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Abstract

Microcystin-LR (MC-LR), produced by harmful cyanobacteria, seriously endangers animals and humans.
Biodegradation appears as the major pathway for natural MC-LR attenuation. To elucidate the regulatory function of
mirA gene of Novosphingobium sp. THN1 (i.e., THN1-mirA gene) in MC-LR biodegradation, this study constructed a
recombinant bacterium and succeeded in heterlogously expressing the MIrA of THN1 strain (i.e., THN1-MIrA enzyme).
The recombinant MIrA exhibited the activity for smoothly degrading 20 ug mL™* of MC-LR at an average rate of 0.16
pg mL" h-' within 80 h. Mass spectrum analysis confirmed that recombinant MIrA hydrolyzed cyclic MC-LR by cleaving
the peptide bond between Adda and arginine residue and generated linearized MC-LR as primary intermediate. Such
linearization for MC-LR catalyzed by THN1-MIrA enzyme was particularly important during MC-LR biodegradation
process, because it opened the highly-stable cyclic structure of MC-LR and caused substantial detoxification. These
findings for the first time manifested that mirA gene homolog of Novosphingobium genus conserved its original catalytic
function as described elsewhere. This study expanded the knowledge on the function of mIrA homologs from various
natural habitats, and facilitated the understanding on the fate and biological attenuation mechanisms of MC-LR in Lake

Taihu, China, where THN1 strain is indigenous.
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Introduction

Microcystins (MCs), the most ubiquitous cyanotoxins, are mainly
produced and released by harmful cyanobacteria in freshwaters
worldwide [1]. As a group of cyclic cyanotoxins, MCs share a general
structure  of  cyclo-(,-Ala- -R - -iso-MeAsp- -R,-Adda- -iso-Glu-
Mdha-), where R and R, are two variable L-amino acids (Figure 1), and
elicit potent carcinogenic and even lethal effects on aquatic organisms
and humans through protein phosphatases (PPs) inhibition [2]. The
cyclic structure endows MCs with strong physic-chemical stability and
resistance against hydrolysis, oxidation and common proteases [3,4].
Since most MC-contaminated freshwaters (i.e., lakes, reservoirs) are
the water sources of drinking and agro-irrigation uses for surrounding
regions, to remove MCs from freshwaters and to understand removal
mechanisms is thus paramount to guarantee ecological and public
health.

Biodegradation is recognized as the major mechanism for natural
MCs attenuation and can be achieved owing to specific protease [5,6].
Among numerous analogs of MCs, microcystin-LR (MC-LR) (; -leucine
and  -arginine at sites R, and R,, respectively) is the most toxic and
commonly problematic one that has been extensively studied [7].
Bourne et al. [8,9] identified mlIrA gene as prime important for MC-
LR degradation by bacterium Sphingomonas sp. ACM3962 indigenous
to Australian freshwater, because the mirA-encoded enzyme initiates
biodegradation by hydrolyzing highly-stable cyclic MC-LR at Adda-
arginine bond into a linearized form. Such linearized intermediate
is 160-fold less toxic and more susceptible to rapid degradation than
cyclic parent MC-LR [8-10]. To date, mlrA gene homolog is verified as
a unique biomarker of diverse MC-degraders originated from various
habitats [6]. Thus, to explore whether mlrA gene homologs of other
MC-degraders exert the similar function as ACM-3962 strain is crucial
to understand the fate and attenuation mechanism of MC-LR in their
respective original habitats.

A novel bacterium named THNI, indigenous to Lake Taihu of

China, has recently been identified as the first MC-degrader affiliated
with Novosphingobium genus and able to degrade MC-LR (mg L level)
in virtue of its mirA gene expression [11]. Further study elaborated that
divergent expression of mirA gene greatly affected MC-LR degradation
potency of THN1 under various nutrient conditions [12]. Although these
findings have suggested the indispensability of mlrA gene in mediating
MC-LR degradation by THNI1 strain, yet the actual function of mirA
gene harbored in THNI1 strain (referred as THN1-mlrA) during MC-
LR degradation process was not exactly clear. Also, it should be noted
that the mlrA gene function of aforementioned MC-LR degraders may
not be fully applicable for THN1 strain, because of potential variations
in amino acid sequences of and enzyme structures encoded by mirA
gene homologs of different degraders. Study on preservation and/or
evolutionary change of MIrA homologs function is vital to clarify MC-
LR fate in aquatic habitats. Thus, the regulatory function of THN1-mirA
gene in MC-LR degradation deserves experimental validation.

