maximal displacements calculated by ElN!emo (25) for each mode, one in red and the other in blue.
Arrows indicate the direction of movement in each panel, going from the blue to the red structure. (A) Twisting motion displacing the left half
with respect to the right half in an up and down, antiparallel fashion. (B) Clam-like motion opening and closing the active site cleft toward the
viewer. (C) Mandarin orange-wedge peeling motion, opening and closing the active site cleft toward the top of the figure. This figure was prepared
with VMD (35).
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Expression of BaCesI in Pichia pastoris

The CE1 transformant was selected to test the expres-
sion of rBaCes1. The recombinant protein was induced
in cultures with methanol at 28!C and the supernatant
was collected to determine total protein and esterase
activity. The presence of the BacesI transcript was
assessed by RT-PCR, as described in Materials and Meth-
ods. A band of approximately 1400 bp was observed in
the transformant CE1, and it was absent in the control
strain (P. pastoris X-33) (data not shown).

Multiple attempts to purify the enzyme through affin-
ity chromatography using a Ni column were performed.
However the protein did not bind to the column and
eluted in the flow through. Experiments with the native
and denatured protein and Western blot analysis indi-
cated that the His tag was folded inside the protein (data
available upon request). We tried a purification step
through a carboxy-methyl cellulose column but in this
case the protein was inactivated.

Esterase specific activity from a concentrated prepara-
tion through ultrafiltration of the culture supernatant
was 1.118 U mg21 of protein using 2-naphthyl acetate as
a substrate, whereas no activity was detected when com-
pared with concentrated supernatants of the wild type
strain X-33 or X-33 transformed with the empty vector
under the same conditions. Activity on several p-nitro-
phenyl-esters was undetectable (data not shown). Induc-
tion of the expression of rBaCes1 was also carried out in
cultures incubated at 26 and 30!C, showing a decrease of
activity of >60%, compared with those obtained at 28!C
(data not shown).

Deacetylase activity of BaCesI

We performed activity assays on acetylated substrates
such as oat xylan, colloidal chitin and N-
acetylglucosamine, and natural substrates, (sugar cane
bagasse and grass), determining the released concentra-
tion of acetic acid as described in Materials and Meth-
ods. The results showed an increased release of acetic
acid from the substrates treated with the enriched prepa-
ration containing rBaCesI compared to control. Acetic
acid obtained from chitin was 26 times larger, 87 times
larger for oat spelt xylan, whereas from N-acetyl glucosa-
mine it was around 89 times larger than the control
value. On the natural substrates (bagasse and grass), ace-
tic acid release was around five times greater, compared
to the control (Table I). These results confirm the deace-
tylase activity of BaCesI.

rBaCesI is inhibited by ferulic acid

As predicted by the docking modeling, rBaCesI should
be inhibited by ferulic acid, so we tested its activity in
the presence of different concentrations of this com-
pound. As shown in Table II, rBaCesI is inhibited by
ferulic acid, being practically totally inhibited at 1000
lM of ferulic acid.

DISCUSSION

The extracellular enzymes of the white rot Basidiomy-
cetes represent a potential tool for the pretreatment of
lignocellulosic material, this being an important step for

Figure 5
Encounter complexes of BaCesI with selected substrates. BaCesI is shown in transparent ribbon representation, with D197 and H358 in sticks with
CPK colors, Y228 and Y323 in orange sticks, and the Zn atom as a silver sphere. The ligands are shown in stick representation, in CPK colors,
highlighting the carbon susceptible to nucleophilic attack with a small sphere. (A) The 2-naphthyl acetate. (B) Xylan (tetraxylose). The orientation
of BaCesI is akin to that in Figure 4. This figure was prepared with VMD (35).
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obtaining fermentable sugars for biorefinery purposes.47

Few studies have been published about the cellulolityc
enzymes of B. adusta.48,49 In this work we cloned and
heterologously expressed in P. pastoris a gene encoding
for a carbohydrate esterase (BacesI) of B. adusta, and
evaluated its activity and effect on acetic acid liberation
from lignocellulosic materials. Bioinformatic analyses of
the sequence were performed and gave relevant func-
tional information of the protein.

