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Abstract

MIrA is a gene involved in the degradation of toxic cyanobacterial microcystins. This gene encodes
microcystinase, mlrA, the 1% enzyme in the pathway that breaks down toxic cyanobacterial microcystins.
In this study, primers were designed, and polymerase chain reaction (PCR) was performed to amplify the
mlrA gene in Novosphincgobium sp. KKU25s. A PCR product of 752 base pairs was obtained. The
nucleotide sequence of the mlrA gene of Novosphingobium sp. KKU25s was similar to that of
Sphingomonas sp. ACM-3962 (98 % similarity). The mlrA gene of Novosphingobium sp. KKU25s was
further cloned into the pGEM T-Easy plasmid to obtain the nucleotide sequence of the mirA gene. The
gene was also ligated into the pET32a plasmid for gene expression. Expression was induced by isopropyl
B-D-1-thiogalactopyranoside (IPTG) and verified using SDS-PAGE. The expressed protein was
approximately 22 kilodaltons. The cell-free extract (CE) containing the crude protein from confirmed
recombinant cells showed high activity in the biodegradation of [Dha’] MC-LR. [Dha’] MC-LR at an
initial concentration of 30 mg L™ and was completely biodegraded within 30 h. A distinct product derived
from [Dha’] MC-LR appeared with a decrease in the [Dha’] MC-LR peak in the HPLC profile. The
product (m/z 999.51) showed a molecular weight of 18, which is higher than that of native [Dha’] MC-LR
(m/z 981.50), and was determined to be a linearized peptide fragment of [Dha’] MC-LR using LC-MS
analysis. The 3-dimensional structure of microcystinase was predicted from the amino acid sequence
deduced from the mirA gene by the Swiss Model and Phyre2 programs. The structure contained a
predicted alpha helix. The predicted 3-dimensional structure was also similar to that of a protein in the
CAAX protease group.

Keywords: Microcystin, MIrA protein, Microcystinase, Cloning, Expression, Structural modeling

Introduction

The most frequently occurring and widespread cyanotoxins are microcystins (MCs). They are a
family of monocyclic heptapeptide hepatotoxins produced by various genera of freshwater cyanobacteria,
such as Microcystis, Anabaena, Oscillatoria (Planktothrix), Nostoc, and Anabaenopsis [1]. Toxins have
become aquatic environmental problems worldwide because they primarily affect the liver, causing minor
to widespread damage to animals and humans depending on the amount of toxin absorbed [2]. MCs are
typically toxic because they inhibit the activities of protein phosphatases 1 and 2A and cause chronic or
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acute poisoning, liver failure and liver tumor promotion in humans and animals [3]. In 1996, 53 patients
died at a hemodialysis center in Brazil as a result of acute liver failure [4].

MCs are chemically stable over a wide range of temperatures and pH values, and in the presence of
various bacterial enzymes, which is probably due to their cyclic structure [5]. Dissolved MCs have been
documented as being highly resistant to conventional water treatment processes [6]. Therefore, many
drinking water treatment plants are ineffective in the complete degradation of MCs. A combination of
sophisticated water treatments, such as coagulation, chlorination, adsorption with activated carbon and
ozonation, can reduce the concentration of MCs, however, during cyanobacterial blooms, water treatment
plants can become overwhelmed [7,8].

Biodegradation is a safe and natural treatment for removing MCs from water. This method involves
indigenous bacteria and complex communities of microorganisms in lake water [9,10]. This microbial
process can reduce both intracellular toxins within cyanobacterial cells and extracellular toxins released
into water bodies [6]. Lakes with a history of cyanobacterial blooms containing MCs may have
indigenous bacteria that are capable of using cyanobacterial cells and MCs as a food source and rapidly
degrading toxins [11]. Many studies have reported the degradation of MCs by natural bacteria [12].
Bacterial strains have been reported to degrade MCs [13]. In addition, several research studies have been
successful in characterizing the enzymatic pathway of MC degradation, which involves intermediate
byproducts and MC-degrading gene clusters in Sphingomonas sp. It was found that microcystinase, or the
MIrA protein, is the 1% and most important enzyme cleaving highly stable cyclic peptides into linear
MCs, whose toxic activity is reduced 160-fold compared with that of the parent MCs. When the cyclic
peptide is opened, the remaining peptide is easily cleaved by the other enzyme to form a small peptide
(MIrB, MIrC and MIrD proteins) [14,15].

