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a b s t r a c t

Two structural Ca2þ (proximal and distal) is known to be important for ligninolytic peroxidases. How-
ever, few studies toward impact of residues involved in two Ca2þ on properties of ligninolytic peroxidases
have been done, especially the proximal one. In this study, mutants of nine residues involved in liganding
two Ca2þ of Pleurotus eryngii versatile peroxidase (VP) were investigated. Most mutants almost
completely lost activities, except the mutants of proximal Ca2þ - S170A and V192T. In comparison with
WT (wild type), optimal pH values of S170A, S170D, and V192T shifted from pH 3.0 to pH 3.5. The order of
thermal and pH stabilities of WT, V192T, S170A, and S170D is similar to that of their specific activities:
WT > V192T > S170A > S170D. The CD (circular dichroism) results of WT and several mutants indicated
that mutations had some effects on secondary structures. For the first time, it was observed that the
thermostability of ligninolytic peroxidases is related with proximal Ca2þ too, and the mutant containing
distal Ca2þ only was obtained. Our results clearly demonstrated that enzymatic activities, pH and thermal
stabilities, Ca2þcontent, and secondary structures of VP have close relationship with the residues
involved in two structural Ca2þ.

© 2016 Elsevier Inc. All rights reserved.
1. Introduction

Rising energy consumption, depletion of fossil fuels and
increasing environmental concerns have shifted the focus of energy
generation towards biofuels derived from renewable sources.
Lignocellulose, as a renewable organic material, consisting of cel-
lulose, hemicellulose and lignin, is the major structural component
of plants [1]. Lignin blocks enzymes to access cellulose and hemi-
cellulose. To maximally utilize carbohydrates in the biomass, a
pretreatment process is needed to improve accessibility to hydro-
lytic enzymes. From both economic and environmental perspec-
tives, pretreatment with lignin-degrading microorganisms or
enzymes has received renewed interest as an alternative to ther-
mal/chemical pretreatment [2e4].
jjli@ipe.ac.cn (J.-J. Li), ygdu@
It's known that several oxidoreductases secreted by white-rot
basidiomycetes are involved in lignin biodegradation, including
laccase, lignin peroxidase (LiP), manganese peroxidase (MnP), and
versatile peroxidase (VP) [1]. Among them, VP is arousing great
interest due to its ability to oxidize a variety of substrates [1]. VP has
been described in Pleurotus, Bjerkandera and some other basidio-
mycetes [5,6]. VP could not only oxidize the substrates that LiP,
MnP, and CiP (Coprinopsis cinerea peroxidase) can oxidize like
veratryl alcohol, Mn2þ, and simple phenolic compounds, but also
some high-redox-potential aromatic compounds which these three
enzymes can't oxidize [1]. A lot of studies towards VP have been
carried out, including heterologous overexpression [7,8,9], enzy-
mology [5,8], site-directed mutagenesis [9,10], and protein engi-
neering for improved thermal and H2O2 stability [11e14].

VP's crystal structure has been published, contains a heme
cofactor located inside an internal cavity, two Ca2þ binding regions,
and a Mn2þ binding site, etc. (Fig. 1) [15]. According to the structure
of VP, both calcium ions are coordinated by seven oxygen atoms,
which is typical for Ca2þ. One calcium ionwas reported to be tightly
bound on the proximal side of the heme, while the other one was
bound on the distal side of heme and considered to be loosely bound
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[16]. Due to the relative proximity of the calcium ions to the heme,
they were proposed to be important for stabilization of the active
site of the enzyme. The residues involved in liganding two calcium
ions are highly conserved among peroxidases (Fig. 1). It has been
found that thermal inactivation of MnP and LiP resulted in loss of
distal Ca2,whereas alkaline treatmentof LiP leads to releasebothCa2

