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Abstract Alkaline pectate lyases have great application po-
tential in the bioscouring of textiles. They are isolated pre-
dominantly from bacteria and a few fungi. Here, we report the
biochemical characteristics of a novel alkaline pectate lyase
PelA from the basidiomycete Volvariella volvacea. The full-
length pelA encodes a 321-amino-acid polypeptide containing
a putative 18-residue signal peptide and a pectate lyase family
1 catalytic domain. It contains one conserved and one non-
conserved potential N-glycosylation site (N-X-S/T) at the
residues N95 and N198, respectively. The enzyme showed
optimal activity at 60 °C and pH 10, although it was stable
between pH 4 and pH 11. Additional Ca2+ was not required to
measure PelA activity in vitro, but it could significantly en-
hance its activity and thermal stability. The Vmax values using
polygalacturonic acid as substrate were increased from 50.71
to 89.96 IUmg−1 by the addition of 0.1 mMCa2+, whereas the
Km values were decreased from 0.681 to 0.514 mg ml−1. Site-
directed mutagenesis revealed PelA has only one N-glycan
attached to the residue N95. This N-glycan is crucial to its
efficient secretion and activity possibly due to its role in
maintaining the secondary structure of PelA. Amino acid
substitution at the residue N198 had no effect on PelA secre-
tion, but resulted in a slight (5.16 %) to modest (27.37 %)

decrease in specific activity and less thermal stability, indicat-
ing the amino acid itself is also important for activity due to it
being highly conserved and because of its proximity to the
catalytic site.
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Introduction

Pectate lyases (Pels) are endo-acting enzymes that catalyze the
eliminative cleavage of pectate, to produce 4,5-unsaturated
galacturonosyl at the non-reducing end (Solbak et al. 2005).
The activity of pectate lyase was first discovered by Starr and
Moran (1962) in the cultures of Erwinia carotovora and
Bacillus polymyxa. Extracellular Pels secreted by plant path-
ogens are known to play an important role in the decomposi-
tion of plant residues during infection, their action resulting in
the maceration of plant tissues (Marín-Rodríguez et al. 2002).
Pels are now classified into polysaccharide lyase (PL) families
1, 2, 3, 9, and 10 (http://www.cazy.org/Polysaccharide-
Lyases.html).

Pectin is a major component within the primary cell walls
of all land plants and comprises a range of galacturonic acid-
rich polysaccharides (Willats et al. 2001). They play an im-
portant role in the structure and function of both primary and
secondary cell walls. Consequently, the enzymatic degrada-
tion of pectic substances is crucial in several industrial and
biotechnological processes. Recently, microbial alkaline
pectate lyases have received more attention due to their ex-
tensive applications in many fields, such as paper making,
coffee and tea fermentation, textile and plant fiber processing,
oil extraction, and the treatment of industrial wastewater
(Hoondal et al. 2002; Solbak et al. 2005; Zhang et al. 2013;
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Zou et al. 2014). Alkaline pectate lyases were isolated pre-
dominantly from bacteria, such as Bacillus spp. (Hatada et al.
2001; Berensmeier et al. 2004), Erwinia chrysanthemi (Tardy
et al. 1997; Jenkins et al. 2004), Klebsiella spp. (Yuan et al.
2011), Paenibacillus spp. (Boland et al. 2010; Li et al. 2014),
Streptomyces sp. S27 (Yuan et al. 2012), and a few fungi, such
as Penicillium occitanis (Damak et al. 2011) and Aspergillus
niger (Benoit et al. 2012). Basidiomycetes, especially white-
rot fungi, efficiently degrade all major components of plant
cell walls including cellulose, hemicellulose, pectin, and lig-
nin in nature. Although the genome sequencing revealed the
existence of multiple genes for putative pectinolytic enzymes
in basidiomycetes (Ohm et al. 2010), no encoding pectate
lyases have been biochemically characterized to date.

Volvariella volvacea, the edible straw mushroom, is cul-
tured on an industrial scale in many tropical and subtropical
regions of Southeast Asia. V. volvacea grows naturally on rice
straw and is an atypical white-rot basidiomycetous fungus,
which has complete cellulolytic and hemicellulolytic systems
but has very low lignolytic activity (Zheng and Ding 2013).
Herein, we report the biochemical characteristics of a novel
alkaline pectate lyase (PelA) from V. volvacea, functionally
expressed in Pichia pastoris. PelA contains two putative N-
glycosylation sites, one of which is conserved between fungal
enzymes and the other not. As with most of recombinant
proteins overexpressed in P. pastoris, the recombinant PelA
was glycosylated. We also report the distinctive roles of the
highly conserved glycosylation site in its secretion and
activity.