In Thailand, there have been several reports of MC contamination in water [16-20]. One of the 1%
investigations was conducted at the Mae Kuang Dam, Chaingmai Province, during April 2000 and March
2001, and this study reported increased levels of MC-LR and MC-RR [17]. This research has led to
additional studies on MC degradation in Thailand. When the presence of MCs in scum and water was
determined in samples collected from a giant freshwater prawn farm in Chiang Rai Province, MC-LR and
-RR were found to be the dominant MC types. Based on the results of these studies, MC production was
suggested to present a risk of MC accumulation in bodies of water in Thailand [17,21]. Enzyme-linked
immunosorbent assays specific for cyanotoxins were performed to detect and quantify MCs as well as
cylindrospermopsins; the highest average MC content (0.913 pgL™") was found in a sample collected from
Bueng Nong Khot, and the highest average cylindrospermopsin content (0.463 pgL™) was found in a
sample collected from Bueng See Than. Previously, an MC-degrading bacterium was isolated from a
pond in Khon Kaen Province, Thailand [10]. It was classified as Novosphingobium sp. strain KKU25s. In
this study, molecular biology and proteomics methods, including cloning, gene expression and 3D
structural analysis, were used to characterize the mlrA enzyme, which is involved in the degradation of
MCs and encoded by the mlrA gene. Knowledge from this study can be applied in the development of
MC degradation processes in future studies.

Materials and methods

Source of [Dha’] MC-LR

A large mass of Microcystis aeruginosa cell material was collected from the Bueng Nong Khot
reservoir, Khon Kaen, Thailand. The material was extracted and purified using the method described by
Somdee et al. [9]. Liquid chromatography mass spectrometry (LC-MS) analysis was performed to further
identify the purified toxin, and high-performance liquid chromatography (HPLC) analysis was conducted
to determine the yield and purity.

Strain, vectors and host cell
The bacterial strain Novosphingobium sp. KKU25s, which was able to degrade [Dha’] MC-LR [10],
was used in the present study. The strain was cultured in peptone yeast extract medium (PYEM; 10 g of
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peptone and 5 g of yeast extract per liter; at pH 7.2) in a shaking incubator at 180 rpm and 30 °C. The
cloning vector pGEM-T easy and the prokaryotic expression vector pET32a were purchased from the
Promega Corporation. Escherichia coli DHS5o and Escherichia coli BL21 (DE3) were used as host strains
for cloning and expression, respectively. Both were cultured in Luria-Bertani (LB) medium at 37 °C with
shaking at 200 rpm.

Amplification of the mlrA gene

The mlrA gene was amplified by PCR with Novosphingobium sp. KKU25s genomic DNA as the
template. Genomic DNA was extracted according to Doyle and Doyle [22]. Primers specific to the
conserved sequence of mlrA, which was deposited in GenBank, were used to obtain a partial sequence of
mlrA in Novosphingobium sp. KKU25s (Table 1). PCR was performed in a PTC-200 Peltier thermal
cycler (MJ Research, USA) in a25 pL reaction containing 1xGoTaq® GreenMaster Mix (Promega,
USA), I mM MgCl, (Promega, USA), each primer at 0.5 uM (Invitrogen, USA) and 20 ng of genomic
DNA. The PCR amplification protocol was as follows: initial denaturation at 94 °C for 1 min followed by
30 cycles of DNA denaturation at 94 °C for 1 min, primer annealing at 50 °C for 1 min, and strand
extension at 72 °C for 3 min. After cycling, a final extension step was performed at 72 °C for 10 min. To
confirm reproducibility, PCR was carried out in triplicate. Sterile water was used as the template for the
negative control, which was run in parallel. PCR products of the expected size were analyzed via 1.5 %
agarose gel electrophoresis with SYBR Green [ staining (Invitrogen, USA).

