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Improving enzyme thermostability is of importance for widening the spectrum of application of enzymes. In this study, a struc-
ture-based rational design approach was used to improve the thermostability of a highly active, wide-pH-range-adaptable, and
stable endopolygalacturonase (PG8fn) from Achaetomium sp. strain Xz8 via the optimization of charge-charge interactions. By
using the enzyme thermal stability system (ETSS), two residues—D244 and D299 —were inferred to be crucial contributors to
thermostability. Single (D244A and D299R) and double (D244A/D299R) mutants were then generated and compared with the
wild type. All mutants showed improved thermal properties, in the order D244A < D299R < D244A/D299R. In comparison with
PG8fn, D244A/D299R showed the most pronounced shifts in temperature of maximum enzymatic activity (Tmax), temperature
at which 50% of the maximal activity of an enzyme is retained (T50), and melting temperature (Tm), of about 10, 17, and 10.2°C
upward, respectively, with the half-life (t1/2) extended by 8.4 h at 50°C and 45 min at 55°C. Another distinguishing characteristic
of the D244A/D299R mutant was its catalytic activity, which was comparable to that of the wild type (23,000 � 130 U/mg versus
28,000 � 293 U/mg); on the other hand, it showed more residual activity (8,400 � 83 U/mg versus 1,400 � 57 U/mg) after the
feed pelleting process (80°C and 30 min). Molecular dynamics (MD) simulation studies indicated that mutations at sites D244
and D299 lowered the overall root mean square deviation (RMSD) and consequently increased the protein rigidity. This study
reveals the importance of charge-charge interactions in protein conformation and provides a viable strategy for enhancing pro-
tein stability.

Pectin, the third most abundant polysaccharide of the plant cell
wall, is the most structurally complex polysaccharide consist-

ing of covalently linked galacturonic acid (1, 2). Pectinases—mi-
crobial enzymes which are capable of depolymerizing pectin—
play an important role in wide biotechnological applications,
including the fruit juice, vinification, paper, and textile industries,
as well as the extraction of oils (3). Polygalacturonase (PG) is the
most widely studied pectinase due to its high activity, mesophilic
and acidic properties, and satisfactory performance in juice clari-
fication, extraction, viscosity reduction, and yield improvement
(4). Based on sequence similarity and action mode (5), PGs are
classified into family 28 of glycoside hydrolase (GH) and endo-
and exo-types. Most endo-PGs are highly active and stable at 30 to
50°C (6; http://www.brenda-enzymes.org/), which are far from
the requirements of thermophilic processing in the feed indus-
try (7).

To obtain a thermostable, highly active PG, either mining new
genetic resources of thermophiles (8) or engineering the protein
and application environment (9, 10) is the most popular practice.
Thermophilic fungi Thielavia arenaria XZ7 (60°C) (7), Thermoas-
cus aurantiacus CBMAI-756 (60 to 65°C) (11), Penicillium sp.
strain SPC-F 20 (60°C) (12), and Sclerotium rolfsii (60°C) (13)
have been identified as the most excellent microbial sources of
thermophilic or thermostable PGs. There have been diverse pro-
tein engineering strategies employed. For instance, Dumon et al.
(14) used directed evolution to create a hyperthermostable xyla-
nase variant with a melting temperature (Tm) 25°C higher than
that of the parent enzyme. Moreover, rational design approaches
concerning protein surface electrostatic interactions (15), B-fac-

tor values (16), hydrophobic interactions (17), hydrogen bonds
(18), ionic bonds (19), cation-� interactions (20), and disulfide
bridges (21) have been employed to develop stable proteins. How-
ever, most of the above-mentioned methods increased rigidity of
domain structures at the cost of catalytic efficiency. Thus, it is
important for various applications to investigate how to engineer
PGs for both enhanced stability and the absence of activity loss.