Materials and methods

Strains, culture conditions, vectors, and chemicals

V. volvacea V14 (accession no. CMB002) was obtained from
the culture collection of CUHK (WDCM68) located in the
Biology Department, Chinese University of Hong Kong
(Hong Kong, China). Escherichia coli DH5α (Invitrogen,
Carlsbad, CA, USA) was used for cloning and P. pastoris
KM71H (Invitrogen) was used for protein expression. The
pGEM-T vector (Promega, Madison, WI, USA) was used to
subclone DNA fragments for sequencing. The pPICZαB vec-
tor (Invitrogen) was used for constructing the yeast expression
vectors. For the extraction of RNA, the fungus was cultured in
rice straw compost as described previously (Ding et al. 2006).
The polygalacturonic acid (PGA) was purchased from Sigma-
Aldrich (St. Louis, MO, USA).

Cloning of PelA gene

An expressed sequence tag (EST) was obtained previously
through the EST sequencing of a V. volvacea complementary

DNA (cDNA) library. The library was constructed from the
messenger RNA isolated from the mycelia of V. volvacea
which had been cultivated on rice straw (Ding et al. 2006).
A BLASTsearch against the recent GenBank releases showed
this EST sequence had homology to pectate lyases. The gene-
specific primer 5′-GCGCTTGGCGAGGGCAACAATTTC
GT-3′ which was based on the EST sequence was designed
to generate the 5′-endDNA fragment (coding for PelA). Rapid
amplification of the cDNA ends (RACE)-PCRwas carried out
using the SMARTRACE cDNAAmplification Kit (Clontech,
Palo Alto, CA, USA). The 5′-cDNA end fragment was
subcloned into the pGEM-T vector and sequenced. The full-
length cDNA of pelAwas then generated by 3′-RACE using
the gene-specific primer 5′-ACATGGGGAACAGTCAAC
AGACATCTGT-3′ designed from the sequence of the ex-
treme 5′-end of pelA and sequenced as above.

Construction of expression vectors and site-directed
mutagenesis

The construction of the expression plasmid pPICZαB-PelA
was carried out according to the manufacturer’s protocol
(Invitrogen, Carlsbad, CA). The cDNA fragment encoding
mature PelA, flanked by EcoRI/XbaI restriction sites
(underlined) at the 5′ and 3′ ends, respectively, was amplified
by PCR using the following oligonucleotides: 5′-TGCC
GGAATTCCGATTCCGATCGAACCCTCTGAGCA-3′ and
5′-GCTCTAGATTAATGATGATGATGATGATGAAATG
TCAAGGTCTGGCCG-3′ and Pfu polymerase (Agilent-
Stratagene; La Jolla, CA, USA). After double digestion, the
fragment was ligated at the EcoRI/XbaI sites of the pPICZαB
expression vector to yield the construct pPICZαB-PelA in
which pelA was under the transcriptional control of the
AOX1 (alcohol oxidase) promoter. This construct was trans-
ferred into E. coliDH5α and the gene insert was confirmed by
DNA sequencing. Site-directed plasmid mutagenesis of the
PelA gene was performed by PCR using oligonucleotide
primers containing the desired point mutations (see list of
primers in Table 1) and by using plasmid pPICZαB-PelA as
a template. PCR was performed under the following condi-
tions: one cycle of 94 °C for 5 min, 55 °C for 30 s, and 72 °C
for 6 min; 30 cycles of 94 °C for 30 s, 55 °C for 30 s, and
72 °C for 6 min followed by a final extension at 72 °C for
10 min. After gel purification, the amplified product was
digested with DpnI to eliminate the template plasmid. The
site-directed mutagenesis resulted in the following amino acid
changes in PelA (Fig. 1a): N95A, N95D, N95Q, S97A,
N198A, N198D, and N198Q within the putative N-
glycosylation motifs (N-X-S/T; numbering based on the full
length of protein with signal peptide). These mutated con-
structs were transferred into E. coli DH5α and the gene insert
was confirmed by DNA sequencing.
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Expression and purification of PelA and N-glycosylation
mutants in P. pastoris

All expression plasmids containing a wild-type gene or N-
glycosylation sitemutants of pelAwere then linearized by SacI
and transformed into P. pastoris KM71H competent cells by
electroporation with a Gene Pulser II apparatus (Bio-Rad,

Hercules, CA). Transformants of P. pastoris containing the
target DNA were selected on the basis of Zeocin resistance
using yeast extract-peptone-dextrose (YPD) agar plates sup-
plemented with 1 M sorbitol and 100 μg ml−1 Zeocin
(Invitrogen). The most eff icient PelA-producing
transformants under the methanol-inducible AOX1 promoter
were screened according to the manufacturer’s protocol
(Invitrogen). In brief, every transformant was grown in a
250-ml flask containing 50 ml buffered complex glycerol
(BMGY) medium at 30 °C and 250 rpm for 16–24 h until
the cell density reached an OD600 value of 3–4. Yeast cells
from a portion of the culture suspension were harvested by
centrifugation and resuspended in 25 ml of buffered methanol
complex (BMMY) medium to a final OD600 value of 30.
BMGY and BMMY media were prepared according to the
Pichia expression system manual from Invitrogen. Pectate
lyase activity was determined following an additional 2 days
induction at 30 °C and 250 rpm. The transformants exhibiting
the highest expression level were selected for the production of
wild-type PelA andmutants. The recombinant PelA andmutant
enzymes with the 6×His-tag were purified by affinity chroma-
tography using nickel-nitrilotriacetic acid (Ni-NTA) agarose
gel (Qiagen, Valencia, CA, USA) according to the manufac-
turer’s manual. Endoglycosidase H (endo H)-treated PelAwas
prepared by the deglycosylation of purified wild-type enzyme
using endoglycosidase H (endo-N-acetylglucosaminidase H of
Streptomyces plicatus; NEB, Ipswich, MA, USA) according to
the manufacturer’s protocol. The enzyme sample (containing
300 μg protein of PelA) in 1×glycoprotein denaturing buffer
was boiled for 10 min. After cooling, PelAwas incubated with
2000 NEB units of endo H in 50 mM sodium citrate buffer (pH

