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   Shewanella putrefaciens supernatant was found to increase the virulence factors of Vibrio parahaemolyticus by 
effi  ciently degrading its acylhomoserine lactone (AHL). To further reveal the regulation mechanism and its key 
degrading enzyme, a potential AHL-degrading enzyme acylase (Aac) from S. putrefaciens was cloned, and the 
infl uences of temperature, pH, protein modifi ers, and metals on Aac were tested. Aac was signifi cantly infl uenced by 
temperature and pH, and exhibited the highest AHL-degrading activity at temperatures of 37 °C and pH of 8. Mg2+ 
and Fe2+ can further increase the AHL-degrading activity. 10 mM EDTA inhibited its activity possibly by chelating 
the co-factors (metals) required for Aac activity. Tryptophan and arginine were identifi ed as key components for Aac 
activity that are critical to its AHL-degrading activity. This study provides useful information on Aac and for V. 
parahaemolyticus control.

Keywords:   acylase, AHL-degrading enzyme, acylhomoserine lactone, Shewanella putrefaciens,   Vibrio 
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As an  occasional foodborne pathogen in seafood, Vibrio parahaemolyticus has been 
responsible for gastroenteritis outbreaks worldwide .    Shewanella putrefaciens coexists with V. 
parahaemolyticus and increases   virulence factors of V. parahaemolyticus in shrimp (W  
et al., 2016; F  et al., 2018).  S. putrefaciens is a major food spoilage bacterium in seafood, 
and exhibits a higher resistance to antibiotics and metals (K  & S , 2016), but rarely 
implicated as a cause of human disease (S   B , 2015). Ambient temperature, 
pH, and metals are also virulence factors of vibrio pathogens (G -P  et al., 2010; 
G , 2011; K  et al., 2012; G  et al., 2013). However, its mechanism of 
regulating the virulence factors of V. parahaemolyticus is not well understood. Quorum 
sensing (QS) is a bacterial communication system that regulates virulence factors and 
antibiotic eff ects via synthesis of autoinducer molecules (H   B , 2003; S   
H , 2002). Vibrio harveyi AHL autoinducer is degraded by bacterial enrichment cultures 
of shrimp (T  et al., 2007). The virulence gene hlyA is negatively regulated by the QS 
system in Vibrio cholerae (T   Z , 2010). It is thought that QS signal degrading enzymes 
can alter the virulence factors.
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In a previous study, we reported that the S. putrefaciens supernatant exhibited a 
signifi cant degradation ability of QS signal AHL of V. parahaemolyticus (F  et al., 2018). 
Variovorax paradoxus can also utilise AHLs as energy sources for growth (L   
G , 2000). Ralstonia sp. aiiD was identifi ed as a potent AHL acylase (L  et al., 
2003). Shewanella oneidensis AHL   -acylase (Aac) is an aiiD homolog and contains a highly 
conserved Ntn_hydrolase, which has a structure similar to the common of β-lactamases 
superfamily (K  et al., 2006). It is also reported to markedly degrade the AHL production of 
Vibrio anguillarum (M  et al., 2008) . AHL acylase of Shewanella algae belongs to 
the penicillin acylase family, which can confer S. algae resistant to penicillins and other  
β-lactam antibiotics (G  et al., 2019). Zinc and other metal-binding motifs are 
common in the Ntn_hydrolase structure of (M  et al., 1998; I  et al., 2005). In 
this study, we investigated the Aac properties by testing the eff ects of temperature, pH, 
modifi ers, and metals on its AHL degrading ability, to further reveal the mechanisms 
regulating the virulence factors of V. parahaemolyticus by S. putrefaciens in spoiled shrimp.