Optimization of charge-charge interactions is a structure-
based rational design approach that has proven successful in ther-
mostability improvement (22, 23). However, its extensive appli-
cation has been limited by underdeveloped bioinformatic tools.
Tanford and Kirkwood (24) initially set up the Tanford-Kirkwood
(TK) model for calculating the contribution of a single charged
residue to the overall stability, which was further improved by
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introducing solvent accessibility (SA) (25), Gibbs free energy (26),
and electrostatic interactions (27). Recently, we released a suite of
enzyme redesign algorithms, the enzyme thermal stability system
(ETSS) (28), in order to refine the protocol of TK-SA model cal-
culation and surface charge-charge interaction analysis. The ETSS
is a general protocol for the rational improvement of enzyme ther-
mostability based on the charge of the enzyme. By replacing the
negatively charged residues with neutrally or positively charged
ones, the thermal stability of enzymes would be improved. In the
present study, we employed the ETSS to improve the thermo-
stability of a GH28 endo-PG, namely, PG8fn, without perturb-
ing its enzymatic activity via optimization of charge-charge
interactions. PG8fn from Achaetomium sp. strain Xz8 is distin-
guished by its high specific activity (28,000 � 293 U/mg) and
broad ranges of pH adaptation and stability (pH 3.0 to 8.0) (29).
However, its thermal properties are poor: it retains thermostabil-
ity only at 45°C or below.

MATERIALS AND METHODS
Chemicals, plasmids, and strains. All chemicals were of analytical grade
and commercially available. FastPfu DNA polymerase from TransGen
(Beijing, China) and restriction endonucleases and T4 DNA ligase from
New England BioLabs (Hitchin, United Kingdom) were purchased. The
substrate polygalacturonic acid was purchased from Sigma-Aldrich (St.
Louis, MO). The recombinant plasmid pPIC9-pg8fn harbors the GH28
endo-PG gene pg8fn from Achaetomium sp. strain Xz8 (CGMCC6545 of
the China General Microbiological Culture Collection Center, Beijing,
China) (29). Escherichia coli Trans I-T1 and the pEASY-T3 vector (Trans-
Gen) were used for plasmid amplification and construction, respectively.
Pichia pastoris GS115 from Invitrogen (Carlsbad, CA) was used for heter-
ologous expression.

Selection of the mutagenesis site. The initial homology model of
wild-type PG8fn was built with Discovery Studio 4.1 (Accelrys, San Diego,
CA) using the crystal structure of CluPG1 from Colletotrichum lupini
(PDB code 2IQ7_A; 79.6% identity) as the template. The total interaction
energy between charged amino acids of points i and j (Eij) of wild-type
PG8fn was calculated using the ETSS. A negative Eij value of a given resi-
due signifies a favorable interaction, and vice versa. Hence, the modifica-
tion of residues with positive Eij values may enhance PG8fn thermostabil-
ity. Four criteria were used to redesign PG8fn, as follows: (i) four disulfide
bridges conserved in Aspergillus niger endo-PGs (30) were retained, (ii)
residues with high positive Eij values were taken as priorities, (iii) residues
far from the catalytic center were selected to retain the activity, and (iv)
multiple-sequence alignment was performed to determine the mutation
sites. When oppositely charged residues were located at the same position,
negatively charged residues were mutated to positively charged ones. Oth-
erwise, the similarly charged residues were mutated to neutral Ala. The
three-dimensional structure was performed by PyMOL (Delano Scien-
tific, Portland, OR).

Site-directed mutagenesis. The expression primers (PGS-F and
PGN-R) for amplifying the gene pg8fn were reported in our previous work
(29). Site-directed mutagenesis was performed by overlap extension PCR
(31) with pg8fn as the DNA template and the primers listed in Table 1. The
first degenerate PCR fragment was amplified by introducing the mutation
site into the oligonucleotide primers, and the second fragment was am-
plified by annealing the overlapping ends of the first fragments. Final
products were ligated into the pEASY-T3 vector and sequenced.