Heterologous expression emerged as a promising way to easily
explore the regulatory roles of particular gene. By cloning and
expressing THN1-mlrA gene in heterologous host, this study mainly
aimed to analyze the degradation products of recombinant mlrA, based
on the fragmentation patterns of mass spectrum, to enable an accurate
and credible verification on the function of THN1-mlirA gene in MC-
LR biodegradation process. The results were helpful to comprehend
potential fate and biotransformation mechanism of MC-LR in Lake
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Taihu, and assess the ecological significance of MIrA originated from
THNI (referred as THN1-MIrA) in MC-LR decontamination. Also, the
findings provided new insights into the concern that whether THN1-
MIrA enzyme conserves its original catalytic roles of ring-opening and
detoxification for MC-LR, as initially reported by Bourne et al. [9].

Materials and Methods

Test bacterium and materials

The wild-type Novosphingobium sp. THN1 strain was grown in
Luria-Bertani (LB) broth (tryptone 10 g, yeast extract 5 g and NaCl
10 g per 1 L at pH 7.2, autoclaved at 121°C for 20 min) at 30°C for
24 h. Bacterial cells were harvested by centrifugation at 3000 r min-
! for 5 min, and rinsed twice with 0.01 mol L' phosphate-buffered
saline (PBS) (NaCl 8 g, KCI 0.2 g, Na,HPO, 1.42 g and KH,PO, 0.27
g per 1000 mL at pH 7.4, autoclaved at 121°C for 20 min) before re-
suspended in certain volume of PBS. The host strains and plasmids used
in this study are listed in Table 1. MC-LR (95% purity) was purchased
from Express Technology Co., Ltd., China, and stored at -20°C. Other
chemical regents were analytical grade except as specified by kit or by
instruction.

Amplification of THN1-mlirA gene

To amplify full length of THN1-mirA gene by polymerase chain
reaction (PCR), the primers were designed according to the sequence
deposited in Genbank (accession No.: HQ664118), with the forward and
reverse primer carrying BamH I and Xho I restriction site, respectively
(Table 1). PCR was conducted on a Veriti 96 Well Thermal Cycler
(Applied Biosystems, Foster City, CA, USA) in triplicate to ensure
reproducibility. Reaction mixture contained 2 pL of Takara 10 x Extaq
buffer, 1.6 pL of deoxynucleoside triphosphates, 0.5 uM of each primer,
0.1 pL of Takara Extaq DNA polymerase, and 1 pL of DNA extracted
from THNT1 strain as template, with supplement of sterile ddH,O up to
a total volume of 20 pL. Amplification included an initial denaturation
at 94°C for 5 min, followed by 40 cycles of denaturation at 94°C for 30
s, primer annealing at 60°C for 30 s and primer extension at 72°C for
65 s. A final extension step was performed at 72°C for 7 min prior to
cooling at 4°C [13]. Sterile ddH2O was used as the template for parallel
negative control. The PCR product with expected size was visualized by
electrophoresis on 0.7% (w/v) agarose gel stained with SYBR Green I
(Invitrogen Co., Carlsbad, CA, USA).

Construction of recombinant bacterium

The target gene band with appropriate size was excised from
electrophoresis gel and purified by AxyPrep™ DNA Gel Extraction
Kit following manufacturer’s instruction (Axygen Biotech. Co. Ltd.,

Strains, plasmids and primers
Strains
Escherichia coli DH5a
Escherichia coli BL21 (DE3)
Plasmids
pMD18-T
pET-29a(+)

Primers
MIrA F (BamH 1)®
MIrA R (Xho 1)®

Relevant characteristics

Competent cell, Cloning host strain
Competent cell, Expression host strain

AmpR, TA cloning vector?
KanR, Expression vector?

