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Abstract

We cloned the B-glucuronidase gene (AtGUS) from Aspergillus terreus Li-20 encoding 657 amino acids (aa), which can
transform glycyrrhizin into glycyrrhetinic acid monoglucuronide (GAMG) and glycyrrhetinic acid (GA). Based on sequence
alignment, the C-terminal non-conservative sequence showed low identity with those of other species; thus, the partial
sequence AtGUS(-3t) (1-592 aa) was amplified to determine the effects of the non-conservative sequence on the enzymatic
properties. AtGUS and AtGUS(-3t) were expressed in E. coli BL21, producing AtGUS-E and AtGUS(-3t)-E, respectively. At the
similar optimum temperature (55°C) and pH (AtGUS-E, 6.6; AtGUS(-3t)-E, 7.0) conditions, the thermal stability of AtGUS(-3t)-E
was enhanced at 65°C, and the metal ions Co®*, Ca** and Ni** showed opposite effects on AtGUS-E and AtGUS(-3t)-E,
respectively. Furthermore, Km of AtGUS(-3t)-E (1.95 mM) was just nearly one-seventh that of AtGUS-E (12.9 mM), whereas
the catalytic efficiency of AtGUS(-3t)-E was 3.2 fold higher than that of AtGUS-E (7.16 vs. 2.24 mM s~ ), revealing that the
truncation of non-conservative sequence can significantly improve the catalytic efficiency of AtGUS. Conformational analysis
illustrated significant difference in the secondary structure between AtGUS-E and AtGUS(-3t)-E by circular dichroism (CD).
The results showed that the truncation of the non-conservative sequence could preferably alter and influence the stability

and catalytic efficiency of enzyme.
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Introduction

Glycyrrhizin (GL), the main constituent of licorice extract
(Glyeyrrhiza glabra), is a natural edulcorant as well as an important
ingredient of traditional Chinese medicine [1,2,3]. By hydrolyzing
one or two distal glucuronides, GL can be transformed into
glycyrrhetinic acid monoglucuronide (GAMG) or glycyrrhetinic
acid (GA) (Figure 1). As an important derivative of GL, GAMG
displayed stronger physiological functions than GL such as anti-
viral, anti-inflammatory, anti-tumor functions, and so on; and it is
also 1000-fold sweeter than saccharose [4]. On the other hand,
GA is the bioactive substance of GL well known for its
pharmacological features [4,5,6]. The research on GL biotrans-
formation catalyzed by B-glucuronidase (GUS, EC 3.2.1.31) was
reported mainly in animal tissues such as duck [7] and human [8],
whereas studies on GL biotransformation in fungal species are few
[9]. In our previous work, a fungal strain, Aspergillus terreus 1i-20
was screened, which can use GL as a carbon source and produce
GAMG and GA after catalysis by B-glucuronidase (4(GUS). The
main disadvantages of A{GUS were low enzyme productivity, low
catalytic efficiency, and pathogenicity, which rendered it unsafe for
use in the food and medical industries.

To overcome disadvantages of a natural enzyme, many
methods was applied to obtain artificial evolution enzymes, and
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this approach is not only faster than natural evolution but also
provides a deeper understanding of enzyme evolution. Several
methods of designing new enzymes are available, and gene
sequence truncation is also investigated for its effects on enzymatic
properties. The non-conservative N-terminal domain of the
protein phosphatasel (PP1), with 1-8 residues deleted, showed
higher sensitivity to three substrates and influenced the structure
and properties of PP1 [10], whereas the truncation of the C-
terminal region improved the thermal stability of endo-B-
glucanase from Bacillus subtilis JA18 [11]. However, the loss of
the C-terminal regulatory domain resulted in a loss of the ability to
catalyze the aldol reaction [12].

With development of molecular biology and bioinformatics
characterization, an increasing number of sequence data have
been cloned and applied in the biotransformation industry.
Bioinformatics characterization from the National Center for
Biotechnology Information (NCBI) showed that most B-glucuron-
idases belong to the glycoside hydrolase family (GHF) 2, and all of
them consist of sugar-binding, immunoglobulin-like B-sandwich,
and TIM barrel domains (triosephosphate isomerase, TIM)
[13,14,15]. The TIM barrel domain, which is one of the most
common catalytic domains, is adopted by about 10% of the
enzymes; thus, sequence modification inside or outside the domain
to improve the enzymatic property and determine the catalytic
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Figure 1. Biotransformation of GL directly into GAMG and GA.
GL can be converted into GAMG by hydrolyzing the distal
glycosidic bond and GA by the removal of two molecules of
glucuronide simultaneously.
doi:10.1371/journal.pone.0030998.g001

mechanism was reported in many studies. The site-directed
mutagenesis of seven amino acids (aa) in the TIM barrel domain
was performed to investigate the importance of the residue in the
catalysis of an exo-fB-d-glucosaminidase from Trichodema reesei [16].
Heparanase is an endo-B-d-glucuronidase, and its C-terminal
region, which is not an integral part of the TIM barrel domain, is
essential for the enzymatic activity and secretion of heparanase
[17].