Overexpression and purification of wild-type PG8fn and its mu-
tants. To overproduce PG8fn and its mutants, the cDNA fragments of
pg8fn and its nine mutants without the signal peptide-coding sequence
were cloned into the vector pPIC9 (Invitrogen). The recombinant plas-
mids were then linearized by BglII and transformed into P. pastoris GS115
competent cells by electroporation (Bio-Rad, Boston, MA). The positive
transformants were screened on the basis of their enzymatic activities in

shake tubes, and those exhibiting the highest activities were selected for
fermentation in 1-liter conical flasks. Minimal methanol (MM) or mini-
mal dextrose medium agar plates for selection of His� transformants,
buffered glycerol complex medium (BMGY), and buffered methanol
complex medium (BMMY) were prepared and used for P. pastoris growth
and enzyme induction according to the manual for the Pichia expression
kit (Invitrogen).

The enzymes were purified by following previously described proce-
dures (29), and their molecular weights were determined using a sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) 12%
(wt/vol) gel. The concentrations of the purified proteins were determined
using the Bio-Rad protein assay kit. Enzymatic deglycosylation of purified
recombinant proteins was performed with 200 U of endo-�-N-acetylglu-
cosaminidase H (endo H) at 37°C for 1 h according to the supplier’s
instructions (New England BioLabs) and then analyzed by SDS-PAGE.

PG activity assay. The PG activity was determined using the 3,5-dini-
trosalicylic acid (DNS) method with D-(�)-galacturonic acid as the stan-
dard as described previously (7). The standard reaction mixture consist-
ing of 900 �l of 0.33% (wt/vol) polygalacturonic acid in McIlvaine buffer
(100 mM citric acid–200 mM Na2HPO4, pH 5.5) and 100 �l of appropri-
ately diluted enzyme solution was incubated at 45°C for 10 min, followed
by the addition of 1.5 ml of DNS reagent and 5 min of boiling. After the
mixture was cooled to room temperature, its absorption at 540 nm was
measured. One unit of PG activity was defined as the amount of enzyme
that released reducing sugars equivalent to 1 �mol of D-(�)-galacturonic
acid per minute under standard conditions (pH 5.5, 45°C, and 10 min).

pH activity profiles and effect of ionic strength. The pH optima of
wild-type PG8fn and its mutants were determined at 45°C for 10 min in
McIlvaine buffer (100 mM citric acid–200 mM Na2HPO4, pH 3.0 to 8.0)
containing 0.33% (wt/vol) polygalacturonic acid as the substrate. Consid-
ering the possible effect of residue substitution on surface charge-charge
interaction, the enzyme activities in McIlvaine buffer and sodium acetate
buffer of different concentrations (10 to 100 mM and 10 to 200 mM,
respectively) were measured at pH 5.5 and 45°C to determine the effect of
ionic strength.

Thermal properties of the wild type and its mutants. The thermal
properties of the wild type and three mutants were compared in terms of
the temperature of maximum enzymatic activity (Tmax), the temperature
at which 50% of the maximal activity of an enzyme is retained (T50), and
the half-life of an enzyme at a particular temperature (t1/2). The Tmaxs of
PG8fn and its three mutants were determined in the range of 20 to 80°C at
pH 5.5 for 10 min. For the thermostability assay, wild-type PG8fn and its