Carlsbad, CA, USA), and then ligated with pMD18-T cloning vector.
Ligation reaction mixture comprising 1 pL of pMD18-T vector, 4 pL
of insert DNA and 5 pL of solution I was incubated at 16°C overnight
(Takara Biotech. Co. Ltd., Dalian, China). The recombinant plasmid
pMD18-T-mirA was transformed into competent E. coli DH5a using
the standard heat-shock protocol [14]. Positive clones carrying target
gene were grown on LB agar plate supplemented with ampicillin (50 ug
mL") and X-Gal (100 ug mL™) for 16 h, selected using blue-white spot
screening and verified by sequencing after colony PCR [15].

The plasmid pMD18-T-mlirA was extracted from positive clones
using AxyPrep™ Plasmid Miniprep Kit following manufacturer’s
instruction (Axygen Biotech. Co. Ltd., Carlsbad, CA, USA), and
digested with endonucleases BamH I and Xho 1. After visualization by
electrophoresis and gel purification, the target gene were sub-cloned
into expression vector pET-29a (+), which had been digested with the
same endonucleases, by aid of T4 DNA ligase (Takara Biotech. Co. Ltd.,
Dalian, China). The ligation product was transformed into competent
E. coli DH5a. Positive clones were cultured and screened out on LB agar
plate supplemented with kanamycin (50 pg mL?). After verification
by sequencing, recombinant plasmid pET-29a-mlrA was isolated and
transformed into competent E. coli BL21. The resultant recombinant
bacterium was designated as pET-29a-mirA-BL21. Meanwhile, blank
vector pET-29a (+) without any insert was transformed into competent
E. coli BL21 to construct a negative control (named pET-29a-BL21) in
downstream experiments where required.

Induction of recombinant MlrA expression

The recombinant bacterium and negative control was
independently grown in LB broth containing kanamycin (50 pg mL-
') on a shaker at 150 r min' and 37°C. When an optical density at
600 nm (OD600) of 0.8 reached, the cells were induced with 1 mM
of isopropyl-p-d-thiogalactoside (IPTG) at 25°C for overnight. One
milliliter of subsample was taken from recombinant culture and
negative control culture before and after induction, respectively. The
cells in subsample were collected by centrifugation at 8000 r min!
for 2 min and re-suspended in 200 pL of 1 x sodium dodecyl sulfate
(SDS) loading buffer. All suspensions were deactivated by boiling for
3 min and mlrA expression was examined using SDS-polyacrylamide
gel electrophoresis (PAGE) on 15% polyacrylamide gel stained with
coomassie brilliant blue [16].

MC-LR degradation by recombinant MIrA

The remaining recombinant culture after induction was centrifuged
at 3000 r min” for 5 min for cell collection. The cells were rinsed
thrice with PBS, and re-suspended in PBS with equal volume as the

Source or reference

Beijing Cowin Biotech., China
Beijing Cowin Biotech., China

Takara Bio. (Japan)
Laboratory stock

Sequence (5°-3’)
CGCGGATCCATGCGGGAGTTTGTCCGAC
CCGCTCGAGCGCGTTCGAGCCGGACTTG

This study
This study

aAmpR and KanR indicate resistance to ampicillin and kanamycin, respectively; °Underlined sequence was the recognition sites of specific restriction endonuclease shown

in the bracket.

Table 1: Host strains, plasmids and PCR-primers used in this study.
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remaining culture to achieve a suspension of induced recombinant.
The suspension was treated by ultrasonic processing at output power
of 250 W for 20 min to lyse the cells, during which every working time
of 3 s was alternated with an interval of 3 s, and centrifuged at 12000
r min” and 4°C for 10 min to discard the debris. The supernatant was
completely retrieved as cell-free crude enzymes (CE) extract of induced
recombinant. Meanwhile, the remaining culture of negative control
after induction was processed with the same procedures as described
above to accomplish a cell-free extract of induced control.