Table 1 Primer design and PCR product sizes.

. % % Corresponding to Pro.duct

Primer Base size

GC Tn mirA gene base# (bp)

Primer 1. F = GATCCCGCTGTCAGGTCTACGTTCGAG 28 61 65.8 159 - 180 752
R =CTCGAGCCTCCCCACAAATCAGGACGA 27 59 64.3 910 - 890

Primer 2. F = GGATCCATCGCTGCTACTCAGCCCTG 26 62 64.3 483 - 502 310
R = CTCGAGGTTATGGATGGCGTGAGTGA 26 54 61.1 792 - 773

Primer 3. F = GGATCCATGCGGGAGTTTGTCAAAC 25 52 59.3 1-19 1008
R = CTCGAGCGCGTTCGCGCCGGACTTG 25 72 67.5 1008 - 990

*F= FORWARD PRIMER **R = REVERSE PRIMER

Cloning and sequencing of the mlrA gene

The target band was excised from the gel and purified using a Gel Elution Kit (Bioactive Co., Ltd.,
USA) according to the manufacturer's protocol and ligated into the cloning pGEM-T easy vector. The
recombinant pPGEM-T vector was easily digested using the restriction enzymes BamHI and Xhol. The
fragments were ligated into the expression vector pET32a, which was then transformed into E. coli
DHS5a. The ligation reaction was conducted in a mixture consisting of 3 pLof 2x rapid ligation buffer, 1
pL of the pGEM-T Easy vector (50 ng), 3 puL of the PCR product, 1 pL of T4 DNA ligase and deionized
water to a final volume of 10 pL, and the mixture was incubated at 4 °C overnight. The ligated product
was then transformed into competent E. coli BL21 (DE3) cells according to the standard heat-shock
protocol [23]. The cells were grown on LB agar plates supplemented with ampicillin (100 mg mL™") and
chloramphenicol (34 pg mL™), and 4 positive recombinant clones containing the mlrA gene were selected
by blue-white spot screening and verified by colony PCR. The nucleotide sequencing of positive
recombinant clones was carried out by 1 Base Laboratories, Singapore (Ward Medic Ltd.). Then, the
sequence data were analyzed with BLASTn at NCBI GenBank (https://www.ncbi.nlm.nih.gov), and
multiple sequence alignments were constructed using MEGAG6 software.

Walailak J Sci & Tech 2021; 18(15): 9455 30f13


http://www.google.co.th/url?sa=t&rct=j&q=&esrc=s&frm=1&source=web&cd=1&cad=rja&ved=0CCkQFjAA&url=http%3A%2F%2Fen.wikipedia.org%2Fwiki%2FNovosphingobium&ei=R-KkUauwLoaCiQfr9oCoDg&usg=AFQjCNHbUoTJp50pyf0bUTWQYZCwWDt66Q&bvm=bv.47008514,d.aGc
http://www.google.co.th/url?sa=t&rct=j&q=&esrc=s&frm=1&source=web&cd=1&cad=rja&ved=0CCkQFjAA&url=http%3A%2F%2Fen.wikipedia.org%2Fwiki%2FNovosphingobium&ei=R-KkUauwLoaCiQfr9oCoDg&usg=AFQjCNHbUoTJp50pyf0bUTWQYZCwWDt66Q&bvm=bv.47008514,d.aGc

Cloning, Expression and Structural Modeling of the MIrA Protein Kranokpron MOOLWANG et al.