[16e19]. Therefore, it appears that the distal Ca2þ binding region is
related with the thermostability of ligninolytic peroxidases, and
bothhave close relationshipwith the alkaline stability of ligninolytic
peroxidases. Sutherland et al. investigated the role of Asp47 inMnP,
one of the ligands of distal Ca2þ. They found that the specific activity
of D47Awas less than 1% of that ofWTMnP, and D47A had only one
Ca2þ and the same spectroscopic properties as thermally inactivated
MnP [16]. On the basis of the properties and structure of peanut
Fig. 1. Crystal structure of VP from Pleurotus eryngii (PDB code: 2BOQ) (a) and two “zoom-in”
two structural calcium ions were labelled.
peroxidase, Readinget al. engineered adisulfidebondnear the distal
calciumbinding site ofMnP bymutation of Ala48 andAla63, and the
double mutant MnPA48C/A63C was more stable against the effects
of temperature and pH than WT [20]. This study suggested that
reinforcing the local structure of the distal Ca2þ active site through a
disulfide bond would increase enzyme stability.

So far, no systematic studies towards the residues involved in
two Ca2þ binding pockets of ligninolytic peroxidases have been
performed, those liganding the proximal calcium ion in particular.
In this study, all residues participating in the two Ca2þ binding
regions of Pleurotus eryngii VP were mutated respectively, and the
effects of mutagenesis on specific activity, UVevis spectroscopy, pH
and thermal stability, Ca2þ contents, and secondary structure were
studied.
images of the distal (b) and proximal calcium active sites (c). The residues coordinating
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2. Materials and methods

2.1. Materials

Chemicals were from Sigma and Merck. Oligonucleotides were
synthesized by Shanghai Sangon Biotech Co. Ltd (China). Pfu DNA
polymerases from Fermentas. DpnI was from New England BioLabs.
The plasmid Mini Kit I was from Omega Bio-tek, and Competent
Cell Preparation Kit was from Takara Biotechnology. The nickel
column was from Novagen.

2.2. Bacterial strains, plasmids, media and DNA manipulations

E. coli DH5a was used for routine DNA transformation and
plasmid isolation. E. coli BL21(DE3) was utilized for VP over-
expression. E. coli strains were routinely grown in Luria-Bertani
broth at 37 �C with aeration or on LB supplemented with 1.5% (w/
v) agar.

General molecular biology techniques were carried out by
standard procedures [21].

2.3. Construction of site-directed mutants, protein overexpression
and purification

All site-directed mutants were constructed according to the
standard QuikChange Site-Directed Mutagenesis protocol using
pET32a-VP as a template and the primers listed in Table S1 (Sup-
porting Information) [8].

WT VP and mutants were overexpressed in E. coli BL21(DE3) in
the presence of heme under IPTG induction and purified on Nickel
column [8]. Proteins were concentrated, and the concentrationwas
determined by the Bradford method using bovine serum albumin
as a standard [21].

2.4. Enzyme activity assay

All enzymatic essays against ABTS 2,20-azinobis (3-
ethylbenzothiazoline-6-sulfonate) were done at 200 ml scale in
0.1 M sodium tartrate (pH 3.5) containing 0.1 mM H2O2 at 418 nm
and 25 �C. The enzymatic activities against Reactive Black 5 (RB5),
veratryl alcohol (VA), and Mn2þ were carried out following the
published procedures [8]. One unit of enzyme activity (U) is defined
as the amount of the enzyme that catalyzes conversion of 1 mmol
substrate per min. The km and vmax values for ABTS were deter-
mined using Lineweaver-Burk plot. The Rz value equals to A407nm/
A280nm.

2.5. UVevis spectroscopy

UVevisible spectra for all mutants and WT VP were recorded
between 250 nm and 550 nm in 10 mM sodium tartrate (pH 5.5) at
25 �C on a multimode reader (Infinite M200 PRO, TECAN).

2.6. Determination of optimal pH and pH stability

The pH-rate profiles were determined using 0.5 mM ABTS in
0.1 M B & R (Britton and Robinson) buffer containing 0.1 mM H2O2
over the pH ranges of pH 2.0 to 9.0 at 418 nm and 25 �C.