Although B-glucuronidases from many species have been
registered in Genbank, only a few genes have been published for
GL biotransformation [18]. Three fungal strains, namely, A. ferreus
Li-20, P. purpurogenum 1i-3, and A. ustus Li-62, were screened in our
previous studies and represented three modes of GL biotransfor-
mation: (1) GL-GA+GAMG; (2) GL—-GAMG; and (3) GL—-GA
[9]. The three B-glucuronidase genes were cloned in our
laboratory, and the aa sequence alignment showed that the -
glucuronidase from A. ferreus 1i-20 (AtGUS) was quite different
from the other two PB-glucuronidases(PGUS and 4uGUS) in C-
terminal non-conservative sequence. A{GUS can hydrolyze GL
into two products; thus, the different modes of GL biotransfor-
mation of the B-glucuronidases from the other two fungi may be
related to the natural evolution in the sequence. In the present
research, Atgus and the partial sequence [Atgus(-3t)] without C-
terminal non-conservative sequence behind the TIM barrel
domain were amplified in order to investigate effects of non-
conservative sequence on enzymatic property.

Materials and Methods

Ethics Statement

No specific permits were required for the described field studies.
No specific permissions were required for these locations/
activities. No location is privately-owned or protected in any
way. The field studies did not involve endangered or protected
species.

Strains, plasmids, and culture conditions

In our previous work, A. terreus 1i-20 was isolated and screened
from a G. glabra planting field in Shihizi, Xinjiang. It was
incubated in 100 ml liquid Czapek’s medium in a 500 ml
Erlenmeyer flask at 30°C and placed in a shaker incubator at
170 rpm.

Escerichia coli DH50t and F. coli BL21 were used as hosts for
plasmid amplification and expression, respectively. The plasmids
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pMDI19-T (TaKaRa, Japan) and pET28a (+) (Invitrogen, U.S.)
were used as vectors. The recombinant cells were inoculated in a
lysogeny broth (LB) medium with kanamycin (50 mM) and
operated at 37°C for 3 h. The recombinant protein was induced
by adding 0.4 mM isopropyl-p-D-thiogalactopyranoside (IPTG).

Chemicals and reagents

GL was purchased from Xinjiang Tianshan Pharmaceutical Co.
(China). GA was purchased from Sigma Chemical Co. (U.S.),
whereas GAMG was obtained from the Nanjing University of
Technology, China. Methanol was of chromatographic grade. All
other chemicals used were of analytical grade. The DL2000
marker and the protein low weight marker were purchased from
TaKaRa, Japan.

Gene coloning and vector construction

An intron in an A{GUS genomic sequence was removed via
three-step polymerase chain reaction (PCR) to express the gene in
E. coli BL21 (Figure 2A). According to the database of A. terreus
NIH2624, a primer set containing P1(5'-CCGTACgTAATGCT-
GAAGCCCCGACAAACACCTT-3") and P2(5'-CATGCGG-
CCGCTTAAGCGCCAAATAGGAAGTATAGT-3") was de-
signed to obtain the sequence with an intron from the 4. terreus
Li-20 genome under the following conditions: 94°C for 10 min, 30
cycles of 94°C for 1 min, 58°C for 1 min, 72°C for 2 min, and a
final extension at 72°C for 10 min with Ex Tag (TaKaRa, Japan).
After ligated into PMDI19-T, a primer set containing P3(5'-
CACTCCACCGTGTTTTCAATGTATGAGCTGCAGC-3")
and P4(5’-CCGGCTTCGCAGCTATGTGTCTTGAGCATC-
3") was used for the second PCR, and the reaction was performed
by Pfu polymerase (Shenggong, China) under the following
conditions: 94°C for 10 min, 30 cycles of 94°C for 1 min, 55°C
for 1 min, and 72°C for 5 min. The fragment amplified in the
second PCR was ligated by T4 DNA ligase after a terminal
phosphation with T4 polynucleotide kinase (Takara, Japan), and
the positive clones were screened in an LB plate with 100 pg/mL
ampicillin. The primer set containing P1 and P5(CATGCG-
GCCGCTTAACTCCACCGTGTTTTCAATGTATG-3") was
used for A!GUS(-3t) under the same conditions as those of P3
and P4.