http://wjst.wu.ac.th

Recombinant expression

The recombinant bacteria containing the milrA gene (KKU25s-mlrA recombinant) were cultured in
LB broth medium supplemented with ampicillin (50 pg/mL) at 37 °C with shaking at 180 rpm. The
cultures were grown until the optical density at 600 nm (ODg) reached 0.6. Then, the expression of the
mlrA gene was induced with isopropyl B-D-1 thiogalactopyranoside (IPTG) at a final concentration of 1
mM, and the cultures were incubated overnight. Cells were harvested by centrifugation at 12,000 g for 20
min at 4°C and resuspended in a 50 mM phosphate-buffered solution (PBS, pH 7.3), which was repeated
3 times. The pellet was disrupted by ultrasonication with an ultrasonic Processor (VCX 130, SONICS)
three times for 30s each at 40 % of maximal power, on ice, followed by centrifugation at 12,000 g for 20
min at 4 °C. The supernatant was analyzed by SDS-PAGE in a 15 % polyacrylamide gel [24].

MC degradation by recombinant bacteria

After sonication, the cell-free extract (CE) containing the crude protein from recombinant cells was
used to degrade MCs. CE was added to a test tube containing PBS buffer (pH 7.3) and [Dha’] MC-LR (30
mg L™"). The tubes were incubated at 30 °C at 200 rpm. Hydrochloric acid was added to stop the reaction,
and samples were taken at reaction times of 0, 6, 12, 18 and 24 h. The harvested samples were
centrifuged, and the supernatant was analyzed by HPLC and LC-MS.

HPLC and LC-MS for MC degradation analysis

High-performance liquid chromatography (HPLC) was used to analyze MC degradation by the
recombinant cell-free extract (CE). HPLC was performed using the following components: A 600-pump
controller, a 717 plus autosampler and a 2,487 dual absorbance detector (Waters, USA). The column was
a C18 TSK-gel ODS-80Ts Column (Toyopeal, Japan; 150x4.6 mm®). The mobile phase was
acetonitrile:0.05 M phosphate buffer pH 3.0 at a ratio of 30:70 (v/v) supplied at a flow rate of 1 mL min™.
The wavelength was measured at 238 nm (UV Detector).

The LC-MS system consisted of a Waters Alliance 2,695 liquid chromatograph with a diode array
detector (Waters, USA) and a Q-TOF (quadrupole mass filter-time-of-flight) mass spectrometer with a Z-
spray ES (electrospray) source (Micromass, UK). A 5 um, 3.9x150 mm® Symmetry C,5 column (Waters,
USA) was used to separate the toxins. The mobile phase consisted of acetonitrile (solvent A) and 0.1 %
(v/v) formic acid in water (solvent B). The HPLC effluent was delivered to the Z-spray ES source of a
Micromass Q-TOF 2 hybrid quadrupole time-of-flight mass spectrometer (Micromass, UK). The capillary
and conevoltages were 3.00 kV and 30 V, respectively. MassLynxNT software, version 4.0 (Micromass,
UK), was used to perform data acquisition and processing. The LC system was directly connected to an
MS instrument without stream splitting.

Three-dimensional structure modeling

Predicted 3-dimensional (3D) models were constructed using the SWISS-MODEL server and the
automated protein homology-modeling server at ExXPASy (Switzerland; (http://swiss model.expasy.org/).
The model was generated using the amino acid sequence deduced from the nucleotide sequence of mlrA
with activity. The 3-dimensional models were compared with the PHYRE2 Protein Recognition Engine V
2.0 server (http://www.sbg.bio.ic.ac.uk/~phyre2/html/page. cgild.= index).

Results and discussion

Amplification of the mlrA gene

Primers specific for the mlrA gene of Novosphingobium sp. KKU25s were designed. The PCR
amplification results showed that the 1% primer yielded a PCR product of 752 base pairs (Figure 1),
whereas the 2™ primer provided a PCR product of 310 base pairs, and the third primer yielded a PCR
product of 1,008 base pairs.
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Marker Primer 1 Primer 2 Primer 3

Figure 1 PCR product of the mIrA gene of Novosphingobium sp. KKU25s with specific primer design.