To test MC-LR degradation activity of recombinant MIrA, MC-
LR (final concentration: 20 ug mL") was spiked into sterile 50 mL
Erlenmeyer flask containing 8 mL of cell-free CE extract of induced
recombinant. The system containing 20 ug mL"* of MC-LR and 8 mL of
cell-free extract of induced control was established in parallel to strictly
assess any influence of host strain and blank expression vector on MC-
LR loss. Each system was capped and incubated at 30°C with a shaking
rate of 220 r min™. Triplicate systems were periodically sacrificed for
analyzing MC-LR and its degradation products.

Analysis of MC-LR and primary degradation products

Two milliliter of subsample from each system was centrifuged at
3000 r min™ for 5min, and 1 mL of supernatant was immediately applied
to quantify MC-LR by a high performance liquid chromatography
(HPLC) (Agilent Technologies 1260 Infinity, USA) fitted with a
Bonna-Agela Venusil' XBP (L) C column (4.6 mm x 250 mm, 5 um).
The operational conditions were congruent with (12,17), except minor
modification. Briefly, a mixture including chromatographic grade
methanol and 0.05 M phosphate buffer (pH 2.5) (60:40, v/v) acted as
the mobile phase at a flow rate of 0.58 mL min™'. The injected volume
and column temperature was 50 puL and 40°C, respectively. MC-LR was
quantified by calibrating the peak area at wavelength of 238 nm with
that of external standard. The HPLC system had a detection limit of
0.1pgL™.

To identify the character of primary degradation products, the
products were concentrated using a C, solid-phase extraction cartridge
(Bonna-Agela Technologies Co., Ltd., China) and eluted by methanol.
Using a Thermo Q-Exactive high resolution mass spectrometer
(Thermo Scientific, Waltham, MA, USA), full-scan mass spectrometry
(MS) was operated in positive-mode electrospray ionization (ESI) to
analyze the products. Both the precursor ions in samples and internal
standards were measured from MS assay. The ESI parameters were
specified as: resolution at 70,000, mass range from 900 to 1100, spray
voltage at 3.8 kV, S-lens RF level at 50.0, and capillary temperature at
320°C.

Results

Construction of mlrA-carrying recombinant bacterium

Recombinant plasmids pMD18-T-mlrA and pET-29a-mlrA were
propagated successively in cloning host. Sequencing results verified
that THN1-mlrA gene was inserted correctly into proper vector, and
pET-29a-mirA was transformed into expression host to obtain the
recombinant bacterium. The inserted mlirA originated from THNI1
had an open reading frame of 1008 nucleotides (excluding termination
codon) that encodes putative 336 amino acid residues.

MIrA production from recombinant bacterium

SDS-PAGE assay confirmed that MIrA protein was obviously
expressed in recombinant cells after IPTG-induction. By contrast,
corresponding protein was absent in the lanes for recombinant cells

before induction and negative control (pET-29a-BL21) before and after
induction (data not shown). These demonstrated that recombinant
MIrA, originated from THNT1 strain, can be successfully expressed in
heterologous host after IPTG-induction.

Characterization of MC-LR and its primary degradation
products

To testify the degradation activity of recombinant MIrA, cell-free
CE extract of pET-29a-mirA-BL21 was prepared to degrade MC-LR.
HPLC profile displayed that MC-LR peak at retention time between
16.1 and 16.3 min decreased in its area and height as time elapsed.
Correspondingly, a new peak at retention time of around 10.0 min
emerged and increased in both peak area and height, accompanied
with decreasing MC-LR peak (Figures 2A-2C). This implied that the
MIrA produced from recombinant cells possessed MC-LR-degrading
activity, and the new peak could be deemed as the intermediate
products catalyzed by MIrA enzyme. In contrast, initial MC-LR
concentration kept roughly constant in the cell-free extract of negative
control (Figure 3), confirming that neither heterologous host nor
blank expression vector had MC-LR degradation potency, and that
any MC-LR loss could be due to biodegradation by expressed MIrA
from recombinant cells. As shown in Figure 3, MC-LR was readily
and progressively degraded at an average rate of 0.16 ug mL* h in
CE extract of recombinant cells throughout the test period, and almost
70% of initially-spiked amount was removed until 80 h.