The pH stability assay was estimated by first preincubating the
purified enzymes in B & R buffer at different pH values (pH 2.0 to
8.0) at 4 �C for 1 min, 1 h, 4 h, 25 h, and 120 h respectively. The
residual activities were thenmeasured by using 0.5mMABTS as the
substrate in 0.1 M sodium tartrate (pH 3.5) in the presence of
0.1 mM H2O2 at 25 �C immediately. For each enzyme, the highest
activity was taken as 100%, and the percentage of the residual
activity at different time points and pH values against the highest
one was calculated.

2.7. Determination of thermal stability

The thermostabilities of WT and mutants were estimated by
measuring the T50 values using 96-well gradient thermocyclers
(TC-5000, TECHNE), which was defined as the temperature at
which the enzyme loses 50% of original activity following incuba-
tion for 10 min. After some trials, the enzymes were incubated for
10 min in a gradient temperature ranging from 40 �C to 70 �C for
WT VP, 35 �Ce65 �C for V192T, 23 �Ce53 �C for S170A, and from
25 �C to 55 �C for S170D respectively. After 10 min of incubation,
samples were chilled on ice for 10 min and further incubated for
5 min at rt. Afterwards aliquots (50 ml) were subjected to the ABTS-
based assay. The thermostability values were deduced from the
ratio between the residual activities incubated at different tem-
perature points and the initial activity at rt.

2.8. Determination of calcium concentration in VP

The amount of calcium in the VP samples was determined by
inductively coupled plasma optical emission spectrometer (ICP-
OES), Thermo Scientific iCAP6300.

The purified enzymes were first dialyzed against 10 mM sodium
tartrate (pH 5.5) supplemented with 1 mM CaCl2 and then against
10 mM sodium tartrate (pH 5.5). To remove free Ca2þ further, the
enzymesampleswere againdialyzedagainst 10mMsodium tartrate
(pH 5.5), which had been treated with Chelex 100 to remove free
Ca2þ in buffer [22]. The enzyme samples were then loaded onto a
Sephadex G-25 column (2.5 � 20 cm), and the columnwas washed
with 10 mM sodium tartrate (pH 5.5) treated with Chelex 100 at a
flow rate of 0.4 ml/min. The enzyme solutions were then concen-
tratedwith Amicon (10 kDa cut-off) to about 3ml, and 5ml of nitric
acid (65%w/w) and 2ml of 30% hydrogenperoxidewere added. The
vessels were immediately closed after adding the oxidants. The
digestion was carried out at 130 �C for 20 min. The digestion prod-
uctswere then concentrated to dryness at 70 �C. Finally, the samples
were brought to a volume of 10 ml by adding water.

2.9. Circular dichroism spectroscopy

Far-UV CD spectra (190e260 nm) were recorded for protein
samples (0.2 mg/ml) in 50 mM citrate-phosphate buffer (pH 5.5)
with a Jasco J-810 spectropolarimeter at 25 �C. Data was averaged
over three runs and baselines were subtracted.

Secondary-structure analyses were performed with BeStSel
method, which is available at the bestsel.elte.hu server [23]. Sec-
ondary structure elements were determined from the PDB (Protein
Data Bank) structures using the DSSP (Dictionary of Secondary
Structure of Proteins) algorithm for identification. Secondary
structures of DSSP include: H, a-helix; G, 310 helix; I, p-helix; E, b-
strand; B, b-bridge; S, bend; T, turn; and “others”. The components
of DSSP, including irregular or loop or residues invisible in the 3D
structure, are assigned as “others” [23].