Cloning and expression of the mirA gene of KKU2S5s

The mlrA gene of Novosphingobium sp. KKU25s, with an expected size of approximately 752 base
pairs, was amplified using primer 1 and ligated into the pGEM-T cloning vector. pGEM-T-KKU25s-mlrA
was confirmed by DNA sequencing. Then, pGEM-T-KKU25s-mlrA was digested by 2 endonucleases
(BamHI and Xhol) and ligated to an expression vector; the resulting product was designated as the
recombinant pET32a-KKU25s-mlrA plasmid. The insertion of the mlrA gene of Novosphingobium sp.
KKU25s into pET32a was confirmed by sequencing, and the plasmid was successfully transformed into
E. coli BL21 (DE3) to produce the recombinant pET32a-KKU25s-mIrA-BL21 bacteria. The inserted
mlrA originating from the KKU25s strain had an open reading frame (ORF) of 752 nucleotides and
encoded a putative protein of 251 amino acid residues (Figure 2). Its nucleotide sequence showed 98 %
similarity to the mlrA gene of Sphingomonas sp. ACM-3962 (GenBank accession No.: AF411068). After
the recombinant bacteria were induced by IPTG, a protein product with a molecular weight of 22 kDa
was observed by SDS-PAGE (Figure 3).
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Marker  Positive  Negative

v

Figure 2 PCR product of the recombinant mlrA gene of approximately 752 bp amplified using primer 1.

To investigate the protein homology of the deduced amino acid sequences of the mlrA gene of
Novosphingobium sp. KKU25s, the putative amino acid sequence was analyzed against protein databases.
BLASTP analysis demonstrated that the putative MIrA protein of the bacterial isolate KKU25s exhibited
the highest similarity to the corresponding CPBP family intramembrane metalloproteases of
Novosphingobium sp. THN1 (WP118074287) and Novosphingobium sp. MD-1 (WP125955355), with 99
% sequence similarity. The deduced amino acid sequence of the putative MIrA protein was identified as
the abortive infection protein (Abi) or CAAX protease self-immunity. Multiple sequence alignment of the
putative MIrA protein from Novosphingobium sp. KKU25s with its homologous proteins and the selected
Abi proteins revealed the conserved amino acids EgyEg;P100H 60R171H172 (the letters represent the type of
amino acid; the numbers represent the position of the amino acid in the putative protein sequence)
(sequence alignment not shown). From this alignment, it could be determined that all proteins contained 2
glutamic acid residues and 2 histidine resides, corresponding to the highly conserved Glu-Glu and
histidine motifs of the Abi and CAAX proteins. In addition, the MIrA proteins contained a short amino
acid sequence with 2 histidine residues and 1 glutamate residue (H;77AIH;3)NE;s,L), which is similar to a
variant of the classic zinc-binding motif (HEXXH, in which X is any amino acid) found in a number of
metalloprotease families [15,31].
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Figure 3 SDS-PAGE analysis of the supernatant containing the MIrA protein.

Assessment of MC degradation by recombinant bacteria by HPLC and LC-MS analysis

The degradation activity of the cell lysate of E. coli BL21 (De3) host cells expressing mirA was
investigated in bacterial degradation of [Dha’] MC-LR using HPLC.

Beginning at 6 h, the degradation byproduct was detected, and the [Dha’] MC-LR concentration
began to decline. The degradation byproduct increased over time. At 12 h of incubation, the toxins were
degraded by approximately 50 %, and the toxins were completely degraded (including byproduct A) after
30 h of incubation (HPLC chromatogram not shown). The byproduct was further investigated using LC-
MS, and MS analysis showed 2 main ion peaks. The ion at m/z 981.50 was consistent with [Dha’] MC-LR
in its cyclic structure, whereas the ion at m/z 999.51 confirmed the degradation of MC (Figure 4) and was
a linearized peptide fragment of [Dha’] MC-LR. The activity of mlrA from KKU25s-recombinant could
degrade [Dha’] MC-LR, indicating successful expression.