Table 1 Mutagenic primers used in site-directed mutagenesis

Mutant Primers Sequences (5′ to 3′)

N95A N95A-F GTTGGATCCGCTACCTCCGTG

N95A-R CACGGAGGTAGCGGATCCAAC

N95D N95D-F ATCCGTGTTGGATCCGACACCT
CCGTGATTGGA

N95D-R TCCAATCACGGAGGTGTCGGAT
CCAACACGGAT

N95Q N95Q-F GTTGGATCCCAAACCTCCGTG

N95Q-R CACGGAGGTTTGGGATCCAAC

S97A S97A-F GGATCCAACACCGCCGTGATT
GGATTA

S97A-R TAATCCAATCACGGCGGTGTT
GGATCC

N198A N198A-F TCCGACAGCGCTGCCTCCGAG

N198A-R CTCGGAGGCAGCGCTGTCGGA

N198D N198D-F GGCCACTCCGACAGCGACGCC
TCCGAGGACACC

N198D-R GGTGTCCTCGGAGGCGTCGCT
GTCGGAGTGGCC

N198Q N198Q-F TCCGACAGCCAAGCCTCCGAG

N198Q-R CTCGGAGGCTTGGCTGTCGGA
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Fig. 1 a Schematic structures of
PelA and N-glycosylation
mutants. b SDS-PAGE of purified
PelA and endo H-treated PelA.
Lane M, molecular weight
markers; lane 1, PelA; lane 2,
endo H-treated PelA. c SDS-
PAGE of purified PelA and
mutants at N95. Lane M,
molecular weight markers; lanes
1–5, PelA, N95A, N95D, N95Q,
and S97A, respectively. d SDS-
PAGE analysis of purified PelA
and mutants at N198. Lane M,
molecular weight markers; lanes
1–4, PelA, N198A, N198D, and
N198Q, respectively
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5.5) for 12 h at 28 °C. Controls contained an equal amount of
PelA, treated under the same conditions with 10 mM ammo-
nium acetate solution (pH 5.5) instead of endo H. Enzyme
homogeneity and the molecular weight of purified wild-type
PelA, endo H-treated PelA, and N-glycosylation mutants were
estimated using sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE 10 %w/v).

Biochemical characterization of PelA

Pectate lyase activity was determined by spectrophotometri-
cally monitoring an increase in optical density at 235 nm due
to the formation of the unsaturated uronide product. Unless
otherwise specified, the standard assay mixture contained
0.99 ml of 0.2 % (w/v) polygalacturonic acid (Sigma
Chemical Co. type P7276) in 100 mM glycine-NaOH buffer
at pH 10.0 and 10 μl of diluted enzyme solution. The reaction
mixture was incubated at 60 °C for 10 min, and then the
reaction was terminated by adding 0.5 ml of 500 mM HCl.
One enzyme unit was defined as the formation of 1 μmol
unsaturated polygalacturonic acid per min, with a molar ex-
tinction coefficient of 4600 M−1 cm−1 at 235 nm. The protein
concentration was determined using a BCA Protein Assay Kit
(Thermo Scientific Pierce, Rockford, IL, USA) with bovine
serum albumin as standard. Optimal pH and temperature
values were determined using the standard assay in the ranges
of pH 7.0–12.0 (Tris-HCl pH 7–9 and glycine-NaOH pH 9–
12) at a temperature of 30–70 °C, respectively. Thermal
stability was determined by measuring the residual activities
after preincubating the enzyme at 30–50 °C without substrate
for 0–60 min. The pH stability was estimated by measuring
the residual activity after incubating the enzyme in universal
buffer with pH of 3.0–12.0 at 4 °C for 24 h. The kinetic
constants (Vmax and Km) were determined at 60 °C after a
reaction time of 5 min using polygalacturonic acid at concen-
trations from 0.1 to 2.5 mg ml−1. The Vmax and Km values
were calculated by GraphPad Prism 5.0 software (http://www.
graphpad.com/prism/) using non-linear regression.