3. Results

3.1. Identification of the target residues for mutagenesis

Based on the crystal structure of Pleurotus eryngii VP (PDB code:
2BOQ), the ligands of distal Ca2þ include the side chains (carbox-
ylate or hydroxyl) of Asp48, Asp62, and Ser64, the oxygen atoms of
the peptide bonds of Gly60 and Asp48, and two water molecules,
and those of the proximal one consist of the side chains (hydroxyl



Fig. 2. UVeVis spectra of wild-type VP and mutants. UVevisible spectra for all mu-
tants and WT VP were scanned between 250 nm and 550 nm in 10 mM sodium
tartrate (pH 5.5).
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or carboxylate) of Ser170, Asp187, Thr189, Asp194, and the oxygen
atoms of the peptide bonds of Ser170, Thr189, and Val192 (Fig. 1).
These residues are highly conserved among peroxidases, except
variation at the residue 192 (see Supporting Information Fig. S1). All
above residues were investigated in this study, and all mutations
were confirmed by sequencing.

3.2. Construction, overexpression and purification of site-directed
mutants

To investigate the impact of the polar side chains of the residues
involved in coordinating two structural calcium ions on enzyme
properties, Asp48, Asp62, Ser64, Ser170, Asp187, Thr189, and
Asp194 were mutated into Ala with the hydrophobic methyl group,
and Ser170 was also mutated into Asp containing the polar side
chain for comparison. Gly60 and Val192, which coordinate the
calcium ions through the oxygen atoms of the peptide bonds rather
than the side chains, were replaced with Ser and Thr containing the
polar hydroxyl group respectively. Site-directed mutants were
constructed using WT construct pET32a-VP as the template. All
mutants were overexpressed in E. coli BL21 (DE3), and purified on
nickel column (Supporting Information Fig. S2).

3.3. Spectroscopic studies

UVevisible spectra for WT VP, S170D, and S170Awere recorded
between 250 nm and 700 nm (Fig. 2, Supporting Information
Fig. S3), and those for other mutants were scanned between
250 nm and 550 nm (Fig. 2, Supporting Information Fig. S4). No
obvious peak was observed around 500 nm (corresponding to CT2
band, charge transfer band) for WT, and three peaks at 536 nm,
564 nm, and 636 nm were seen, which were ascribed to b, a, and
CT1 bands respectively (see Supporting Information Fig. S5)
[13,15,24]. Similar results were obtained for S170A and S170D (see
Supporting Information Figs. S3, S5). An obvious shoulder at around
360 nm was observed in D48A, G60S, S170A, D187A, T189A, and
D194A. A slight red shift (around 5 nm) was seen in the Soret band
in the mutants D48A, G60S, D62A, S64A, S170D, and V192T. A clear
increase at 532 nmwas found in D48A, G60S, D62A, and S64A. The
Soret peak becamewider in D48A, G60S, S170A, D187A, T189A, and
D194A due to the appearance of the shoulder at 360 nm.

3.4. Enzymatic activities of wild-type VP and mutants

The specific activities of WT VP and mutants against ABTS are
shown in Table 1. Compared with WT, most mutations lead to
greatly reduced activities except S170A and V192T, and the specific
activities of most mutants lost >98% of that of WT, implying that
these amino acids are crucial for VP to maintain activity. The spe-
cific activities of S170A and V192Tweremuch higher than the other
mutants, and reduced to 23% and 39% of that of WT respectively.
Unexpectedly, S170D displayed much lower activity than S170A.

In order to see whether the mutations led to different impact on
enzyme activity towards other substrates, the mutants D48A,
S170A, D187A, and V192T were chosen to determine their specific
activities against RB5, veratryl alcohol (VA), andMn2þ (Table 1). The
trends of the variants towards different substrates were similar to
that when ABTS was used as the substrate, though the different
effects towards different substrates were observed. D48A and
D187A showed greatly reduced activity towards RB5, VA, andMn2þ.
S170A and V192T exhibited very low activity for RB5 and VA, and
retained slightly higher activity against Mn2þ.

Most mutants' specific activities were so low that their steady-
state kinetics couldn't be measured. Therefore, only the kinetic
parameters of WT VP, S170A, S170D, and V192T were determined
(Table 2). Compared with the Km value of WT, those of S170A and
V192T were not affected too much, whereas that of S170D was
increased by 3.2-fold. In comparison with WT, the kcat values and
the catalytic efficiencies (kcat/Km) of S170A, S170D, and V192T were
significantly reduced, especially the catalytic efficiency of S170D
with 182.6-fold decrease.