Intens. +MS, 0.0min #2

4000

] 999.51
3000

] 927.63 o 1021.49
2000
1 938.48 1044.46

960.4
1000- 944,49 %968 .48 “ ‘

0

Figure 4 LC-MS spectrum of [Dha’] MC-LR degradation. A is [Dha’] MC-LR at m/z 981.50, and B is the
degradation byproduct at m/z 999.50.
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3D structure modeling analysis

The 3-dimensional structure of the MIrA protein, or microcystinase, of strain KKU25s was
predicted based on the translation of the nucleotide sequence of KKU25s-mlrA into amino acid residues.
The 3D structure models of KKU25s-mlrA were created using 2 bioinformatic programs, SWISS-
MODEL and Phyre2, for comparison.

The 3D structural model was predicted by the SWISS-MODEL program. A comparable protein
template was found to be RCE1 (PDB ID 4cad.3.C). The template shared 25.01 % sequence homology
with KKU25s-mlrA. The KKU25s-mIrA model showed the presence of highly conserved alpha-helices
and loop structures containing 4 conserved sequences: The 1% sequence consisted of a range of amino
acid sequences from Gly, to Lys,;; the ond sequence consisted of Pro,s to Leuye; the 31 sequence consisted
of Sers; to Lysss, and the 4™ sequence consisted of Metgy to Hisyg (Figure 5).

g-nelix 3

f Target HOBGRNL RGF! PLLKKE‘DPLTM?ILGIHHHEWHLFRDLPTLFSGRPGE"ILWSVI\'KQWIR &
-— y  p— [r— ——
dead.3.Cl--- DSE S[LFHSILFG]FHS%HE?FDIE“.':.’!:E'L'Q':'EI'.'"FQEIE‘[TGL‘.E'"?E‘ 15
— \
TaIgEt:FGFIP.STIIHP?CHELEGSHH -GRAHSRAE )

4cad.3.CL SILP!{EIIII‘HHCLIﬂNRK 0

0

Figure 5 3D structure model and loop structures of KKU25s-mlrA (a) and highly conserved alpha-helices
containing 4 conserved sequences (b) in the SWISS-MODEL program.
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For the prediction of mlrA using the Phyre2 program, the protein template was RCE1 (PDB ID
cdcad), which is the same protein template used for comparison with the SWISS-MODEL program. The
KKU25s-mlrA 3D structure model was also found to exhibit 4 highly conserved alpha-helices and loop
structures (Figure 6). The sequence alignment of KKU25s-mlrA with the template protein revealed that
the 2 structures shared 26 % sequence identity. This result indicated that the model protein structures
predicted by the 2 models were consistent.

Figure 6 3D structure model of KKU25s-mlrA generated with the Phyre2 program.

Discussion

The presence of MCs in freshwater is an increasing problem and poses a potential threat to human
and animal health worldwide. These toxins are well recognized as stable and persistent compounds;
however, many reports have shown that MCs are vulnerable to breakdown by indigenous bacteria [25,26].
These bacteria have been shown to be species belonging to genera such as Bacillus, Burkholderia,
Novosphingobium, Paucibacter Pseudomonas, Sphingomonas, Sphingopyxis, Sphingosinicella, and
Stenotrophomonas [13,27,28] as well as Novosphingobium sp. KKU25s, which was previously isolated
by Phujomjai ef a/. [10] and used in his study. Therefore, there is great potential for cyanotoxin-degrading
bacteria to be used for the removal of MCs from water, because biodegradation is a safe and natural
treatment method for removing MCs from water. This study is the first to demonstrate the
characterization of an MC-degrading enzyme against the [Dha’] MC-LR variant rather than MC-LR, MC-
RR and MC-YR, which are the most common MCs detected in freshwater.