1. Materials and methods

1.1. Bacterial strains, plasmids, and growth conditions

The V. parahaemolyticus strain ATCC33847 (from the China Committee for Culture 
Collection of Microorganisms), Escherichia coli BL21, and DH5α (from our lab) carrying 
plasmids pET28a(+) (kanr, from our lab) were grown in LB culture (10 g l–1 yeast extract, 10 
g l–1 tryptone, and 5 g l–1 NaCl) with or without Kanamycin (50 μg ml–1) at 37 °C, unless 
specifi cally noted otherwise. Kanamycin (USP Grade,), yeast extract (FMB Grade), tryptone 
(FMB Grade), NaCl (purity ≥99.5%), MgCl2  (purity ≥99.0%), and metals and reagents were 
purchased from Sangon Biotech Co., Ltd (Shanghai, China).

1.2. Synthesis and expression of the aac gene in plasmid pET28a

The S. putrefaciens aac gene was synthesised by Sangon Biotech Co., Ltd (Shanghai, China) 
according to the sequence of the aac gene from S. putrefaciens strain in the database (NCBI 
Accession Number NC_009438). The aac DNA fragment and plasmid pET28a were digested 
with BamHI and Hind III, and the PCR products were purifi ed with gel electrophoresis and 
ligated by T4 ligase according to F  and co-workers (2015).

The  E.coli BL21 harbouring recombinant pET28a-aac was grown in LB culture with 
Kanamycin (50 μg ml–1) at  37 °C for 24 h, transferred to a new LB culture, and induced with 
1 mM isopropylthio-galactoside (IPTG, purity ≥99.0%, Sangon Biotech Shanghai, China) 
for 6 h. The recombinant protein was harvested and purifi ed according to M  and 
co-workers (2008). Briefl y, the cultured supernatants were ultrafi ltered with an Amicon 
Ultra-15 membrane (10 kDa, Millipore-Sigma, USA) at 3000 g at 4 °C for 2 h, and the 
condensed supernatant was diluted with pre-cooled LB culture to 1:100 (v:v) (10 μg ml–1) for 
further analysis.

1.3. Determination of AHL-degrading rates

V. parahaemolyticus AHL was prepared as reported by F  and co-workers (2018). AHL 
was added to a 500 μl suspension of E.coli BL21 harbouring pET28a-aac containing 4 mM 
protein modifi er or 5 mM metal ions or EDTA to react at 25, 30, 37, 45, 50, and 55 °C for 30 
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min as described by M  and co-workers (2008), at a fi nal concentration of 5 μg ml–1. 
The residual AHL contents were determined by liquid chromatography linked to tandem 
mass spectrometry (LC-MS/MS  ; Tandem Quadrupole LCMS-8030 (Shimadzu, Japan)) as 
described by F  and co-workers (2018). For AHL analysis, the injection volume was set at 
10.0 μl, and eluent A was methanol and eluent B was water at a fl ow rate 0.3 ml min–1. The 
elution gradient started with 30% of eluent A, was raised to 90% in a 4 min gradient, and then 
was set back to the initial conditions after 3 min. For mass spectra in ESI source, the block 
and desolvation temperatures were 250 °C and 400 °C, respectively, desolvation gas fl ow rate 
was 15.0 l min–1 and capillary voltage was 4.5 kV. The ratios of LC-MS/MS peak areas of the 
analytes to an internal standard were measured, and the AHL samples treated without Aac 
supernatants were set as blank controls (0%). The data were adjusted by subtraction from the 
corresponding blank controls. Each experiment was performed at least 3 times.

1.4. Statistical analysis

Statistical analysis was performed with ANOVA and Duncan’s multiple range test using 
SPSS version 19.0. The results were compared and the statistical signifi cance P value was set 
at <0.05.

Fig. 1. Eff ects of temperature and pH on AHL-degrading activity of S. putrefaciens lactonase enzyme Aac. 500 
μl supernatant of BL21 harbouring pET28a-aac was mixed with 100 μl AHL, incubated at 25, 30, 37, 45, 50, and 
55 °C (A) or at pH 3, 4, 5, 6, 7, 8, 9, and 10 (B) for 30 min. the AHL contents were measured with LC-MS/MS. 
The data represent the means of three independent experiments. Error bars represent mean standard deviations. 