3.5. pH optima and stabilities of WT VP and mutants

Britton-Robinson buffer (B & R buffer) is a “universal” pH buffer
used for the range pH 2 to pH 12, so B & R buffer was chosen for
determination of optimal pH and pH stability assay. The pH-activity
profiles for WT VP, S170A, S170D, and V192T were determined over
the pH ranges 2.0e8.0. The optimal pH of WT VP was at pH 3.0 as
reported [11], while that value shifted to 3.5 for three mutants (see
Supporting Information Fig. S4). All enzymes showed higher ac-
tivities over a narrow pH range. As shown in Fig. S3, when pH is
above 6.0 or at 2.0, all enzymes nearly completely lost activity
except S170D.

The pH stabilities of WT, S170A, S170D, and V192T over the pH
ranges 2.0e8.0 were also measured (Fig. 3). At pH 2.0, 8.0, and 9.0,
all enzymes were almost completely inactivated after 1 h. Just as
reported [11], WT VP remained relatively stable in the pH ranges
3.5e7.0, retaining 70%e90% of initial activity after 120 h. The pH
stabilities of four enzymes followed the order of
WT > V192T > S170A > S170D, showing a similar trend to the
specific activities. S170D, exhibiting the lowest pH stability,
completely lost activity over the pH ranges 2.0 to 8.0 after 1 h.

3.6. Thermal stability studies

T50 was used to estimate the thermostabilities of WT and S170A,
S170D, and V192T (Fig. 4). T50 was approximately 59 �C for WT VP,
54 �C for V192T, 44 �C for S170A, and 32 �C for S170D. Therefore, the
thermostability followed theorder byWT>V192T> S170A> S170D.
S170D exhibited the lowest thermostability.

3.7. Determination of calcium concentration in VP

In order to correlate the enzymatic activity of VP with the
contents of Ca2þ, the calcium concentrations of WT and the
representative mutants D48A, S170A, and D187A were determined
by ICP-OES (Table 3). The results (in mol Ca2þ/mol protein) are as



Table 1
The specific activities of WT VP and mutants. Assay conditions are described in
Materials and Methods. NA, no activity.

Variants Rz Specific activity (%)

ABTS RB5 VA Mn2þ

WT 0.67 100 100 100 100
D48A 0.79 0.04 NA NA 1.3
G60S 0.84 0.80 NA NA NA
D62A 0.89 0.11 NA NA NA
S64A 0.73 0.07 NA NA NA
S170A 1.16 23.1 4.5 5.7 77.1
S170D 0.73 1.73 NA NA NA
D187A 1.09 0.05 NA NA 6.7
T189A 1.14 0.18 NA NA NA
V192T 0.55 39.3 13.6 11.3 28.2
D194A 1.18 0.07 NA NA NA
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follows: 1.9 for VP WT, 1.5 for S170A, 1.1 for D48A, and 0.7 for
D187A.

3.8. Circular dichroism (CD) for WT VP and several mutants

CD was used to investigate the effects of mutations on the
conformational or structural changes. Since the tartrate buffer
(10 mM, pH 5.5) used for protein storage has a strong background
between 190 nm and 250 nm (see Supporting Information Fig. S7),
so the tartrate buffer was replaced with the citrate-phosphate
buffer (50 mM, pH 5.5). D48A, D187A, S170A, and S170D showed
different CD spectra and secondary structures from WT VP, D187A
in particular (Fig. 5, Table 4). D48A and S170A exhibited similar
secondary structures. The results indicated that mutations had
some effects on protein conformation or secondary structure.

4. Discussion

Lignin removal is one of the main limiting factors that lead to
high production cost of lignocelluloses-based products. High-
redox-potential ligninolytic peroxidases are important for that
process. VP, as a type of newly discovered high-redox-potential
ligninolytic peroxidase, received great interest due to catalytic
promiscuity [1]. The structure-function relationship of VP has been
well studied [9,10,12e14]. However, few studies toward the rela-
tionship between structure and the thermal/pH stability of VP have
been done.