Effect of metal ions and chemicals on PelA activity
and thermal stability

The effect of metal ions and inhibitors on PelA activity was
determined under the standard assay condition in the presence
of various metal ions, ethylenediaminetetraacetic acid
(EDTA), and SDS (each at 0.1 and 0.5 mM, respectively).
The Ca2+ requirement for PelA activity was determined under
standard conditions in the presence of 0–1 mM CaCl2. To
determine the restoring effect of metal ions on PelA activity,
EDTA (1.0 mM) was added into the enzyme solution to
chelate the divalent ions, the enzyme solution was then
dialysed against 0.1 M Tris-HCl (pH 9.0) to remove extra
EDTA. Different concentrations of cations (Ca2+, Mg2+, Zn2+,

Ni2+, and Mn2+) were then added into enzyme solutions, and
enzyme activity was measured under standard conditions. The
effect of Ca2+ on the thermal stability of PelA was evaluated
using heat treatment for 0–60 min in the presence of 0.1 mM
Ca2+. After heat treatment, the enzymes were cooled on ice,
and the remaining activity was measured under the standard
assay conditions.

Effect of N-glycosylation on PelA secretion, activity,
and stability

The effect of N-glycosylation on PelA secretion in P. pastoris
was evaluated by comparing the secretion levels of the wild-
type PelA with N-glycosylation mutants in BMMY cultures.
Aliquots (0.2 ml) of culture media were removed at different
time intervals as indicated and centrifuged, and PelA activity
was determined in the supernatants. The secretion levels of
target proteins (mg ml−1) were defined as the enzyme activity
(U ml−1) in the culture supernatant divided by the individual
specific activity (U mg−1). Each expression experiment was
performed in triplicate. The crude supernatant or those con-
centrated by precipitation using 10% trichloroacetic acid were
loaded on SDS-PAGE to analyze the integrity of enzyme
molecules. The effect of N-glycosylation on PelA activity
was evaluated using the wild-type PelA and various N-
glycosylation mutants under the standard assay conditions
described as above. The effect of N-glycosylation on PelA
thermal stability was investigated by determining the residual
activity after heating at different temperatures. Samples con-
taining 1 mg ml−1 of the protein variants in phosphate buffer
(pH 7.5) were incubated at 20, 30, 35, 40, 45, 50, 55, and
60 °C for 10 min. After heat treatment, the enzymes were
cooled on ice, and the remaining activity was measured under
standard assay conditions. Tm values (defined as the temper-
ature at which 50 % of the initial activity is lost after heat
treatment) were determined from the plots of relative inacti-
vation (%) against temperature (°C). All enzymes were puri-
fied by Ni-NTA agarose affinity chromatography.

Circular dichroism spectra

Spectra for PelA and its N-glycosylation mutant enzymes
(0.2 mg ml−1) were recorded at 25 °C over the range of
190–260 nm with a MOS-500 Circular Dichroism
Spectrometer (Bio-Logic, Grenoble, Isere, Rhone-Alpes,
France), incorporating a bandwidth of 1 nm and a scanning
speed of 120 nm min−1. Each spectrum was measured in
triplicate using a quartz cuvette of 2 mm path length (Starna
Scientific Ltd, Hainault, Essex, UK) and was corrected by
subtracting a buffer blank spectrum. Data were analyzed using
the CDNN circular dichroism spectra (CDS) deconvolution
software (Applied Photophysics, Leatherhead, Surrey, UK).
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Nucleotide sequence accession number

The nucleotide sequence of V. Volvacea pelA has been
assigned the GenBank accession no. KJ57378.

Results

Cloning and sequence analysis of pelA

The full-length cDNA of pelA consists of 963 bp encoding
321 amino acids with a putative signal peptide of 18 amino
acids. The calculated pI and molecular weight values of PelA
are 8.82 and 34,088 Da, respectively. Alignment of the de-
duced amino acid sequence of pelA with the pectate lyase
genes of other organisms showed the highest sequence simi-
larities to pectate lyase B from Coprinopsis cinerea okaya-
ma7#130 (accession no. XP_001839398.2), hypothetical pro-
tein AGABI1DRAFT_87431 from Agaricus bisporus var.
burnettii JB137-S8 (accession no. EKM76092.1), hypotheti-
cal protein AGABI2DRAFT_139877 from Agaricus bisporus
var. bisporus H97 (accession no. EKV41722.1), and polysac-
charide lyase family 1 protein from Auricularia delicata TFB-
10046 SS5 (accession no. EJD53916.1), with 73, 69, 68, and
72 % identities, respectively. Two putative N-glycosylation
sites (N-X-S/T) at the positions of N95 and N198 were found
in the protein sequence using NetNGlyc 1.0 Server (http://
www.cbs.dtu.dk/services/NetNGlyc/). Interestingly, multiple
sequence alignment revealed that the two N-glycosylation
sites are not equally conserved among the different fungal
species (Fig. 2). The first one at residue N95 (NTS) is con-
served in all listed pectate lyase sequences but is present in a
less-conserved region near to the N-terminus. The second site
at residue N198 (NAS), present in a conserved region prox-
imity to the catalytic center, is not conserved, although the
amino acid itself is highly conserved (Fig. 2).