TABLE 1 Primers used in this study

Primer Sequence (5=¡3=)a

D7A-F CTCCCCGCCAAGCGCGCGAGCTGCACC
TTTACCGCTGCTGCCT

D25A-F CATCACCCTCAAGGCTATCACCGTCCCCG
D25A-R GGGGACGGTGATAGCCTTGAGGGTGATGGT
E73A-F CATCCACGTCGCTGGCGCCCCCGGCCATGT
E73A-R CGGGGGCGCCAGCGACGTGGATGTTGTT
E132A-F TCAACGGCGCTGCTAACCTCGGAGTGTAC
E132A-R CCGAGGTTAGCAGCGCCGTTGATGCTGAAG
D138A-F CTCGGAGTGTACGCTGTCCACCTCGACAAC
D138A-R TCGAGGTGGACAGCGTACACTCCGAGGTTT
D244A-F CTCCGTGTCGGCTGTCGAGTACTCGGGCA
D244A-R GAGTACTCGACAGCCGACACGGAGCCCTTG
E246K-F TGTCGGACGTCAAGTACTCGGGCATCACAC
E246K-R ATGCCCGAGTACTTGACGTCCGACACGGAG
E267K-F AGCAGGACTACAAGAACGGCTCGCCCACCG
E267K-R GGCGAGCCGTTCTTGTAGTCCTGCTCGATG
D299R-F CGGGCGCCACCAGAGTCTACATCCTCTGCG
D299R-R AGGATGTAGACTCTGGTGGCGCCCGACTTG
a Mutation sites are underlined.
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variants were incubated at a temperature range of 20 to 80°C for 30 min
without a substrate, and the residual activities were then measured at pH
5.5 and the optimal temperature of each enzyme. The deglycosylated en-
zymes were subjected to determination of thermal properties as described
above. The enzyme kinetic stabilities (an enzyme remains active for a
certain duration before undergoing irreversible inactivation) were also
determined at pH 5.5 and 50°C and 55°C without a substrate or at pH 5.5
and 60°C in the presence of polygalacturonic acid (0.1%, wt/vol). All
enzymes were diluted to 50 �g/ml in McIlvaine buffer (pH 5.5) and incu-
bated for different durations. The residual enzyme activities were mea-
sured under standard conditions described above. All reactions were per-
formed in triplicate.

DSC. The thermodynamic stabilities (Tms) of PG8fn and its mutants
were analyzed by using differential scanning calorimetry (DSC). A Nano-
DSC (TA Instruments) was run at a heating and scanning rate of 1°C/min
over a temperature range of 25 to 80°C. The proteins, 0.25 mg of each
sample, were dissolved in 1 ml of 10 mM phosphate-buffered saline (PBS)
(pH 7.4). The test was repeated at least twice.

MD analysis. Molecular dynamics (MD) simulation was conducted to
analyze the thermal fluctuation of PG8fn and its three mutants at 323 K by
using YASARA software (http://www.yasara.org) with Amber99 force
field. The cutoff distance, 7.86 Å, of Van der Waals interactions and the
long range electrostatics of particle mesh Ewald (PME) were employed.
Trajectory analysis of data was performed with YASARA.

RESULTS
Selection of the mutagenesis site in PG8fn. The total interaction
energy between charged amino acids of points i and j (Eij) of wild-
type PG8fn (see Fig. S1 in the supplemental material) was calcu-

lated using the ETSS, and 79 chargeable amino acids were identi-
fied in the PG8fn monomer, including 31 residues with a high
positive value for Eij. Cysteine residues with a high isoelectric
point were considered to be ionized. In combination with the four
criteria, six residues were mutated to neutral A (D7A, D25A,
E73A, E132A, D138A, and D244A) and three were mutated to
positively charged K or R (E246K, E267K, and D299R) among the
31 candidates; these were all located on the protein surface and far
from the catalytic center (Fig. 1).

Expression and purification of wild-type PG8fn and its mu-
tants. Wild-type PG8fn and its mutants were successfully gener-
ated and expressed in P. pastoris GS115 and secreted into the cul-
ture medium. The thermostability of wild-type PG8fn and its nine
mutants were preliminarily determined by preincubating the en-
zymes (50 �g/ml in McIlvaine buffer, pH 5.5) at 55°C for 30 min
without a substrate and measuring the residual activities. Among
them, the D244A and D299R mutants showed significantly in-
creased thermostability and retained activity comparable to that
of the wild-type enzyme (data not shown). Thus, the single
(D244A and D299R) and double (D244A/D299R) mutants were
produced as described above and characterized.