Purification of AtGUS-E and AtGUS(-3t)-E

After IPTG introduction and the ultrasonication of the
recombinant E. coli BL21 cells, supernatant was brought to 70%
saturation with (NH4),SO, and stored overnight at 4°C, and then
again centrifuged. The enzymes expressed by pET28a(+) vector
were fused to an N-terminal six-histidine tag and purified via
nickel chelate affinity chromatography (GE, U.S.), which was
eluted with 150 mM imidazol. The quality of the purified protein
was evaluated using sodium dodecyl sulfate polyacrylamide gel
electrophoresis and coomassie blue staining.

HPLC for analysis of GL, GAMG, and GA

GL, GAMG, and GA concentrations were measured via
reverse-phase high performance liquid chromatography (HPLC)
on a Cl18 column (4.6 mmx250 mm, 5 um particle size,
Kromasil) at 40°C. The sample (injection volume, 10 pl) was
separated with a mobile phase consisting of 6% acetic acid/
methanol (19:81 v/v), and the elution was monitored via
ultraviolet detection at 254 nm. The GL, GAMG, and GA
amounts were calculated from the standard curve of the peak area
and concentration.
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Figure 2. Intron deletion of Atgus (A) and electrophoresis of
the target sequence(B and C). M: marker, DL2000; L1: the target
gene with intron; L2: the full length of the gene without intron(Atgus);
L3: the target gene without C-terminal non-conservative sequence[At-
gus(-3t)].

doi:10.1371/journal.pone.0030998.g002

Determination of pH and temperature profiles

The activity of B-glucuronidase was determined using GL as the
substrate. The reaction mixture consisted of the enzyme and
substrate (2 g/L GL) at a 1:4 (v/v) ratio.

50 Mm NayHPO,-citric acid buffer at pH 4.0-8.0 was used for
determine the pH effects of the enzyme. The catalytic activity of
the enzyme was examined at 30 to 70°C in 50 mM Na,HPO,-
citric acid buffer (pH 7.0). The enzyme activity under the optimal
temperature and pH was defined as 100%.

The temperature stability of the enzyme was determined by
incubating the enzyme samples at different temperatures (43, 53,
65, and 75°C) for 15, 30, 45, 60, and 120 min at optimum pH
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without the substrate GL, and the residual activity was determined
at the optimum temperature.

Determination of metal ions profiles

The effect of several metal ions on the activity of AIGUS(-3t)-E
and A!/GUS-E was investigated. The enzyme activity was
determined in the reaction mixture consisting of K*(KCI),
Na*(NaCl), Mg>'(MgCly), Mn®"(MnCl,), Co®"(CoCly), Ca®*(-
CaCly), Ni**(NiSO,), Cu*"(CuSO,), and AI**(AlCl,) ions at final
concentrations of 1 and 5 mM. The enzyme activity was
subsequently determined at the optimum temperature after
incubation for 30 min.

Determination of kinetic parameters

Different concentrations of the substrate GL, ranging from
0.375 to 4 mM, were prepared to determine the kinetic constants.
The catalytic reactions were continuously monitored, and the
initial velocities were fitted to the Michaelis-Menten equation
using the Origin 7.5 software (OriginLab). The values of the
Michaelis-Menten constant (Am), maximal velocity (Vmax),
catalytic turnover rate (Kcat), and catalytic efliciency (Kcat/Am)
were evaluated.

Analysis of Circular dichroism specta (CD)

Far-UV Circular dichroism (CD) spectra were recorded at 25°C
in the range from 190 to 260 nm with a spectral resolution of
0.2 nm using a Jasco J-715 spectropolarimeter. The scan speed
was 100 nm/min and the response time was 0.125 s with a
bandwidth of 1 nm. Quartz cells with an optical path of 0.1 cm
were used. Typically, scans were accumulated and subsequently
averaged. The spectra were corrected for the corresponding
protein-free control.

Modelling of protein structure
The protein three-dimensional structural was modeled by
modeler 9v7 to analyze three domains of the protein.

Results

Gene cloning and sequencing analysis

The 2,193 bp product was amplified and sequenced using a
genomic template (Figure 2B), and its 219 bp intron was
analyzed by NCBI. After a three-step PCR, the full encoding
sequence was cloned. The results show that the open reading
frame of this gene was 1,974 bp (Figure 2B), which encodes for
657 aa.