Purification and characterization of PelA

The gene encoding PelA from V. volvacea was successfully
expressed in P. pastoris. The recombinant protein with a 6×
His-tag at its C-terminus was purified by affinity chromatog-
raphy in a one-step procedure using Ni-NTA agarose gel.
SDS-PAGE analysis revealed that the purified PelA migrated
as two bands with a molecular mass of 35 and 37.5 kDa,
respectively (Fig. 1b). After treating with endo H, only one
protein band with an estimated molecular mass of 35 kDa was
observed, suggesting that it was overglycosylated (Fig. 1b).
The optimal pH and temperature for PelA were 10.0 and
60 °C, respectively (Fig. 3a, b). The PelAwas relatively stable
at a pH ranging from 4 to 11, retaining more than 80 % of the
initial activity after incubation at 4 °C for 24 h (Fig. 3c). PelA
was relatively stable at 40 °C and more than 60 % of the

activity was retained after 1.0 h incubation; however, the
enzyme activity rapidly decreased at a temperature above
50 °C (Fig. 3d).

Effect of metal ions and chemicals on PelA activity
and thermal stability

The effects of metal ions on PelA activity were tested by using
polygalacturonic acid as the substrate. Ca2+ when present at a
low concentration significantly enhanced its activity, whereas
other metal ions had no or only slight inhibition effects
(Table 2). The influence of Ca2+ was further investigated by
adding CaCl2 at concentrations ranging from 0 to 1 mM at the
optimal pH of the enzyme. PelA showed high activity without
additional Ca2+, but the relative activity was significantly
enhanced in the presence of 0.1–1.0 mM Ca2+ (Fig. 4a). The
kinetic constant Vmax values towards polygalacturonic acid
were increased from 50.71 IU mg−1 without Ca2+ to
89.96 IU mg−1 with 0.1 mM Ca2+, whereas Km values were
decreased from 0.681 to 0.514 mg ml−1. When EDTA was
added, Ca2+ was bound by EDTA, thus the Ca2+ activation
occurred at higher concentrations (Fig. 4a). EDTA completely
inhibited the PelA at the concentration of 1.0 mM.
Unexpectedly, PelA activity was restored to 26.15 IU mg−1

after removing the extra chelated metal ions and EDTA by
dialysis (Fig. 4b). The PelA activity was increased to
57.10 IU mg−1 when 0.2 mM Ca2+ was added into the dia-
lyzed enzyme solution. However, other metal ions did not
have a similar restoring effect on PelA activity (Fig. 4b),
demonstrating the absolute requirement for Ca2+ as a cofactor
for its activity. The presence of Ca2+ significantly (P<0.001)
enhanced thermal stability of PelA. The residual activity was
50 % after a 60-min incubation at 50 °C in the presence of
Ca2+, whereas less than 10 % of residual activity was retained
without the presence of 1.0 mM Ca2+ (Fig. 3d).

Effect of N-glycosylation on PelA secretion, activity,
and stability

The two forms of PelA on SDS-PAGE were tentatively attrib-
uted to different degrees of glycosylation at the two putative
N-glycosylation sites in the protein. Seven PelA mutants were
constructed with a single substitution in the N-glycosylation
site to determine whether one or both sites were N-
glycosylated and to determine the effect on PelA secretion
and activity. Considering that the alteration of highly con-
served residue N95 may affect the thermostability and cata-
lytic activity of the mutant enzymes, one of them, the S97A
mutant, has the substitution of Ser at S97 by Ala. SDS-PAGE
analysis of the mutant enzymes of N95A, N95D, N95Q, and
S97A showed a single protein band with molecular mass
35 kDa, whereas the mutant enzymes of N198A, N198D,
and N198Q appeared in two bands similar to the wild-type
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PelA. This indicates that only the N95 site was N-glycosylated
(Fig. 1b, c). The expression level and biochemical properties
of the wild-type PelA and all mutants were compared and the
data are listed in Fig. 5 and Table 3.

Elimination of the N-glycosylation sites at either N95 or S97
significantly reduced the amount of PelA into the extracellular
fraction, and the secreted PelAwas reduced from 58.5 % of the

wild-type for mutant S97A to 81.1 % for N95Q (Fig. 5). To
exclude the possible effect of proteolytic degradation on the
protein quantities, the integrity of enzyme molecules in super-
natants was analyzed by SDS-PAGE. All expressed products,
including PelA and various N-glycolsylation mutants,
remained intact in culture supernatants and no proteolytic frag-
ments were generated (Fig. S1 in the Supplementary Material),