In the current study, we focus on the impact of the residues
involved in two Ca2þ binding sites of VP on specific activity, UVevis
spectroscopy, the thermal and pH stability, Ca2þ concentration, and
secondary structure. Ten site-directed mutants of VP were con-
structed and characterized.

A red shift in the Soret peak from 407 to 412 nm and an obvious
absorption peak at 360 nmwere seen in somemutants. An increase
at 532 nmwas found only in the mutants of the residues liganding
the distal calcium ion. It appears that mutations of the residues
from two Ca2þ binding sites had different effects on UVevis spec-
troscopy. The shoulder at 360 nm, which has been observed in
Table 2
Kinetic parameters of WT VP and mutants. Assay conditions are described in Ma-
terials and Methods, and ABTS was used as the substrate.

Km (mM) kcat (s�1) kcat/Km (s�1 mM�1)

WT 1.26 ± 0.1 0.53 ± 0.02 0.42
S170A 1.11 ± 0.07 0.12 ± 0.002 0.11
S170D 3.98 ± 0.47 0.009 ± 0.003 0.0023
V192T 0.85 ± 0.0 0.21 ± 0.005 0.25
many low-spin iron (III) species, coupled with the red shift of the
Soret absorbance and the peak at 532 nm in some mutants, sug-
gested that the heme iron had formed a low-spin hexacoordinate
complex, as was shown previously for MnP D47A and thermally
inactivated MnP and LiP [16,20,24].

Compared with WT VP, the optimal pH values of S170A, S170D,
and V192T shifted from pH 3.0 to pH 3.5. The similar shift was also
found in some other mutants [11]. However, the pH stabilities of all
mutants were significantly dropped. The order of the pH stabilities
of WT, V192T, S170A, and S170D is similar to that of their specific
activities. Just like pH stability, the order of the thermostabilities of
WT, V192T, S170A, and S170D is similar to that of their specific
activities. These results confirmed that the pH and thermal stabil-
ities of VP are closely related with the residues liganding proximal
Ca2þ and the Ca2þcontents (Table 3). For the first time, it was
observed that the thermostability of ligninolytic peroxidases such
as VP is also related with proximal Ca2þ [17]. Unfortunately, no
mutants of the distal Ca2þ binding site could be thermally charac-
terized for comparison due to greatly lowered activity as reported
[16].

Two structural calcium ions are important for maintaining the
integrity of the heme environment of ligninolytic peroxidases.
During thermal inactivation of LiP and MnP, only the more weakly-
bound distal Ca2þ is thought to dissociate [17e19]. Both calcium
ions were removed during alkaline treatment of LiP [17]. However,
it seems that the role of Ca2þ in other peroxidases may be different
from that in the high-redox-potential peroxidases LiP, MnP, and VP.
When two calcium ions were completely removed from horse-
radish and peanut peroxidases, the enzymes were still 40% and 50%
active, respectively [25e27]. In contrast, even when only one Ca2þ

was released from LiP and MnP [16e20], the enzymes almost
completely lost activities. In the case of VP, D48A and D187A
roughly contain one mol Ca2þ/mol protein, and both mutations led
to nearly complete loss of activities. The result of D48A is similar to
that of D47A of MnP, and the mutant containing distal Ca2þ only
was obtained for the first time [16]. S170A has higher Ca2þcontent
than D187A and D48A, but lower thanWT VP, and it retained about
23% ofWT VP activity. The results of S170A suggested that proximal
Ca2þcould be still loosely bound in S170A, and some S170A proteins
still contained two Ca2þ, whereas some had only one. Though the
Ca2þ concentrations were not determined for other mutants, ac-
cording to their activities, it might be predicted that the mutants
which almost completely lost activities such as G60S, D62A, S64A,
S170D, T187A, and D194A would contain only one mol Ca2þ