The carbohydrate esterases (CE) are classified in the
Carbohydrate-Active Enzymes (CAZymes) database. It
has been proposed that the main function of some of the
members, specially those in the CE1 and CE4 families, is
to remove acetyl or feruloyl groups present in hemicellu-
lose, enhancing other glycoside hydrolases (GHs) action

on cellulose and hemicelluloses.8,50 Phylogenetic analysis
of the BacesI sequence groups it with two family 4 mem-
bers, but the phylogenetic tree shows certain inconsisten-
cies grouping some CE in different clades, distinct to
those proposed by the classification in CAZy (for exam-
ple, the sequence of a CE4 family member from a Basi-
diomycete (Flammulina velutipes) is directly grouped
with a plant representative of family 6 (acetylxylan ester-
ase, EC 3.1.1.72)). Hydrophobic cluster analysis could
give more information about this inconsistency. How-
ever, it is consistent in the sense that CE4 and CE6 fami-
lies share the same activity: acetylxylan esterase (CAZy
database). On the basis of our Blastp analysis using the
BaCesI amino acid sequence, the greatest identity
(>50%) was found with members of the CE4 family,

Figure 6
Electrostatic potential at the molecular surface of CE4 enzymes. (A) BaCesI, (B) 2IW0, (C) 2Y8U, (D) 2C71, (E) 2CC0, and (F) 1W1B. Red indicates
a negative potential, white a neutral potential and blue a positive potential, ranging from 27e to 17e. This figure was prepared with VMD (35).

Table I
Release of Acetic Acid by rBaCesI From Natural and Synthetic Substrates

Culture concentrated supernatant Substrates/acetic acid liberated mmolesa

Chitin from shrimp shells Oat spelt xylan N-acetyl-glucosamine Bagasse Grass

P. pastoris1pPICzaA (Culture Concentrated
supernatant)

1.21 6 0.0063 0.51 6 0.0035 0.56 6 0.0049 4.63 6 0.0120 5.0 6 0.0042

rBaCesI (Culture Concentrated supernatant
enriched through ultrafiltration)

31.84 6 0.1034 44.44 6 0.0111 50.72 6 0.4332 22.86 6 0.1107 26.58 6 0.0338

aThe measurements were performed using 20 mg of each substrate and 0.1 mg mL21 of protein. The reactions were performed in triplicate for each substrate.
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especially with fungal sequences. The NodB domain was
found in BaCesI and the conserved catalytic site residues
(D197, D322, H358) and the metal-binding triad (H247,
H251, D198) were identified (Fig. 3). Previous studies44

showed that there are five highly conserved distinct
motifs in all CE4 family members that line and assemble
the active site. These motifs play an important role in
the metal binding and biocatalysis of the enzyme. The
multiple alignment shows these motifs (MT) (identified
as MT 1, MT 2, MT 3, MT 4, and MT 5, see Fig. 3)
which are also present in the BaCesI sequence. BaCesI in
MT 1 shows a change (Y instead of F), which is also
conserved in the CE fungal sequences of M. rouxii and
in C. lindemuthianum. In this MT the critical residues
are D197 (indicated with black circle, see Fig. 3) and
D198 (indicated with black triangle, see Fig. 3) because
they contribute to metal and substrate binding, respec-
tively.44 MT 2 (H(S/T)xxHP) also appears in BaCesI and
this is a MT directly involved in metal-binding. H247 and
H251 (indicated with black triangles) are the amino acids
that bind Zinc, while T248 accepts a hydrogen bond from
H251. Blair et al.44 report that this Zinc-binding motif
does not exist outside the CE4 family. This evidence
strongly suggests that our sequence is a member of CE4
family. MT 3 and MT 5 are highly conserved in BaCesI as
shown in Figure 3 and are very important in the active site.
H358 (identified with black circle, see Fig. 3) is a critical
residue in the catalytic activity because it is proposed to
protonate the leaving acetate group.45 MT 4 forms another
site of the active groove in the enzyme, and has a change (Y
instead of W) in BaCesI as compared to the bacterial CEs.
However, all the considered fungal sequences show the
same substitution (Y instead of W), so this conservative
change may not be essential for the enzyme activity. The
identification of conserved and distinctive motifs (some of
them present only in the CE4 family) allows us to classify
our sequence as a CE4 family member, and this evidence
support the results found in the BLASTp and in the phy-
logeny analysis. The homology model we obtained for the
CE4 domain of BaCesI confirms the proper placement of
all catalytic and substrate-binding residues in the three-
dimensional structure (Supporting Information Fig. S3B).