Fig. 2 Alignment of glycosylation sites of PelAwith other pectate lyases.
Identical residues are shaded in blue and conserved residues are shaded in
gray. The two potential N-glycosylation sites are marked with red
triangles. The catalytic center was boxed. EKM76092.1, hypothetical
protein AGABI1DRAFT_87431 from Agaricus bisporus var. burnettii
JB137-S8; EKV41722.1, hypothetical protein AGABI2DRAFT_139877
from Agaricus bisporus var. bisporus H97; EJD53916.1, polysaccharide
lyase family 1 protein from Auricularia delicata TFB-10046 SS5; XP-
001839398.2, pectate lyase B from Coprinopsis cinerea okayama7#130;
EJD06337.1, polysaccharide lyase family 1 protein from Fomitiporia
mediterranea MF3/22; ELU39081.1, polysaccharide lyase family 1

protein from Rhizoctonia solani AG-1 IA; XP-003037654.1, polysaccha-
ride lyase family 1 protein from Schizophyllum commune H4-8;
EIM82658.1, pectate lyase B from Stereum hirsutum FP-91666 SS1;
XP-001402478.1, pectate lyase plyB from Aspergillus niger CBS
513.88; XP-749213.1, pectate lyase A from Aspergillus fumigatus
Af293; ENH79763.1, pectate lyase from Colletotrichum orbiculare
MAFF 240422; EFX05003.1, pectate lyase A from Grosmannia
clavigera kw1407; XP-001265635.1, pectate lyase from Neosartorya
fischeri NRRL 18; XP_002566377.1, Pc22g24890 from Penicillium
chrysogenum Wisconsin 54-1255; XP-002149699.1, pectate lyase A
from Talaromyces marneffei ATCC 18224
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indicating that the differences in enzyme secretion levels were
not related to the proteolytic degradation of the recombinant
proteins. Additionally, each of the PelA mutants at N95 or S97
had significantly lower specific activity than the wild type,
ranging from 38.64 % of the wild type for mutant N95A to
81.07 % for S97A, respectively (Table 3). These findings
indicated that removal of carbohydrate from N95 sites resulted
in a significant decrease in secretion level and activity; howev-
er, the amount of decrease varies with the residual site selected
for mutation and the newly induced residues. As expected from
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Fig. 3 Effects of pH (a) and
temperature (b) on the activity
and effects of pH (c) and
temperature (d) on the stability of
PelA. Values shown are means of
triplicate determinations±
standard error (SE)

Table 2 The effect of metal ions and inhibitors on PelA activity

Metal ions and inhibitors Relative activity (%)

0.1 mmol/L 0.5 mmol/L

K+ 93.38±0.97 100.92±0.24

Na+ 85.95±0.28 92.48±0.20

Li+ 98.20±0.90 90.96±1.19

Ca2+ 181.07±2.25 174.36±3.43

Ni2+ 93.71±2.84 97.26±2.71

Mn2+ 90.55±0.26 97.43±0.12

Zn2+ 86.63±0.30 87.30±0.37

Co2+ 97.90±0.26 89.57±0.04

Mg2+ 102.13±0.79 108.07±0.11

Ca2+ 106.20±0.15 36.46±0.49

SDS 57.31±0.22 36.35±0.27

EDTA 1.67±0.06 0.87±0.04

Values shown are means of triplicate determinations±standard error (SE)
Fig. 4 The effect of different concentrations of Ca2+ on PelA activity (a)
and the restoring effect of metal ions on EDTA-treated PelA activity (b)

Appl Microbiol Biotechnol (2015) 99:3447–3458 3453



the lack of glycosylation at the position N198, the mutant
enzymes of N198A, N198D, and N198Q had a similar expres-
sion level in P. pastoris as the wild-type PelA (Fig. 5). In
contrast, the mutation at N198 has a slight or modest effect
on specific activity, retaining 94.84 % of the wild-type PelA for
N198A and 77.22 and 72.43 % for N198D and N198Q,
respectively (Fig. 5 and Table 3). Slight changes in optimal
pH and temperature values were also observed in mutant
enzymes compared with the wild-type PelA (Table 3).

Unexpectedly, the mutant enzymes of N198A, N198D, and
N198Q had a less thermal stability than that of N95A, N95D,
N95Q, and S97A in terms of Tm (Fig. S2 in the Supplementary
Material and Table 3). These mutants were further studied by
CD spectroscopy in order to analyze whether the secondary
structure of PelA was affected by the N-glycosylation muta-
tions. The spectrum of the wild-type PelA showed a single
minimum at 218 nm, a crossover point at 205–206 nm, and a
maximum at 195 nm (Fig. 6), indicating a parallel β-helix
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Fig. 5 Comparison of secretion level of PelA with N-glycosylation
mutants in P. pastoris. a and c cell density of mutants at N-95 site and
N198 site, respectively. b and d secreted PelA bymutants at N-95 site and
N198 site, respectively. The single colony was used to inoculate 50 ml of
BMGY in a 250-ml Erlenmeyer flask and the culture was incubated with
shaking (250 rpm) at 30 °C until the OD600 value reached 3–4. Cells were

harvested by centrifugation and resuspended in 25 ml of BMMY in 250-
ml Erlenmeyer flasks to a final OD600 value of 30. Cell suspensions were
incubated at 30 °C with shaking (250 rpm) and were induced by addition
of 100 % methanol every 24 h to a final concentration of 1.0 %. All
expression experiments were performed in triplicate. Values shown are
means of triplicate determinations±standard error (SE)