(proximal or distal)/mol protein, and the Ca2þ content of V192T
would be, just like S170A, between 1 and 2 mol Ca2þ/mol protein.
These results demonstrated that mutation of the residues involved
in two Ca2þ led to great change in the contents of Ca2þ, resulting in
big effect on VP activity and other properties, and enzyme activity
of VP has close relationship with the residues involved in two
structural Ca2þ and the amount of calcium in VP. Comparison of the
crystal structures of peanut peroxidase (PNP) (PDB code: 1SCH) and
VP revealed that the distal calcium binding site of PNP had some
unique characteristics. Distal Ca2þwas liganded by amino acids and
one water molecule, instead of two water ligands like VP, which
might explainwhy the rigorous conditions were required to release
Ca2þ from PNP [16,27]. In addition, close to the calcium ligands,
Asp43 and Asp50, there was a disulfide bond between Cys44 and
Cys49 that formed a short loop (see Supporting Information Fig. S8)
[27]. In VP, this loop was much longer and did not have a disulfide
bond, and the residues corresponding to Cys44 and Cys49 of PNP
are Ala49 and Ala61 of VP respectively (see Supporting Information
Fig. S1, Fig. S8). This additional disulfide bond may be the reason
why the heme environment and activity of PNP was not affected as
significantly as VP, LiP, and MnP upon the loss of calcium. This has



Fig. 3. pH stabilities of WT VP and three mutants. a: WT. b: S170A. c: V192T. d: S170D. The pH stability was estimated by first preincubating the purified enzymes in B & R (Britton
and Robinson) buffer at different pH values (pH 2.0 to 9.0). Then the residual activities were estimated using 0.5 mM ABTS in 0.1 M sodium tartrate (pH 3.5) containing 0.1 mM H2O2

at 25 �C immediately after incubation at 4 �C for 1 min, 1 h, 4 h, 25 h, and 120 h respectively.

Fig. 4. Thermostabilities of wild-type VP and some mutants. Each point, including the
standard deviation, was from three independent experiments. The enzymes were
incubated for 10 min in a gradient temperature ranging from 40 �C to 70 �C for WT VP,
35 �C to 65 �C for V192T, 23 �C to 53 �C for S170A, and 25 �C to 55 �C for S170D
respectively. After 10 min of incubation, samples were chilled on ice for 10 min and
further incubated for 5 min at rt. Afterwards aliquots (50 ml) were subjected to the
ABTS-based assay.

Table 3
Amount of Ca2þ in WT VP and three representative mutants. The amount of calcium
in the VP samples was determined by inductively coupled plasma optical emission
spectrometer (ICP-OES) as described in Materials and Methods.

mol of Ca2þ/mol of VP Relative activity (%)

VP 1.90 ± 0.2 100
D48A 1.1 ± 0.1 0.04
D187A 0.7 ± 0.1 0.05
S170A 1.5 ± 0.2 23.1
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been proved by engineering such a disulfide bond in MnP to
enhance the thermal and pH stability [20].

In comparison with WT VP, most mutants exhibited greatly
reduced activities, suggesting that these residues are essential for
VP. It appears that the residues, whose two mutants (S170A and
V192T) retained some activities, are mainly involved in the prox-
imal Ca2þ binding region. Since it is the oxygen atom of the peptide
bond of Gly60 coordinating distal Ca2þ, mutation of Gly60 into Ser
wouldn't have big effect on enzymatic activity. Unexpectedly, G60S
showed significantly lower activity thanWT. Close inspection of the
residues around Gly60, the side chain (hydroxyl) of G60S might
form a hydrogen bond with the oxygen atom of the amide bond of
Leu268 according to the possible orientation of the side chain of
G60S predicted by PyMOL (see Supporting Information Fig. S9).
Given the fact that G60S nearly completely lost activity and it might
contain only one mol Ca2þ/mol protein, the newly formed
hydrogen bond might greatly affect the coordination environment
of distal Ca2þ of G60S. As far as the surrounding of Val192 is con-
cerned, its hydrophobic side chain is rightly located on the surface
of the protein (see Supporting Information Fig. S10). According to



Fig. 5. Circular dichroism (CD) spectra of WT VP and several representative mutants.
Far-UV CD spectra (190e260 nm) were recorded for protein samples (0.2 mg/ml) in
50 mM citrate-phosphate buffer (pH 5.5) at 25 �C.