The conserved domain database (CDD) was performed to
analyze domains of A/GUS, and there were sugar-binding domain,
immunoglobulin-like beta-sandwich domain, and TIM barrel
domains in it which all belonged to glycoside hydrolase family
(GHF) 2. GHF 2 comprised B-galactosidase (EC 3.2.1.23), B-
mannosidase (EC 3.2.1.25), and B-glucuronidase (EC 3.2.1.31), so
the phylogenetic tree was constructed according to it (Figure 3). It
showed that the gene cloned was a B-glucuronidase gene named
AGUS (Genbank accession No. JF894133), which was found
very similar to PGUS(Genbank accession No. EU095019) from P.
purpurogenum Li-3 and AuGUS (Genbank accession No. JN247805)
from A. ustus 1i-62, especially in the sugar-binding, immunoglob-
ulin-like beta-sandwich, and TIM barrel domain (Table 1). The
obvious difference among them lied in the non-conservative
sequence of the C-terminal behind the TIM barrel domain which
may result in the difference enzymatic properties. Therefore, the
1-1,776 bp segment, named Atgus(-3t), was amplified in the
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Figure 3. Phylogenetic tree of target protein with GHF2 B-glucuronidase (GUS), -galactosidase (GAL), f-mannosidase (MAN). The
scale corresponds to a genetic distance of 0.2 substitution per position (20% difference). Aspergillus niger CBS 513.88 GUS: XP_001388566; Penicillium
purpurogenum GUS: ABU68712; Aspergillus oryzae RIB40 GUS: XP_001825002; Penicillium canescens GUS: AAV91787; Escherichia coli K-12 GUS:
AAC74689; Mus musculus GUS: AAA37696; Chlorocebus aethiops GUS: AAC34593; Canis lupus GUS: AAC48809; Thermotoga maritima MSB8 GUS:
AAD36143; Kluyveromyces lactis GAL: AAA35265; Bacillus megaterium DSM 319 GAL: CAA04267; Lactobacillus sakei GAL: CAA57730;
Pseudoalteromonas haloplanktis GAL: CAA10470; Escherichia coli GAL: AAA24053; Cellulomonas fimi ATCC 484 MAN: AAD42775; Aspergillus aculeatus
MAN: BAA29029; Mus musculus MAN: AAK18177; Bos Taurus MAN: AAC48460; Homo sapiens MAN: AAC39573.

doi:10.1371/journal.pone.0030998.g003

present study (Figure 2C) to determine the effects of the non-
conservative sequence on fB-glucuronidase.

Protein expression and purification

Both pET28a(+)-AtGUS and pET28a(+)-AtGUS(-3t) were
constructed and transformed into the E. coli BL21 strain, and
the recombinant proteins AtGUS-E and AtGUS(-3t)-E were
successfully expressed (Figure 4). The induction condition for
the optimum production of the two recombinant proteins was
20°C with 0.4 uM IPTG. Both AtGUS-E and AtGUS(-3t)-E were
purified through Ni-NTA sepharose (Figure 4). The target
protein was eluted with 150 mM imidazole. Furthermore, the
concentrations of the soluble purified proteins of AtGUS-E and

Table 1. Domains analysis of AtGUS, PGUS and AuGUS.

AtGUS(-3t)-E were determined as ~7 and ~12 mg/L, respec-
tively. Both purified enzymes could hydrolyze GL into GAMG
and GA.

Effect of pH and temperature on enzyme activity and
stability

We investigated the enzymatic properties to determine the effect
of the non-conserved sequence on the enzyme. The optimal pH
for the bioconversion reaction by AtGUS-E was 6.6, whereas that
for AIGUS(-3t)-E was 7.0 (Figure 5A). The optimal temperatures
for AIGUS-E and AtGUS(-3t)-E were both 55°C (Figure 5B).