Under standard conditions (pH 5.5, 45°C, and 10 min), the
specific activities of wild-type PG8fn and the D244A, D299R, and
D244A/D299R mutants toward polygalacturonic acid were
28,000 � 293, 22,000 � 126, 23,000 � 167, and 23,000 � 130
U/mg, respectively. SDS-PAGE revealed that wild-type PG8fn and
its three mutants (D244A, D299R, and D244A/D299R) had ap-
parent molecular masses of �38 to 42 kDa, which were higher
than their theoretical molecular masses (35.4 kDa). After treat-
ment with endo H (NEB), all enzymes showed a single band cor-
responding to the calculated mass (see Fig. S2 in the supplemental
material).

pH optima and ionic-strength studies. The pH activity pro-
files of wild-type PG8fn and its mutants were essentially quite
similar (pH 5.5 to 6.0; see Fig. S3 in the supplemental material).
The effect of ionic strength on enzyme activities with McIlvaine
buffer and sodium acetate buffer of different ionic concentrations
was also determined (Table 2). Wild-type PG8fn and its mutants
showed the highest activity toward polygalacturonic acid in 50
mM McIlvaine buffer or 200 mM sodium acetate buffer, and the
enzyme activity decreased with decreases in ionic strength. The
results suggested that the substitution of surface charge residue
has no effect on ionic strength for activity.

Temperature optima and thermostability studies. Three mu-
tants showed improved activity at high temperatures (Fig. 2A).

FIG 1 The modeled structure of PG8fn viewed from the N-terminal side. The
mutated sites are indicated with balls.

TABLE 2 Effect of ionic strength at pH 5.5 on the activities of purified wild-type PG8fn and its mutants

Enzyme

Relative activity (%) ina:

McIlvaine buffer (mM)b Sodium acetate buffer (mM)c

100 50 10 200 100 50 10

PG8fn 100.0 � 2.5 133.1 � 1.9 95.8 � 0.7 100.0 � 2.6 43.8 � 1.9 41.7 � 0.8 33.1 � 1.2
D244A mutant 100.0 � 2.4 109.8 � 0.9 52.0 � 1.9 100.0 � 1.6 48.6 � 3.1 35.5 � 2.3 27.7 � 2.2
D299R mutant 100.0 � 2.3 106.6 � 2.2 59.9 � 1.3 100.0 � 2.5 67.2 � 1.0 56.1 � 1.5 32.1 � 2.2
D244A/D299R mutant 100.0 � 2.4 126.2 � 2.2 96.1 � 1.0 100.0 � 0.9 48.4 � 0.6 43.7 � 2.0 18.5 � 0.3
a Relative activity is defined as the percentage of enzymatic activity toward polygalacturonic acid against that in 100 mM McIlvaine buffer or 200 mM sodium acetate buffer (pH
5.5) at 45°C and is shown as the mean � standard deviation (n � 3).
b The concentration of McIlvaine buffer was based on the amount of citric acid.
c The concentration of sodium acetate buffer was based on the amount of sodium acetate.
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The Tmax values of the D244A, D299R, and D244A/D299R mu-
tants were 50, 55, and 55°C, respectively, which were 5 to 10°C
higher than that of wild-type PG8fn (45°C). Although the Tmax of
the D299R mutant was the same as that of the D244A/D299R
mutant, its activity beyond 55°C fell sharply. At 60°C, all mutants
showed 50 to 95% of the maximal activity, which was much higher
than the result for wild-type PG8fn (33% of the maximal activity).
When the temperature was increased to 70°C, the D244A/D299R
mutant maintained 78% of the activity, while the D299R mutant
maintained only 38%. This indicates that the D244A/D299R mu-
tant was more thermotolerant than the wild-type and other mu-
tants.

As shown in Fig. 2B, the T50 value of wild-type PG8fn and its
mutants was determined at the temperature range of 20 to 80°C.
The T50 value of wild-type PG8fn was determined to be 56°C,
while the values of the D244A, D299R, and D244A/D299R mu-
tants increased by 3°C, 8°C, and 17°C, respectively. After 30 min of
incubation at 80°C (the feed pelleting process), PG8fn almost
completely abolished the endo-PG activity (96% lost; 1,400 � 57
U/mg), while the D244A/D299R mutant retained 	35% (8,400 �
83 U/mg) of the initial activity, which fully meets the requirements
of feed processing.