Table 4
Secondary structure (%) estimation based on CD spectra of WT VP and mutants.
Secondary-structure analyses were performed with BeStSel method [23].

a Helix b Strand Turn Others

Antiparallel Parallel

WT 11.4 21.6 12 13.5 41.5
D48A 21.1 6.0 7.6 15.8 49.4
S170A 24.1 3.7 6.8 12.5 52.7
S170D 18.3 21.2 11.2 13.5 35.9
D187A 29.6 33.1 7.7 7.8 21.8

Y. Gao et al. / Archives of Biochemistry and Biophysics 612 (2016) 9e16 15
the predicted orientation for the side chain of V192T by PyMOL, it is
very similar to that of Val192 (see Supporting Information Fig. S11).
Thus, when it is replaced by Thr, the polar side chain (hydroxyl) of
Thr may interact with water. Taking consideration into the specific
activity and the possible Ca2þ content (between 1 and 2 mol Ca2þ/
mol protein) of V192T, that interaction might not be so strong that
coordination of proximal Ca2þ was not affected too much. More-
over, it's interesting to observe that there is a big difference (by two
orders of magnitude) in kcat between S170D and S170A. Based on all
informationwe obtained, mutations of Ser170 into Ala and Asp had
no big impact on UVevis (see Supporting Information Figs. S3, S5),
but great influence on CD (see Supporting Information Fig. S12),
calcium contents and activity. S170D and S170A were further
inspected by predicting the orientations of their side chains PyMOL.
Based on the predicted orientation of the side chain of S170D, it
could possibly form a hydrogen bond with the oxygen atom of the
peptide bond of Asp194 (see Supporting Information Fig. S13).
Considering that S170D might contain only one mol Ca2þ/mol
protein, that hydrogen bond might have great impact on coordi-
nation of the proximal Ca2þ, and the activity of S170D would be
greatly affected. In the case of S170A, though the predicted orien-
tation of the side chain (methyl) of S170A is similar to Ser170 (see
Supporting Information Fig. S14), the additional hydroxyl group of
Ser could make some difference. Given the relative activity and the
Ca2þ concentration of S170A, while it is replaced by Ala, the
liganding environment of proximal Ca2þ was affected to some
extent. It seems that the different properties (hydrophobic for
methyl, hydrophilic for carboxylate) and the orientation of the side
chains of Ala and Asp impacted coordination of proximal Ca2þ

differently, and the greatly affected the liganding environment of
proximal Ca2þ possibly led to significant influence on CD spectra,
calcium contents and activities of S170A and S170D.
All in all, mutation of the residues involved in two structural
Ca2þ influenced coordination of the proximal Ca2þ differently,
leading to different impact on the Ca2þ contents of the mutants,
and finally their activities and other properties such as UVevis and
CD were affected to different extent. Solving the crystal structures
of some mutants such as V192A, S170D, and S170A might help to
understand their different performance.

5. Conclusion

Ten mutants of the residues liganding two structural calcium
ions of VP were made and fully characterized. Most mutations
resulted in great loss of enzyme activity. The different impact of
residues involved in two calcium ions on enzyme activity, UVevis
spectroscopy, and secondary structure was observed, and the ef-
fects of the mutants related to proximal Ca2þ only on enzyme ac-
tivity, UVevis spectroscopy, pH and thermal stability, and circular
dichroism were presented for the first time. It was observed that
the thermostability of ligninolytic peroxidases such as VP is related
with proximal Ca2þ for the first time as well. Our results confirmed
the significance of residues coordinating two structural calcium
ions of ligninolytic peroxidases and close relationship between
enzyme activity and Ca2þ concentration in protein, and would
provide a guide for engineering them towards higher thermal and
pH stability.
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