Diff erent superscript letters indicate signifi cant diff erences at P<0.05 according to Duncan’s test.

2. Results and discussion

2.1.  Eff ects of temperature and pH o n V. parahaemolyticus AHL-degrading activity of 
S. putrefaciens Aac

S. putrefaciens regulates V. parahaemolyticus virulence factors through its AHL-degrading 
ability, and the temperature infl uences this regulation (F  et al., 2018). To detect the 
potential AHL degrading activity of S. putrefaciens Aac and its other properties, the AHL-
degrading rates of S. putrefaciens Aac and the eff ect of temperature on its activity were 
determined. V. parahaemolyticus AHL was mixed with 500 μl of Aac solution to react at 
diff erent temperatures for 30 min. S. putrefaciens Aac exhibited a higher degrading activity 
at 37 °C >30 °C >25 °C with a clear positive temperature-dependent eff ect. However, when 
the temperature was >37 °C, the AHLs degrading activity of Aac decreased. Thus, the highest 
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AHL-degrading activity was at 37 °C. This is consistent with our previous fi ndin gs that 37 °C 
was the optimal temperature for maximal S. putrefaciens activity to enhance the V. 
parahaemolyticus virulence factors (F  et al., 2018).

Next, the eff ect of pH on Aac in AHL-degrading was analysed. For this, AHL was mixed 
with Aac solution to react at diff erent pHs (0.1 mM Tris-HCl, pH = 3 to 10) for 30 min. At 
pHs <8, Aac exhibited a positive pH-dependent-eff ect on AHL degradation. At pHs >8, the 
degrading activity of Aac was suppressed. The optimal pH for Aac was 8. S. putrefaciens Aac 
showed a better pH-stability compared to that of Bacillus sp. (W  et al., 2004).

Fig. 2. Eff ects of protein modifi ers on AHL-degrading activity of S. putrefaciens lactonase enzyme Aac. The 
mixture of Aac and AHL was incubated with or without indicated concentrations of DTT, BrAc, Acac, NBS, and 
PMSF at 37 °C for 30 min. The AHL contents were measured with LC-MS/MS. The data represent the means of 

three independent experiments. Error bars represent mean standard deviations.
: DTT; : BrAc; : Acac; : NBS; : PMSF

2.2. Eff ects of protein modifi ers on S. putrefaciens Aac

The Aac activity is usually ascribed to its protein structur e.   Ntn_hydrolase is a key conserved 
structural domain of Aac and is also found in ATP-dependent proteases (K  et al., 2000). 
Such structural domains are usually rich in arginine, serine, lysine or histidine residues. 
Besides, disulphide bonds off er structural stability but can be broken by dithiothreitol (DTT). 
Arginine residues are modifi ed by acetylacetone (Acac), which is used to confi rm the presence 
of arginine residues in proteins (D  et al., 2015). BrAc was used to analyse the histidine 
active site residues (M   M , 1976), and N-bromo succinimide (NBS) 
was used to analyse tryptophan based active site residues (T  et al., 2006). 
5-methylphenazinium methyl sulphate (PMSF), as a routine protease inhibitor, was used to 
modify serine based active site residues. In order to analyse and confi rm the Aac enzymatic 
properties and key active site residues, DTT, BrAc, PMSF, NBS, and Acac were used to test 
their eff ects on AHL degrading activity of Aac. Compared to DTT, BrAc, and PMSF, addition 
of 1 mM or higher doses of NBS and Acac signifi cantly reduced the AHL degrading activity 
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of Aac (Fig. 2), suggesting that tryptophan and arginine residues are the key active sites of 
Aac. The results showed that Aac was signifi cantly inhibited by NBS and Acac, which is 
highly specifi c for tryptophan and arginine residues (T  et al., 2006; D  et al., 2015). 
AHL acylase and GL-7-ACA acylase both belong to family of β-lactam acylases with a 
conserved Ntn_hydrolase (K  et al., 2000; K  et al., 2006). In previous reports, tryptophan 
and arginine were also found to be involved in the substrate binding and catalytic activity of 
GL-7-ACA acylase in Pseudomonas sp. (L  et al., 2000). These results suggest that 
tryptophan and arginine residues play important roles in the AHL degradation activity of Aac.