Enzyme thermal stability experiments showed that the enzymes
remained more than 80% residual activity at 45°C and 55°C for

Immunoglobulin-like beta-sandwich

protein Sugar-binding domain domain TIM barrel domain

Sequence (aa) E-value® Sequence (aa) E-value® Sequence (aa) E-value®
AtGUS 9-180 1.60e 182-276 1.50e 8 278-592 2.30e '
PGUS 9-179 2.80e % 181-274 1.90e " 276-594 3.10e '
AuGUS 48-219 1.40e % 222-316 1.10e” 3 318-638 220e '

doi:10.1371/journal.pone.0030998.t001
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the E value was obtained by alignment with pfam02837, glycosyl hydrolase family 2, sugar binding domain;
bthe E value was obtained by alignment with pfam00703, glycosyl hydrolase family 2, immunoglobulin-like beta-sandwich domain;
‘the E value was obtained by alignment with pfam02836, glycosyl hydrolase family 2, TIM barrel domain.
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Figure 4. SDS-PAGE of recombinant protein. M: protein low
weight marker; L1 and L3: whole cell of non-induced pET-28a(+)-Atgus/
BL21 and pET-28a(+)-Atgus(-3t)/BL21; L2 and L4: whole cell of pET-
28a(+)-Atgus/BL21 and pET-28a(+)-Atgus(-3t)/BL21 after induced with
0.4 mM IPTG; L5 and Lé6: purified AtGUS-E and AtGUS(-3t)-E.
doi:10.1371/journal.pone.0030998.g004
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120 min heat treatment, respectively (Figure 5C and 5D). At
65°C, the residual activity of A/IGUS(-3t)-E remained almost 60%
of enzymatic activity after 30 min heat treatment, which was
comparatively higher than that of A/GUS-E with less than 5%
residual activity after the same treatment. At a higher temperature
(75°C), both enzyme residual activity rapidly vanished, and within
15 min heat treatment, almost all enzymatic activity was lost.

Effect of metal ions on enzymatic properties

The effect of various metal ions with different concentration
gradients (from 1 to 5 mM final concentration) on the activities of
AIGUS(-3t)-E and A!{GUS-E was evaluated, and the results are
presented in Table 2. The enzymatic activity assayed in the
absence of metal ions was taken as 100%.

The effect of monovalent cations on the two enzymes was
similar: the 1 and 5 mM K' and 1 mM Na* exhibited no
obviously affecting effects on the activity of A/GUS(-3t)-E and
AtGUS-E, while the 5 mM Na* inhibited the enzymatic activity.
The divalent cations Mg?* and Mn?* discretely promoted the
activities of AIGUS-E and 4:GUS(-3t)-E. With increasing concen-
tration of Co”*, AIGUS-E was firstly activated and then inhibited
while A/GUS(-3t)-E showed an inverse effect. Ca** and Ni** also

B)
100 -
80 -
60+
40
20+ —s— AGUS-E
—a— AIGUS(-3t)-E
0 - T T T
3 4 5 6 7 8
pH
D)
100- AtGUS-E
80 -
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204 v 750C
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Figure 5. Enzymatic properties of AtGUS-E and AtGUS(-3t)-E. (A) the optimum pH, (B) the optimum temperature, and the thermal stability of

AtGUS(-3t)-E (C) and AtGUS-E (D).
doi:10.1371/journal.pone.0030998.9g005
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Table 2. Mental ion effect on AtGUS-E and AtGUS(-3t)-E.
Concentration
Metal ions (mM) Relative activity (%)
AtGUS-E AtGUS(-3t)-E
control 0 100 100
K* 1 102.22%1.45 99.02+2.65
5 95.47+1.21 100.51%1.56
Na* 1 100.52=1.23 95.50=1.87
5 86.16+1.85 86.41+2.15
Mg** 1 126.99+2.15 118.63+2.56
5 195.10+2.13 140.42+1.35
Mn2* 1 154.54+2.17 116.72+3.43
5 187.63%3.12 200.15+1.87
Co** 1 128.96+1.35 84.66+2.64
5 99.26+1.43 162.96*3.65
Ca*t 1 144.64=3.12 84.10=3.12
5 207.48+2.81 39.50+3.23
Ni%* 1 96.54+1.69 134.91+1.29
5 60.03+2.98 178.16+4.16
Cu®* 1 24.37+3.89 41.18+3.85
5 2.84+0.29 12.71+1.32
APt 1 136.47+2.51 107.09+1.34
5 35.11+1.54 4245+2.12
doi:10.1371/journal.pone.0030998.t002

exhibited opposite effects on the two enzymes. Ca?" at 5 mM final
concentration enhanced the activity of A{GUS-E by 107% but
inhibited A/GUS(-3t)-E activity by 61%. In the presence of 5 mM
Ni* buffer, A/GUS(-31)-E was increased by 78%, whereas AIGUS-
E was decreased by 40%. Cu®* distinctively inhibited the enzyme
activity, while AI** showed activation at | mM concentration and
inhabitation at 5 mM concentration to both enzymes. These
results reveal that K, Na*, Mg2+, Mn?**, Cu®*, and A1** exhibited
nearly similar effects on the activity of A« GUS-E and A{GUS(-3t)-
E; however, Co**, Ca**, and Ni**, showed opposite effects on both
enzymes, respectively. The data reported here have been taken
from three replicate samples from three independent experiments.