The MC degradation process was first characterized in Sphingomonas strain ACM-3962 (MJ-PV) in
the degradation of MC-LR [14]. At least 3 intracellular hydrolytic enzymes are involved in this
degradation process. The 1% enzyme in the degradation pathway, a metalloprotease known as
microcystinase, cleaves the aromatic ring of MC-LR, yielding a linearized MC-LR. Next, a serine
peptidase catalyzes the linearized MC-LR, producing a tetrapeptide. Finally, the 3™ enzyme, another
metalloprotease, cuts the peptide bonds randomly, resulting in undetectable peptide fragments and amino
acids [14]. To further understand the mechanism of MC-degrading enzymes, Bourne et al. [15] performed
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the cloning and molecular characterization of 4 genes from Sphingomonas strain ACM-3962 to identify
the MC-degrading gene cluster, which consists of mlrA, mirB, mirC and mlrD. The mlrA, mIrB, and
mlrC genes encode 3 peptidases, while the mlrD gene is predicted to encode a transport protein [15,27].
In this study, the mlrA gene, which encodes the MIrA protein, was amplified from the genomic DNA of
Novosphingobium sp. KKU25s. The nucleotide sequencing of MIrA revealed that the deduced amino acid
sequence of the putative MIrA protein from isolate KKU25s was identical to those of metalloproteases
from Novosphingobium sp. THN1 and Novosphingobium sp. MD-1 [28]. The putative MIrA protein of
isolate KKU25s was identified as a putative endometalloprotease on the basis of protein homology to the
putative CAAX amino terminal protease family protein (a superfamily of putative membrane-bound
metalloproteases) similar to the putative MIrA protein of Sphingomonas strain MD-1 [29]. The putative
MIrA protein of isolate KKU25s was also identified as a zinc-dependent metalloprotease on the basis of 2
histidine residues and a glutamate residue (HXXHXE) in a sequence similar to the putative MIrA protein
of the Sphingomonas strain ACM-3962 [15]. Therefore, the putative MIrA protein of isolate KKU25s is
most likely to be a zinc endometalloprotease similar to the MIrA proteins of strains THN1 and MD-1.

The mechanism by which the putative MIrA protein of isolate KKU25s hydrolyzes [Dha’] MC-LR
is probably similar to that of the MIrA protein of Sphingomonas strain ACM-3962 that cleaves MC-LR
because they contain identical active sites (VLTHAIHNE) (where the 2 Hs are zinc ligands, and E is the
active site residue involved in catalytic activity) [15,30]. In this study, based on the detected byproducts,
at least 3 hydrolytic enzymes are involved in this pathway. The 1* enzyme, mlrA, catalyses the cleavage
of the aromatic ring of [Dha’] MC-LR (cyclo-Ala-Leu-MeAsp-Arg-Adda-Glu-Dha; MW = 981), yielding
linearized peptides (NH,-Adda-D-Glu-Dha-D-Ala-L-Leu-D-MeAsp-L-Arg-OH; MW = 999) (byproduct
A). The 2™ enzyme cuts linearized (acryclo-) [Dha’] MC-LR at the alanine-leucine peptide bond,
producing a tetrapeptide (byproduct B), and, finally, the third enzyme presumably cleaves other bonds,
producing undetectable or unidentified peptide fragments. This enzymatic pathway is identical to that
previously identified by Bourne ef al. [15]. It is interesting that among the different amino acids of the 2
MIrA proteins, there is some similarity regarding which 2 of the nonpolar amino acids isoleucine and
leucine and the polar amino acids alanine and glycine align. The amino acids that differ between the 2
proteins may not affect the ability of the proteins to hydrolyze MCs because the conserved active site is
unchanged. Moreover, the presence of a signal peptide sequence that is conserved between the ACM-
3962 and KKU2S5s strains implies that the degradation of peptides by these bacteria occurs in the
periplasmic space of the cells [15,31].