MS spectrum profile exhibited two major ion peaks at mass-to-
charge ratio (m/z) 995.6 and 1013.6, respectively (Figure 4). The peak
at m/z 995.6 represented the protonated molecular ion of parent MC-
LR ((Mass+H)*), while the other at m/z 1013.6 was m/z 18 higher than
(Mass+H)*, corresponding to the protonated molecular ion (M+18+H)
* (Figure 4). This ion peak at m/z 1013.6 indicated that parent MC-
LR (m/z 995.6) was hydrolyzed into a linearized form of MC-LR as
intermediate product, with one hydrogen (H) and one hydroxyl (OH)
added onto some group of the residue at each end of linearized MC-LR
molecular, respectively, after ring-opening.

Furthermore, MS spectrum profile also revealed another
predominant peak at m/z 862.5 observed as the second-most intensive
peak only after (M+18+H)* (Figure 4). This peak was m/z 151 lower
than that of (M+18+H)", and corresponded to a characteristic loss of
terminal phenylethylmethoxy group (PhCH2CHOCH3) and amino
group (NH2) from the Adda residue of linearized MC-LR (Figure
4). This conversion is a common loss fragment due to the radical
fragmentation rearrangement associated with electron delocalization
from the 4, 6-conjugated diene of Adda residue following linearization

Figure 1: General chemical structure of MCs with a pair of variable amino
acids at sites R, and R, (,-Ala: j-Alanine; -B-MeAsp: -erythro-3-methyl-
aspartic acid; Adda: (2S, 3S, 8S, 9S)-3-amino-9-methoxy-2,6,8-trimethyl-
10-phenyldeca-4,6-dienoic acid; -iso-Glu: ,-iso-Glutamic acid; Mdha:
N-methyl-dehydroalanine).
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[8,17,18]. The presence of this ion (m/z 862.5) is thus an indicative of the
linearized product including Adda residue with N-terminal at one end,
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Figure 2: HPLC profile for MC-LR degradation by recombinant MIrA
in CE extract at (A) 0, (B) 45 and (C) 80 h of test period. Parent MC-LR
was detected at the retention time of 16.1~16.3 min. Linearized MC-LR as
primary degradation product was detected at the retention time of around
10.0 min.
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Figure 3: MC-LR degradation kinetics by recombinant MIrA in CE extract.
Bars represent the standard errors of the means for triplicates.

m/z MS precursor and product ions
995.6 [Mass+H]*
1013.6 [Mass+H+H+OH]*

862.5 [Mass+H+H+OH-C H.CH,CHOCH,-NH_]*
The H and OH added after Adda-Arg bond cleavage are highlighted in bold.

Figure 4: The fragmentation patterns of MS spectrum for MC-LR and its
degradation products catalyzed by recombinant MIrA.

HN/J\NHZ

MC-LR (MW: 995.6)

THNI-MIrA

Linearized MC-LR (M W: 1013.6)

Figure 5: Catalytic scheme for MC-LR degradation by THN1-MIrA enzyme.
The Adda-Arg bond cleavage is indicated by a red arrow. The H onto NH,
group of Adda residue and the OH onto carboxyl group of arginine following
Adda-Arg bond cleavage are highlighted with red frames.

coinciding with previous report of Choi et al. [19]. Correspondingly,
it can be inferred that the linearized product included a carboxyl-
terminal arginine at the other end, and has a structure of NH2-Adda-
D-iso-Glu-Mdha-D-Ala-L-Leu-D-iso-MeAsp-L-Arg-OH. Hence, it
was concluded that THN1-MIrA can hydrolyze cyclic MC-LR into a
linearized product, by catalyzing the cleavage of Adda-Arg bond in
MC-LR (Figure 5).