2.3. Eff ects of metals on S. putrefaciens Aac

Most beta-lactam acylases are metal-dependent enzymes. Zinc-binding motif is conserved in 
β-lactam acylases family, and is infl uenced by zinc (M  et al., 1998). As an aiiD homolog, 
S. putrefaciens Aac may have a common structure to β-lactamases superfamily (K  et al., 
2006). In order to further analyse the properties of Aac, its metal dependence was tested. 5 
mM Mg2+, Fe2+, Ca2+, Cu2+, Zn2+, Ba2+, and Mn2+ were added to Aac and AHL mixed solution 
to react at 37 °C for 30 min (Fig. 3A). 5 mM Mg2+ and Fe2+ signifi cantly enhanced the AHL-
degrading activity of Aac compared to the control (without metals). This explains why Fe2+ 
could enhance the V. anguillarum virulence in Japanese eels and ayu (N  et al., 1987). 
However, 5mM Ca2+, Cu2+, Ba2+, and Mn2+ signifi cantly suppressed the AHL-degrading 
activity of Aac. The eff ect of Zn2+ on Aac was slightly negative but not obvious. However, a 
signifi cant decrease in AHL-degrading activity was observed in Aac following the addition 
of 10 mM or higher EDTA (a metal chelator) concentration (Fig. 3B). In other bacteria, some 
typical acylase activities have been found to be increased by Mg2+ (Z  et al., 2016). The 
lactonases from Burkholderia sp. and Bacillus sp. were inhibited by Cu2+ and Zn2+ but not by 

ion-chelating EDTA (M , 2001), which did not expl ain that Zn2+ is required for 
catalytic activity of lactonase with a zinc-binding motif (C  et al., 1997). When the 
concentration of ion-chelating reagent EDTA was increased to remove the residual Zn2+ from 
Aac, the AHL degradation activity signifi cantly decreased. These results together indicate 
that metals are also required for the AHL degrading activity of Aac, confi rming that metals 
increase V. parahaemolyticus virulence factors by enhancing the Aac activity of S. putrefaciens 
or other symbiotic bacteria in shrimp.

Fig. 3. Eff ects of metals on AHLs degrading activity of S. putrefaciens Aac. The mixture of Aac and AHL was 
incubated with or without 5 mM Mg2+, Fe2+, Ca2+, Cu2+, Zn2+, Ba2+, and Mn2+ (A) or indicated concentration of 
EDTA (B) at 37 °C for 30 min. The AHL contents were measured with LC-MS/MS. The data represent the means 

of three independent experiments. Error bars represent mean standard deviations. Diff erent superscript letters 
indicate signifi cant diff erences at P<0.05 according to Duncan’s test.
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3. Conclusio ns

In this study,  we cloned a putative A  HL acylase gene aac fr  om S. putrefaciens and found that 
Aac could degrade QS autoinducer molecule AHL and increase virulence factors of V. 
parahaemolyticus. S. putrefaciens Aac was sensitive to environmental temperature, pH, and 
metals. It is noteworthy that Acac, NBS, and EDTA signifi cantly impaired Aac. The key 
amino acid residues, such as tryptophan and arginine, and metals also contribute to its AHL-
degrading activity, and Mg2+ and Fe2+ can further enhance it. These fi ndings further confi rmed 
the AHL degradation activity of S. putrefaciens Aac as an AHL acylase. More importantly, 
the Aac contributes to the increase in V. parahaemolyticus virulence factors. Lowering the 
activity of Aac using inhibitors could be an eff ective strategy to control the V. parahaemolyticus 
virulence in shrimp preservation.
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