A cellulose-binding domain (CBM) was not identified
in the sequence of BaCesI, although it is present in some
acetylxylan esterases in family CE4. However, CBM are not
always present in all carbohydrate active enzymes51 and
are not required for hydrolysis of the substrates.41 Never-
theless, we note the presence of a long N-terminal domain
(roughly 160 amino acids long) that seems to be specific
to fungal CE4s (Supporting Information Fig. S2) and with
no homology to any annotated domain. The exploration
of the function of this domain in BaCesI is in progress.

The three normal modes depicted in Figure 4 suggest
that opening and closing of the active site cleft is impor-
tant for catalysis, in particular, the clam-like mode [Fig.
4(B)], as it displaces the active site residues relative to
each other. We posit that BaCesI will not function as a
ferulate esterase, as our attempts at docking ferulate sug-
gest that it fits in the active site, but prevents proper
closing of the active site cleft (Supporting Information
Fig. S4). Indeed, when we tested activity in the presence
of ferulate, rBaCesI was inhibited. The suggested
mechanical model to explain these findings is that acetate
groups resemble nails on a board (the glycan), and each
nail can be engulfed by the active site in order to be
removed. Ferulate resembles a plank instead of a nail,
and its binding to the active site precludes proper closing
and positioning of catalytic residues.

The electrostatic potential maps at the molecular sur-
face of BaCesI and other CE4 enzymes with structures
deposited in the PDB provide a rationale for the sub-
strate preferences of BaCesI. Chitin deacetylases [Fig.
6(B,C)] are strongly negative, which would not be a
problem for neutral substrates such as chitin. AXEs tend
to be either negative or neutral [see Fig. 6(D,E)],
explaining the observation that these enzymes are poorly
active on p-nitrophenol acetate and other negatively
charged small substrates,8 which would suffer electro-
static repulsion from the enzyme. This was confirmed as
no detectable activity was found when p-nitrophenol ace-
tate, p-nitrophenol butyrate, p-nitrophenol ferulate, p-
nitrophenol laurate, or p-nitrophenol palmitate were
used as substrates (data not shown). On the other hand,
the only reported enzyme that is active on peptidogly-
cans displays a positive molecular surface [Fig. 6(F)].
This analysis suggests that BaCesI is a chitin and xylan
esterase, as seen in the measured activities reported here,
and that it will most probably be inactive on peptidogly-
cans. This is currently being explored.

According to our results, we can assume that the activ-
ity of rBaCesI toward 2-naphtyl-acetate is given by the
specific recognition by aromatic residues of the naphtyl
moiety [Fig. 5(A)], that takes on the role of the neigh-
boring sugars stabilizing the enzyme-substrate complex,
as has been demonstrated for CE4 chitin deacetylase and
peptidoglycan N-deacetylase.42,44

Deacetylase activity of rBaCesI was observed toward
commercial substrates such as oat xylan, colloidal chitin

Table II
Effect of Different Concentrations of Ferulic Acid on the Activity of
rBaCesI

Ferulic acid (lM) (U mg21 protein) %

0 0.815 100
50 0.732 89.81
100 0.715 87.11
200 0.466 57.17
300 0.054 6.62
400 0.054 6.62
500 0.014 1.71
1000 0.001 0.12
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and N-acetyl glucosamine, and natural lignocellulosic
materials such as sugar cane bagasse and grass. This
activity on oat xylan and N-acetylglucosamine was evi-
dent, since the acetic acid liberation was around 90 times
more compared to the control; chitin showed a 30 times
increase, while for the natural substrates five times more
acetic acid was observed relative to the control (Table I).
These results demonstrate that recombinant BaCesI pro-
tein exhibits a deacetylase activity typical of CE4 family
members, supporting the results of the in silico analysis
and modeling from the sequence as mentioned above,
acting as both an O and an N-deacetylase.

CONCLUSION

Bioinformatic analysis, molecular modeling and bio-
chemical studies of a carbohydrate esterase from B.
adusta suggest that the substrate specificity of this type
of enzymes depends on the overall electrostatic potential
of the enzyme’s surface, particularly around the active
site. Our analysis shows that for the novel CE4 esterase
reported in this work, its substrate preference matches
what is expected of a negatively charged active site neigh-
borhood, and that this property can also explain the
known substrate preferences of other members of the
same family (see Fig. 6). This analysis is not reported
elsewhere, to the best of our knowledge. Also, the low
frequency movements found for this enzyme seem to be
relevant for catalytic activity. The CE esterase described
here belongs to Family 4 CEs and has a deacetylase activ-
ity on xylan, chitin, and lignocellulosic substrates like
sugar cane bagasse and grass.
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