Table 3 Specific activities, optimal pH, and temperatures of PelA and N-glycosylation mutants

Enzymes Specific
activity (IU/mg)

Relative
activity (%)

Optimal pH Optimal
temperature (°C)

Tm (°C)

PelA 30.07±0.24 100.00 10.0 60.0 52.35±0.09

N95A 11.62±0.93 38.64 10.0 60.0 50.61±0.60

N95D 15.58±0.67 51.81 10.0 60.0 52.40±0.13

N95Q 16.30±1.39 54.20 10.5 60.0 51.93±0.81

N97S 24.38±0.64 81.07 10.5 60.0 50.70±0.20

N198A 28.52±0.72 94.84 10.0 60.0 48.89±0.20

N198D 23.22±0.35 77.22 10.0 60.0 48.70±0.42

N198Q 21.78±0.31 72.43 10.0 55.0 47.85±0.25

Tm values were defined as the temperatures at which 50 % of the initial activity is lost after heat treatment and were determined from the plots of relative
inactivation (%) against temperature (°C). Values shown for specific activity are means of triplicate determinations±standard error (SE)
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structure as other pectate lyases (Kamen et al. 2000). The
average CD spectra of N198A, N198D, and N189Q were very
similar to that of the wild-type PelA, suggesting that the muta-
tions did not disrupt the secondary structure of PelA and
maintained a conformation close to the native protein. A prom-
inent change in the CD spectrum was observed upon suppres-
sion of protein glycosylation by the elimination of the N-
glycosylation site. The ellipticities at 195 and 218 nm were
reduced greatly in the mutants of N95A, N95D, N95Q, and
S97A. And furthermore, the crossover point was shifted to
198–199, 199–200, and 205–206 nm for mutants of N95A,
N95D, and N95Q, respectively, indicating that suppression of
N-glycosylation at this site led to structural alteration and
therefore greatly impaired their secretion and the specific ac-
tivity of the mutants (Fig. 6).

Discussion

In nature, saprotrophic basidiomycetes play a central role in
the degradation of plant biomass. They have an extensive set
of carbohydrate-active enzymes for degrading polysaccha-
rides, including cellulose, hemicellulose, and pectin within
the plant cell wall. Genome sequencing revealed that some
of them contained abundant genes encoding glycoside hydro-
lases and polysaccharide lyases for pectin degradation, al-
though the repertoire of carbohydrate-active enzymes
(CAZymes, http://www.cazy.org) in basidiomycetous fungal
genomes varies according to species and their saprotrophic
lifestyle (Martinez et al. 2004; Ohm et al. 2010; Benoit et al.
2012; Floudas et al. 2012). For instance, Schizophyllum
commune contains 13 candidate polysaccharide lyases in

Wavelength (nm)

A

Wavelength (nm)

B

Fig. 6 CD spectra of PelA and its
mutants of N95A, N95D, N95Q,
and S97A (a) and N198A,
N198D, and N198Q (b)
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PL1, PL3, PL4, and PL9 and 7 glycoside hydrolases in GH28,
GH88, and GH105 related to pectin degradation (Ohm et al.
2010). Recently, the genome of V. volvacea was sequenced
and assembled. It contains 17 candidate polysaccharide lyases
in PL1, PL3, and PL4 and 9 glycoside hydrolases in GH28
and GH88 probably for pectin degradation (Bao et al. 2013;
Chen et al. 2013). As yet, the biochemical information about
the pectin degrading enzymes from basidiomycetesis is
relatively scarce compared with bacteria and other fungi.
The physiological-biochemical functions of these
carbohydrate-active enzymes in pectin degradation in
saprotrophic basidiomycetes remain elusive (Antov and
Pericin 2001).

Herein, we are first in reporting the biochemical character-
istics of a novel alkaline pectate lyase PelA from V. volvacea.
It belongs to family 1 polysaccharide lyases and has high
identities with hypothetical or uncharacterized proteins from
other basidiomycetous fungi. It has an alkaline pH optimum
and a wide pH stability. The optimal temperature of PelA
(60 °C) is higher than that of other fungal Pels from
Aspergillus nidulans (42 °C) (Zhao et al. 2007) and
Fusarium oxysporum (50 °C) (Di Pietro and Roncero 1996).
A thermoactive fungal pectate lyase Pel 1 from P. occitanis
has the same optimal temperature as PelA, but Pel 1 exhibited
lower optimal pH and Vmax values (9.0 and 17.19 IU mg−1,
respectively) than PelA (Damak et al. 2011). Pectate lyases
with highly alkaline-active, wide pH stability and
thermoactivity were only reported from a few bacterial or
actinomycetes species, such as alkaliphilic Bacillus sp. strain
P-4-N (Hatada et al. 2001), Bacillus subtilis (Soriano et al.
2006), and Streptomyces sp. S27 (Yuan et al. 2012). Such
properties related to pH and temperature makes PelA a good
candidate for use in many areas, such as paper treatment and
textile and plant fiber processing.