Kinetic parameters

The reaction kinetics of AtGUS-E and AtGUS(-3t)-E were
determined. The Vmax of the A/GUS-E and A/GUS(-3t)-E
enzymes toward GL were calculated using Lineweaver-Burk plots
(Table 3) and were determined as 1.84 and 0.97 pmol -
min~' mg !, respectively. The Ain of the recombinant A/GUS(-
3t)-E was 1.95 mM, which was approximately one-seventh that of
AtGUS-E (12.9 mM), indicating that a higher affinity of A\GUS(-
3t-E for GL than A/\GUS-E. In addition, the catalytic efficiency

Effects of a Non-Conservative Sequence

(kcat/Km) of AIGUS(-3t)-E (7.16 mM s~ ') was 3.2 folds higher
than that of AIGUS-E (2.24 mM s~ '). The enzymatic activities
were determined at different concentrations of the substrate GL
from three independent experiments.

Structural characterization

To determine the impact of the sequence truncation on the
structure of the protein, a circular dichroism (CD) spectra was
amplified. The far-UV spectra for AIGUS-E and A:GUS(-3t)-E
have been presented in Figure 6. It illustrated that the curves
exhibited significant difference between the two proteins. These
results suggest that the secondary structure of AtGUS-E has
changed after deletion of non-conservative sequence.

Discussion

The B-glucuronidase (GUS) gene was first cloned in 1987 [19],
and in subsequent years, many GUS genes were cloned and
registered in the GenBank. However, this gene has never been
cloned for the hydrolysis research of GL into GAMG or/and GA,
with more valuable merits. Based on CDD analysis, the three
domains of the enzyme A/GUS were well investigated, and the
main aim of the present study is to modify the non-conservative
sequence of A!{GUS and try to obtain an artificial evolution
enzyme with better enzymatic properties.

The TIM barrel domain is a canonical (B/a)g-barrel composed
of eight units, each of which consists of a B-strand and an a-helix
[20]. There was a non-conservative segment behind the catalytic
domain (TIM barrel domain) of AtGUS which showed low
identity with PGUS and AuGUS after the primary sequence
alignment. A model of the three-dimensional structure of A/GUS
was presented in the current research (Figure 7). The deleted
sequence exhibited no involvement in the TIM barrel domain,
locating near the “stability face” rather than the “catalytic face”
[21].

AIGUS-E and AitGUS(-3t)-E were very similar with each other
at some enzymatic properties, such as optimal pH and optimal
temperature. It was reported in previous studies that many
modified enzymes maintained some original enzymatic properties
even though some sequence has been modulated [10]. Further-
more, we could also speculate that the non-conservative sequence
lied outside of the catalytic face of the TIM barrel domain which
may not affect the catalytically active residues and the GL
biotransformation mode.

Interestingly, the stability of A{GUS(-3t)-E was slightly higher
than that of A/GUS-E at 65°C. Similar results have been reported
that the modification of the C-terminal region could improve the
thermal stability of endo-B-glucanase from Bacillus subtilis JA18
[11]. In addition, previous study showed that aB-loops in “stability
face” are important for the stability [22]. The truncation of the
non-conservative sequence lies near of-loops of the stability face,
therefore, we can predicted that the deletion of the C-terminal
region outside the TIM barrel domain has influence on thermal

stability of AiGUS.

Table 3. Kinetic constants of recombinant protein AtGUS-E and AtGUS (-3t)-E.

Recombinant protein Vmax (umol min ' mg™") Km (mM) Keat (s ") kcat/Kkm (mM s ")
AtGUS-E 1.84 129 29.0 224
AtGUS(-3t)-E 0.97 1.95 13.6 7.16

doi:10.1371/journal.pone.0030998.t003
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Figure 6. Far-UV spectra of AtGUS-E and AtGUS(-3t)-E. Far-UV
spectra were recorded at 25°C in the range from 200 to 250 nm with a
spectral resolution of 0.2 nm.