N-Glycosylation is one of the most common posttranslational
modifications in the methylotrophic yeast (32) and has an effect
on enzyme secretion, activity, stability, and biosynthesis. The en-

zymatic properties of glycosylated and deglycosylated wild-type
PG8fn and its variants were also compared (Fig. 2A and B). Al-
though deglycosylated enzymes showed temperature profiles similar
to those of the glycosylated counterparts, they showed lower enzyme
activity and worse thermostability, as reported previously (7). This
illustrates that residue substitutions D299R and D244A rather than
N-glycosylation play the decisive role in the improvement of thermo-
tolerance, and their combination has an additive effect.

Thermostabilities of wild-type PG8fn and its mutants were as-
sessed by their half-lives (t1/2s) at pH 5.5 and 50°C and 55°C with-
out a substrate for various periods (Fig. 2C and D, respectively).
The t1/2 values of PG8fn and the D244A, D299R, and D244A/
D299R mutants at 50°C and at 55°C were 1.6, 6.0, 8.6, and 10.0 h
and 33, 48, 66, and 78 min, respectively. The D244A and D299R
mutants were much more thermostable than the wild type, with
t1/2s increased up to �2.8- and 4.4-fold at 50°C and �0.5- and
1.0-fold at 55°C, respectively. The D244A/D299R mutant showed
the greatest improvement in thermostability, with the t1/2 value
increased 5.3-fold at 50°C and 1.4-fold at 55°C.

In the presence of 0.1% polygalacturonic acid, wild-type
PG8fn and its mutants all showed improved stability at 60°C in
comparison with that without a substrate (Fig. 3). The presence of
a substrate may stabilize the enzyme structure at high tempera-
tures. In summary, the double mutant D244A/D299R thus dem-

FIG 2 Enzymatic properties of wild-type PG8fn and its mutants (50 �g/ml). (A) Temperature-dependent activity profiles determined at pH 5.5 for 10 min; (B)
enzyme inactivation assay at different temperatures for 30 min; (C and D) time courses of thermal inactivation at 50°C and 55°C, respectively. The enzymes with
and without deglycosylation with endo H are marked with solid and dashed lines, respectively. Each data point represents an average from three independent
experiments.
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onstrated the best thermostability, as observed for Tmax, T50, t1/2,
and thermostability in the presence of a substrate.

DSC analysis. DSC was performed to determine the Tm values
of wild-type PG8fn and its mutants over the temperature range of
25°C to 80°C. In comparison with the Tm of PG8fn (43.8°C), the
Tms of the D244A, D299R, and D244A/D299R mutants showed
increases of �2.2°C (46.0°C), 7.6°C (51.4°C), and 10.2°C
(54.0°C), respectively. The most dramatic increase in stability of
the D244A/D299R mutant further confirmed the above-described
results showing that the combination of double residue substitu-
tions, D244A and D299R, makes the most remarkable contribu-
tion to the improvement of thermostability.

MD studies. MD simulations of wild-type PG8fn and its three
mutants at 323 K were carried out for 20 ns. The four enzymes
showed an equilibrium state within the last 15 ns, as shown by the
root mean square deviation (RMSD) calculated for the backbone
atoms (Fig. 4A). Generally, lowering the overall RMSD is one way
to modify the enzyme structure to make it more rigid and conse-
quently enhance its thermostability (33). All mutant enzymes had
lower RMSD values than that of wild-type PG8fn, suggesting that
their structures are more stable. Taking the root mean square fluctu-
ation (RMSF) value as the index (Fig. 4B), residues D244 and D299
were more flexible in the wild type than in the mutants. Thus, the
crucial role of aspartic acid substitutions in thermostability was also
supported by the MD results. We can conclude that the substitution
of charged amino acids (aspartic acid) is one key factor responsible
for the improved thermal properties of the PG8fn mutants.