Discussion

Biodegradation is the primary pathway for MCs elimination from
aquatic ecosystems. It is confirmed that MCs can be favorably degraded
by a variety of mlrA-harboring bacteria indigenous to diverse habitats
[6]. The mlrA gene homolog conserves an extremely rare nucleotide
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sequence, and encodes a highly specific protease (MIrA) with target
substrate range limited to MCs [20,21]. THNI strain, the first MC-
degrader belonging to Novosphingobium genus, is a novel bacterium
able to degrade MC-LR in virtue of its mirA gene expression [11], but
the catalytic function of THN1-mlrA gene in MC-LR degradation was
still unidentified. Noteworthy, former observations for other degraders
cannot be directly applied to THN1 strain due to potential difference
in amino acid sequences and structures of protease encoded by mirA
homologs from different genera of bacteria, despite their genetic
homology.

Here, we successfully cloned and expressed THN1-mlrA gene
in heterologous host. Results verified that recombinant MIrA can
be directly used to degrade MC-LR, without any necessity for pre-
denaturing, purification and refolding as performed in Dziga et al.
[21]. This implied that the recombinant MIrA might be expressed
in an active form but not deposited as insoluble inclusion bodies
in heterologous host here, exhibiting a less- costly and convenient
application potential. Based on MS spectrum profile, it was clarified
that THN1-MIrA can hydrolyze cyclic MC-LR into linearized MC-
LR as primary intermediate product (Figure 5). Furthermore, the ion
peak interpreting the characteristic loss of PhCH,CHOCH, and NH,
from Adda provided the evidence that the linearized product had an
N-terminal Adda and thus the evidence that the hydrolytic cleavage
of MC-LR occurred at Adda-Arg bond. Consequently, MS spectrum
verified that MC-LR degradation by THNI1 strain involved Adda-Arg
bond cleavage under hydrolytic effect of MIrA enzyme, with concurrent
addition of a H onto amino group of Adda residue and a OH onto
carboxyl group of arginine (site R2) (Figure 5). The linearization
process in MC-LR degradation by THN1-mlrA was congruent with the
cases for Sphigomonas sp. ACM-3962 and Sphingopyxis sp. USTB-05
strains [8,9,22].

Importantly, formation of such linearized intermediate through
Adda-Arg bond cleavage qualified as a detoxification process for MC-
LR, leading to a 160-fold reduction in toxicity compared with parent
MC-LR. Until recently, numerous studies have confirmed that such
linearized intermediate is much less toxic or even non-toxic at least at
environmentally-relevant concentrations [8,9,21,23]. This substantial
detoxification caused by linearization was presumably ascribed to the
alteration in the interaction between MC-LR and PPs, especially the
changes in affinity to the active site of PPs [8,9]. Also, in contrast to
cyclic form, linearized MC-LR is much less stable and more prone to
be further rapidly degraded into smaller peptides fragments and/or
amino acids by peptidases [8-10]. From these views, THN1-MIrA is of
particular importance in ensuring ecosystem safety and public health,
as it could open highly-stable cyclic structure of MC-LR and cause MC-
LR decontamination in natural waters.

This study for the first time revealed the catalytic hydrolysis
mechanism of MIrA originated from Novosphingobium genus in MC-
LR biodegradation, and ensured that THN1-MIrA enzyme conserved
its original catalytic function of ring-opening and detoxification for
MC-LR [9]. As the most toxic and abundant analog of MCs, MC-LR
poses extremely high risk to ecosystem safety and public health [7]. To
elucidate MC-LR biodegradation mechanisms is crucial to better assess
its fate and the risk of its degradation products in natural habitats.
Unlike ACM-3962 and USTB-05 strains, Novosphigobium sp. THN1
is native to Lake Taihu, hence this study expanded the knowledge
on the function of MIrA homologs originated from various natural
habitats, and was meaningful for acquiring the fate, bio-elimination
mechanisms and risk decrease of MC-LR in Lake Taihu, where MC-

LR was frequently detected during bloom period over decades [24]. In
future, more mlrA-harboring MC-degraders should be employed to
clarify whether catalytic hydrolysis schemes of MIrA towards MC- LR
are identical among a wide range of strains and maintain its function
along phylogenetic evolution process.
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