The expression of the mirdA gene in E. coli BL21 (DE3) was successful. Recombinant KKU25s-
mlrA, encoding microcystinase (mlrA) or the KKU25s-mlrA enzyme, was capable of degrading [Dha’]
MC-LR at 30 mg L' within just 30 h. Using liquid chromatography-tandem mass spectrometry (LCMS),
linearized peptides of [Dha’] MC-LR were detected. The intermediate product suggested that the mirA
enzyme cleaved the aromatic ring of [Dha’] MC-LR (NH,-Adda-D-Glu-Dha-D-Ala-L-Leu-D-MeAsp-L-
Arg-OH) (MW = 981) at the Adda-arginine peptide bond, yielding linearized peptides (NH,-Adda-D-Glu-
Dha-D-Ala-L-Leu-D-MeAsp-L-Arg-OH; MW = 999). The linearized peptides of [Dha’] MC-LR were
subsequently degraded by peptidase and metallopeptidase enzymes to form small peptides. This
enzymatic pathway is identical to that identified by others [14,21,24,26,27]. It is important to note that the
intermediate MC degradation products of the linearized peptides, the tetrapeptide and the digested amino
acids are significantly less toxic than the parent MC molecules. Bourne et al. [14] demonstrated that the
toxicity of the linearized peptides of MC-LR was reduced 160-fold compared with the parent compound,
while other studies have demonstrated that the tetrapeptide and digested amino acids are nontoxic [12,27].
These findings strongly indicate that microbial degradation is a potentially safe and natural treatment for
the removal of MCs from water [10,12].

Only 1 study on the 3-dimensional (3D) structure of microcystinase has been conducted [25]. The
authors found that the structure of the MIrA protein ADK25053 from Sphingomonas sp. USTB-05
belongs to the CPBP family intramembrane metalloprotease, similar to type II CAAX prenyl protease,
whereas KKU25s-mlrA 3D models revealed that mlrA contains 4 alpha helical structures and is
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homologous to a member of the type Il CAAX prenyl proteases. Although, the RCEI protein shows less
identity to KKU25s-mlrA, RCE1 and mlrA are relevant because RCEI is an integral membrane protease
similar to mlrA. RCEI1 possesses the same CAAX protease as microcystinase. This work is valuable for
understanding the mechanism of [Dha’] MC-LR degradation by mirA and may be useful for the
applications aimed at the removal of MCs in freshwater environments.

The potential for biological processes to remove MCs in water treatment plants has stimulated
significant research in this area. A range of small-scale experiments have been carried out using bacteria
to degrade MC-contaminated water in which the bacterial cells are immobilized (i) on polyester resin in a
small-scale bioreactor [32], (ii) in biologically granular activated carbon columns [33]and (iii) in
biologically active sand filters [34]. These biological degradation methods were successful in completely
removing MCs from contaminated water and present potential for the larger-scale applications. However,
some factors of potential for bioprocess in removing MCs on real environments are required to further
investigate, including (1) how bioprocess could be physically adapted in treatment plants, (2) the efficacy,
volume of water that could be treated, duration of treatment and cost of a adapted bioprocess design, (3)
how KKU25s will perform and react in the actual environment where a wide range of substrate
compounds exist, (4) whether or not the bacteria are stable in the field and perform the same
biodegradation processes as noted in the laboratory, (5) difficulties associated with stimulating bacterial
growth in the field, and (6) other factors that might reduce the degradation activity of KKU25s in the
environment.

Conclusions

The bacterial strain KKU25s-mlrA encodes the microcystinase (MIrA) enzyme responsible for the
biodegradation of [Dha’] MC-LR. We cloned the mlrA gene from Novosphingobium sp. KKU25s into the
pGEM-T cloning vector. The nucleotide sequence of KKU25s-mlIrA (752 bp) was 98 % similar to the
mlrA gene of Sphingomonas sp. ACM-3962. Recombinant KKU25s-mlrA in the pET32a expression
vector was expressed when induced with IPTG. The mlrA enzyme is approximately 22 kDa according to
SDS-PAGE. The mlrA of KKU25s could degrade [Dha’] MC-LR. The 3-dimensional (3D) model
structure of KKU25s-mIrA was analyzed based on the putative amino acid sequence deduced from the
mlrA gene sequence by the SWISS-MODEL and Phyre2 programs. The 3D structure of KKU25s-mlrA
consisted of an alpha-helical structure atthe 4 position. The amino acid sequence of the alpha helix
corresponded to the corresponding position range according to both programs. By predicting the 3-
dimensional structure, it was determined that the protein was similar to the CAAX protease.
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