All Pels with the exception of PelW from E. chrysanthemi
(Shevchik et al. 1999) and Pel from Bacillus pumilus (Klug-
Santner et al. 2006) require Ca2+ for in vitro activity. Their
requirement of Ca2+ had been reported from the concentra-
tions of 0.1 to 1.0 mM (Payasi et al. 2009). PelA, as other Pels,
also needs Ca2+ as a cofactor because EDTA completely
inhibited PelA at the concentration of 1.0 mM. But an unusual
feature of PelA is the requirement of trace Ca2+ for its activity.
Firstly, extra Ca2+ did not need to be added into the reaction
mixture for in vitro PelA activity. Furthermore, EDTA inhibi-
tion can be eliminated by dialysis against 0.1 M Tris-HCl (pH
9.0) and 85.18 % of initial activity was restored. These data
suggested that the trace Ca2+ bound to the substrate is suffi-
cient for PelA activity (Tardy et al. 1997). The pectate lyase
Bsp165PelA with trace Ca2+ requirement was previously
identified from Bacillus sp. N16-5. However, once inhibited
with EDTA, its activity could not be restored by dialysis
(Gang et al. 2010; Zheng et al. 2012). The Ca2+ was also
found to have a positive effect on the thermostability of PelA.

This phenomenon had been previously reported in Pels from
other organisms, such as pectate lyase fromBacillus macerans
(Morozova et al. 2006).

N-glycosylation is one of the most common posttransla-
tional modifications performed by P. pastoris and plays a
crucial role in a number of physiological and biochemical
properties of a protein such as folding, stability, intracellular
trafficking, or activity (Macauley-Patrick et al. 2005;
Trombetta 2003; Skropeta 2009). Although the potential N-
glycosylation sites of a protein can be predicted from the
consensus sequence N-X-S/T, not all such sites are (fully)
occupied (Skropeta 2009). By changing potential N-
glycosylation sites by site-directed mutagenesis to prevent
glycosylation, we revealed that the wild-type PelA as pro-
duced inP. pastoris has N-glycan attached to residue N95 near
to the N-terminus. The double band of the recombinant wild-
type PelA was thus likely due to heterogeneity of the glyco-
sylation at N95.Whatever mutationwas introduced at the N95
or S97 sites, all resulted greatly in a decrease in protein
amounts in the supernatants and in specific activities of the
non-glycosylated PelA versions compared to the wild-type
enzyme, demonstrating that N-glycosylation at N95 is neces-
sary for efficient secretion of PelA in P. pastoris and is
important for activity as well. To date, suppression of glyco-
sylation is typically achieved using site-directed conversion of
the asparagine (N) residue of the N-X-S/Tconsensus sequence
to the structurally-related glutamine (Q) and aspartic acid (D)
residue or to other amino acids such as alanine (A) (Skropeta
2009). This technique has been widely used under the as-
sumption that the asparagine (N) residue itself has no impact
on the covalent structure of the target glycoprotein. Our results
showed that, besides the occupancy of N-glycosylation at the
N95 site, the position of the amino acids selected for site-
directed mutagenesis had great impact on the biochemical
properties of the mutant enzymes. The substitution at N95
resulted in stronger structural alteration and therefore leads to
greater loss of enzyme activity compared to the effect of the
substitution S97A. This indicates that the highly conserved
residue N95 itself is also very important for protein structure
and activity. In this case, S/T is a more suitable candidate
mutation site for verifying the role of glycosylation in deter-
mining the biochemical properties of a protein. Interestingly,
although the substitution at N198 seemed to have no effect on
PelA secretion, it still resulted in a slight or even modest
decrease in specific activity and less thermal stability, indicat-
ing that the highly conserved N198 residue is important to the
catalytic activity due to its proximity to catalytic site. The
mutants of N95Q and S97A shifted the pH optima towards a
basic side by 0.5 units (pH 10.0 to 10.5). The pH at which the
enzyme is maximally active is primarily determined by the
pK(a)s of the active site residues (Pokhrel et al. 2012).
Probably, a substitution of N95 by Q95 or S97 by A97 may
cause the disruption of long-range electrostatic interactions
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and affect the pH profile of enzyme activity. However, further
studies are needed to elucidate the reason for the pH shifts of
mutants N95Q and S97A.

In conclusion, we report the first biochemical characteriza-
tion of a novel alkaline pectate lyase PelA from the basidio-
mycetous fungus V. volvacea. The highly conserved residue
N95 acting in glycosylation plays a very important role in
enzyme activity and secretion in P. pastoris. PelA possesses
favorable characteristics such as highly alkaline and
thermoactive, wide pH stability and trace Ca2+ requirement,
suggesting it is a good candidate for textile and paper treat-
ment industries.
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