doi:10.1371/journal.pone.0030998.g006

The effect of nine metal ions with different concentration
gradients on the activities of A(GUS(-3t}-E and AtGUS-E was
evaluated, and Co*", Ca®", and Ni*" showed opposite effects on
the two enzymes, respectively. In addition, A/GUS(-3t)-E showed
higher affinity and catalytic efficiency than A{GUS(-3t)-E. Both of
the result might suggest that the spatial structural rearrangement,
and the speculation has been proved by CD spectra, which showed
great difference between the secondary structure of the two
enzymes. It has been reported that the loops above the catalytic
face was very important for substrate hydrolysis [23], so we can
conclude that the truncation of the non-conservative domain firstly
changed the secondary structure of the enzyme and then
influenced the substrate affinity, catalytic efficiency and metal
ions effects. Moreover, the crystal structure of human f-
glucuronidase was firstly reported in 1996 [24], and the structure
of bacterial B-glucuronidase has also been published recently [25].
Both B-glucuronidase structures were tetramers. The deleted
region of the A{GUS non-conservative sequence lies outside the
main three domains, so it was predicted that the non-conservative
might change the combination pattern of each monomer.

Different methods have been applied in creating new enzyme
such as error-prone PCR [26], DNA shuffling [27] and staggered
extension process (StEP) [28]. Some efforts have been made to
modify the enzyme by directed screening but high ratio of negative

References
1. Akamatsu H, Komura J, Asada Y, Niwa Y (1991) Mechanism of anti-

inflammatory action of glycyrrhizin: effect on neutrophil functions including
reactive oxygen species generation. Planta Med 57: 119-121.

2. Cinatl J, Morgenstern B, Bauer G, Chandra P, Rabenau H, et al. (2003)
Glycyrrhizin, an active component of liquorice roots, and replication of SARS-
associated coronavirus. Lancet 361: 2045-2046.

3. Krausse R, Bielenberg J, Blaschek W, Ullmann U (2004) In vitro anti-
Helicobacter pylori activity of Extractum liquiritiae, glycyrrhizin and its
metabolites. J Antimicrob Chemother 54: 243-246.

4. Baltina LA (2003) Chemical modification of glycyrrhizic Acid as a route to new

bioactive compounds for medicine. Curr Med Chem 10: 155-171.

. Chubachi A, Wakui H, Asakura K, Nishimura S, Nakamoto Y, et al. (1992)
Acute renal failure following hypokalemic rhabdomyolysis due to chronic
glycyrrhizic acid administration. Intern Med 31: 708-711.

6. Nose M, Ito M, Kamimura K, Shimizu M, Ogihara Y (1994) A comparison of
the antihepatotoxic activity between glycyrrhizin and glycyrrhetinic acid. Planta
Med 60: 136-139.

7. Akao T (2000) Differences in the metabolism of glycyrrhizin, glycyrrhetic acid
and glycyrrhetic acid monoglucuronide by human intestinal flora. Biol Pharm
Bull 23: 1418-1423.

wr

@ PLoS ONE | www.plosone.org

Effects of a Non-Conservative Sequence

Figure 7. A three-dimensional model of p-glucuronidase(At-
GUS). I: sugar binding domain; IIl: immunoglobulin-like beta-sandwich
domain; lll: TIM barrel domain; IV: non-conservative domain; catalytic
face and stability face were shown CF and SF for short.
doi:10.1371/journal.pone.0030998.g007

mutated forms of enzyme in the initial screening is a big hurdle
and requires further screening for positive mutated forms of
enzyme. Every method has its own advantages and disadvantages
that determines the feasibility of a particular method so as
sequence truncation [10,11,12]. Based on the same hydrolyzing
mode, relatively higher thermal stability, and especially the
enhanced affinity and catalytic efficiency for GL, deletion of the
non-conservative sequence behind the TIM barrel domain was a
successful evolution of 4{GUS. The truncation of non-conservative
region based on sequence alignment could be an effective way of
artificial enzyme evolution as it can alter and influence the stability
and catalytic efficiency of enzyme, and could help in understand-
ing the relationship between the structural modulation and
enzymatic properties.

Author Contributions

Conceived and designed the experiments: YLL JHF FQ IK CL WE.
Performed the experiments: YLL JHF FQ IK CL WE. Analyzed the data:
YLL JHF FQ IK CL WE. Contributed reagents/materials/analysis tools:
YLL JHF FQ IK CL WE. Wrote the paper: YLL JHF FQ IK CL WE.

8. LuDQ, Li H, Dai Y, Ouyang PK (2006) Biocatalytic properties of a novel crude
glycyrrhizin hydrolase from the liver of the domestic duck. Journal of Molecular
Catalysis B: Enzymatic 43: 148-152.

9. Feng §J, Li C, Xu XL, Wang XY (2006) Screening strains for directed
biosynthesis of B-d-mono-glucuronide-glycyrrhizin and kinetics of enzyme
production. Journal of Molecular Catalysis B: Enzymatic 43: 63-67.