DISCUSSION

PG is one of the most widely used commercial enzymes. It is a com-
mon practice to use PG to supplement food and animal feed to in-
crease nutrient utilization. For example, endo-PG from T. arenaria
XZ7 had a significant effect on disaggregation of soybean meal (7).
However, most PGs are mesophilic, with an optimal temperature of
30 to 50°C, and completely inactivated during feed pelleting. Thus,
improvement of PG thermostability is of great importance to
broaden its industrial applications. In this study, we first employed
the combination of open-source software ETSS (28), four residue
selection criteria, and site-directed mutagenesis to identify two key
residues, D244 and D299, to be crucial contributors to thermostabil-
ity of PG8fn from Achaetomium sp. strain Xz8. Most PGs have neg-

atively charged D or E at position 244 and no oppositely charged
residues at this position; thus, residue D244 was mutated to neutral A.
Similarly, most PGs have at position 299 negatively charged D and E,
neutral N, or positively charged R in endo-PG I from Stereum pur-
pureum (1K5C), which has a remarkable stability at 70°C (34, 35); we
then mutated D299 to R. Thermophilic enzymes are more rigid and
more stable than mesophilic enzymes and show lower RMSD values
(33). Substitution of weak residues may cause a significant alteration
of surface potential and lower the overall RMSD values.

In enzyme engineering, it is important to retain the enzyme’s
activity when enhancing enzyme stability. Earlier attempts to im-
prove enzyme thermostability have resulted in the reduction of
enzyme activity. For example, Wang et al. (36) improved the Tm of
Streptomyces sp. strain S9 GH10 xylanase by 7.0°C but lowered the
catalytic activity by 75%. In contrast, our main concern in this
study was to maintain the enzyme activity while enhancing ther-
mal stability. The catalytic activities of the mutants generated in
this study were comparable to that of wild-type PG8fn (22,000 to
23,000 versus 28,000 U/mg). The great care in selecting mutation
sites far from the catalytic center bore fruit. After 60 min of incu-
bation at 50 or 55°C, the mutants retained higher residual activi-
ties than that of PG8fn (Fig. 5).

Due to the increasing interest and potential markets for feed
enzyme, thermophilic and thermostable PGs have been obtained
from various sources, cloned, and characterized (11–13); how-
ever, few PGs are economically efficient for feed applications, ow-
ing to their low activity or poor stability under the required pro-
cessing conditions (70 to 80°C for 5 min). Therefore, PGs with
higher activity and stability under the feed processing conditions
are in great demand. Currently, several microbial pectinases have
been made commercially available for various industrial applica-
tions. For example, pectinases from A. niger (�5 U/mg), Aspergil-
lus aculeatus (3,800 U/ml), and Rhizopus sp. (400 to 800 U/g) are
available from Sigma-Aldrich, and that from A. niger, widely used
in the guava juice production, has a specific activity of 54 U/mg
and retains less than half of its activity after incubation at 45°C for
30 min (37). In comparison with these commercial counterparts,
the D244A/D299R double mutant exhibits higher specific activity
and better thermostability, which would be more useful for indus-
trial applications, especially in the feed industry.

The experimental results and bioinformatics analysis in com-

FIG 3 Thermostability of PG8fn and its mutants after preincubation without (dotted line) or with (solid line) 0.1% polygalacturonic acid at 60°C for various
periods. Each value represents the mean � SD (n � 3).

Tu et al.

6942 aem.asm.org October 2015 Volume 81 Number 19Applied and Environmental Microbiology

http://aem.asm.org


bination showed that the D299R and D244A/D299R mutants had
the best thermostability among the wild type and mutants. Based
on the ETSS analysis, when D299 was mutated to R299, the Eij

value decreased from 25.82 kJ/mol to 
26.51 kJ/mol in the D299R
mutant and 
28.23 kJ/mol in the D244A/D299R mutant. This
indicates a shift of the whole energy contribution from an unfa-
vorable to a favorable state, that is, a significant potential improve-
ment of thermostability. It also illustrates that the introduction of

mutations on the chargeable residues to those of opposite electric
charges would be better than to the unprotonable ones.

In conclusion, the thermostability of a highly active endopoly-
galacturonase (PG8fn) from Achaetomium sp. strain Xz8 was re-
markably improved via the optimization of charge-charge inter-
actions. Another distinguishing characteristic of the mutants was
that their activity was comparable to that the wild type, which is
rare in engineered proteins. This study revealed the importance of
charge-charge interactions in protein conformation and provided
a viable strategy to enhance protein stability.
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