10. Xie XJ, Huang W, Xue CZ, Wei Q (2009) The N-terminal domain influences
the structure and property of protein phosphatase 1. Mol Cell Biochem 327:
241-246.

11. Wang Y, Yuan H, Wang J, Yu Z (2009) Truncation of the cellulose binding
domain improved thermal stability of endo-beta-1, 4-glucanase from Bacillus
subtilis JA18. Bioresour Technol 100: 345-349.

12. Huisman FH, Hunter MF, Devenish SR, Gerrard JA, Parker EJ (2010) The C-
terminal regulatory domain is required for catalysis by Neisseria meningitidis alpha-
isopropylmalate synthase. Biochem Biophys Res Commun 393: 168-173.

13. Davies G (1995) Henrissat B.Structures and mechanisms of glycosyl hydrolases.
Structure 3: 853-859.

14. Henrissat B, Callebaut I, Fabrega S, Lehn P, Mornon JP, et al. (1996) Conserved
catalytic machinery and the prediction of a common fold for several families of
glycosyl hydrolases. Proc Natl Acad Sci U S A 92: 7090-7094.

February 2012 | Volume 7 | Issue 2 | 30998



. Jacobson RH, Zhang X]J, DuBose RF, Matthews BW (1994) Three-dimensional

structure of beta-galactosidase from E. coli. Nature 369: 761-766.

. Ike M, Ogasawara W, Okada H, Morikawa Y (2008) The essential acidic amino

acid residues for catalytic activity of an exo-B-d-glucosaminidase from
Trichoderma reeser. Journal of Molecular Catalysis B: Enzymatic 55: 55-60.

. Fux L, Feibish N, Cohen-Kaplan V, Gingis-Velitski S, Feld S, et al. (2009)

Structure-function approach identifies a COOH-terminal domain that mediates
heparanase signaling. Cancer Res 69: 1758-1767.

. Song ZK, Wang XY, Chen GQ, Li C (2008) Cloning and prokaryotic of beta-

glucuronidase from Penicillium purpurogenum 1i-3. Journal of Chemical Industry
and Engineering 59: 3101-3108.

. Jefferson RA, Kavanagh TA, Bevan MW (1987) GUS fusions: beta-

glucuronidase as a sensitive and versatile gene fusion marker in higher plants.

EMBO J 6: 3901-3907.

. Sterner R, Hécker B (2005) Catalytic versatility, stability, and evolution of the

(beta/alpha)g-barrel enzyme fold. Chem Rev 105: 4038-4055.

. Hocker B, Jurgens C, Wilmanns M, Sterner R (2001) Stability, catalytic

versatility and evolution of the (beta/alpha)8-barrel fold. Curr Opin Biotechnol
12: 376-381.

@ PLoS ONE | www.plosone.org

22.

26.

27.

28.

Effects of a Non-Conservative Sequence

Wiederstein M, Sippl MJ (2005) Protein sequence randomization: efficient
estimation of protein stability using knowledge-based potentials. ] Mol Biol 345:
1199-1212.

. Cicek M, Blanchard D, Bevan DR, Esen A (2000) The aglycone specificity-

determining sites are different in 2,4-dihydroxy-7-methoxy-1,4-benzoxazin-3-
one (DIMBOA)-glucosidase (maize beta-glucosidase) and dhurrinase (sorghum
beta-glucosidase). J Biol Chem 275: 20002-20011.

. Jain S, Drendel WB, Chen ZW, Mathews FS, Sly WS, et al. (1996) Structure of

human beta-glucuronidase reveals candidate lysosomal targeting and active-site
motifs. Nat Struct Biol 3: 375-381.

. Wallace BD, Wang H, Lane KT, Scott JE, Orans J, et al. (2010) Alleviating

cancer drug toxicity by inhibiting a bacterial enzyme. Science 330: 831-835.
Cadwell RC, Joyce GF (1994) Mutagenic PCR. PCR methods Appl 3:
S136-140.

Stemmer WP, Crameri A, Ha KD, Brennan TM, Heyneker HL (1995) Single-
step assembly of a gene and entire plasmid from large numbers of
oligodeoxyribonucleotides. Gene 164: 49-53.

Zhao H, Giver L, Shao Z, Aftholter JA, Arnold FH (1998) Molecular evolution
by staggered extension process (StEP) in vitro recombination. Nat Biotechnol 16:
258-261.

February 2012 | Volume 7 | Issue 2 | 30998



