Purification and properties of fluoroacetate dehalogenase from Pseudomonas fluorescens DSM 8341
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Abstract

The degradation of fluoroacetate by microorganisms has been established for some time, although only a handful of dehalogenases capable of hydrolyzing the stable C-F bond have been studied.  The bacterium Pseudomonas fluorescens DSM 8341 was originally isolated from soil and very readily degraded fluoroacetate, thus it was thought that its dehalogenase might have some desirable properties.  The enzyme was purified from cell free extracts and characterised: it is a monomer of 32,500 Da, with a pH optimum of 8 and is stable between pH 4 and 10; its activity is stimulated by some metal ions (Mg2+, Mn2+ and Fe3+), but inhibited by others (Hg2+, Ag2+).  The enzyme is specific for fluoroacetate, and the Km for this substrate (0.68 mM) is the lowest determined for enzymes of this type that have been investigated to date.

Introduction

Fluorinated organic compounds have widespread applications as pesticides, herbicides, pharmaceuticals, flame-retardants, refrigerants and foam-blowing agents.  Consequently these compounds are now accumulating in the environment (Key et al. 1997), and there is increasing interest in the biological effects that they may have.  Most research concerning organofluorine biodegradation has focussed on fluorinated aromatics (Murphy 2007), and our understanding of fluoroaliphatic degradation is limited to a handful of examples.  Most prominent in these investigations is the degradation of fluoroacetate, which is used as a rodenticide in some countries, and is one of the few natural organofluorine compounds, being produced by several plant species and by the bacterium Streptomyces cattleya (Harper and O'Hagan 1994).  Fluoroacetate is highly toxic owing to the in vivo transformation (‘lethal synthesis’) of it to (2R, 3R)-fluorocitrate (Peters et al. 1953), which inhibits the citric acid cycle and is an irreversible inhibitor of citrate transport across mitochondrial membranes (Kirsten et al. 1978).  Microbial fluoroacetate degradation is catalysed by haloacetate halidohydrolase, which is the only class of enzyme that has been isolated that specifically hydrolyses the carbon-fluorine bond.  Goldman (1965) recorded the first observation of these enzymes in a Pseudomonas sp., which defluorinated fluoroacetate yielding fluoride ion and glycolate.  Subsequently other fluoroacetate-degrading enzymes were identified in bacteria and a fungus, which catalysed a similar reaction (Walker and Lien 1981; Kurihara et al. 2003).  Lui et al. (1998) investigated the mechanism of the fluoroacetate dehalogenase in Delftia acidovorans (formerly designated Moraxella sp. strain B) by site-directed mutagenesis and mass spectrometry of isotope-labelled peptide fragments.  An active site aspartate residue (Asp 105) acts as a nucleophile, which displaces fluoride and yields an ester intermediate, which is subsequently degraded via base-catalysed hydrolysis (Fig 1).
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Fluoroacetate dehalogenases may have potential applications in the detoxification of contaminated water or soil, or in the prevention of poisoning of animals grazing in regions were fluoroacetate-producing plants grow.  Gregg et al. (1998) transformed the rumen bacterium Butyrivibrio fibrisovens with the gene coding for the D. acidovorans fluoroacetate dehalogenase and found that when the genetically modified bacterium was introduced into sheep, they had improved resistance to fluoroacetate poisoning.


Despite the interest in these enzymes, a surprisingly small number of fluoroacetate dehalogenases have been isolated.  In this investigation, we report the purification and characterisation of a fluoroacetate dehalogenase from Pseudomonas fluorescens DSM8341, a bacterium originally isolated from a Western Australian soil sample and which displayed the ability to rapidly utilise fluoroacetate (Wong et al. 1992).

Materials and methods

Culture conditions

Batch cultures of Ps. fluorescens DSM 8341 were grown in 2 l conical flasks with 400 ml of mineral medium (Brunner) containing 1 g/l fluoroacetate (Fluka), with shaking at 200 rpm.

Preparation of cell free extract and enzyme assay

Harvested cells were suspended in 50 mM potassium phosphate (pH 7) containing 0.1% 2–mercaptoethanol (0.1 g wet weight cells/ml buffer), and kept on ice.  Passage of the cell suspension twice through a French Pressure cell resulted in cell disruption. The cell homogenate was centrifuged at 40,000 x g for 30 min at 4 °C to remove cell debris and supernatant was decanted and kept at 4 °C. 

Unless otherwise indicated the dehalogenase activity was determined by measuring the increase in glycolate concentration upon incubation of the enzyme with fluoroacetate (10 mM) in phosphate buffer (100 mM, pH 8) for 40 min at 30 ºC, using the method of Lewis and Weinhouse (1957).  An aliquot of the enzyme assay (0.2 ml) was added to 0.1% (w/v) 2,7-dihydroxynaphthalene (2 ml) and concentrated H2SO4 (2 ml). The mixture was boiled for 20 min, cooled on ice and diluted with 1 M H2SO4 (4 ml). The intensity of the colour was measured spectrophotometrically at 540 nm, and the glycolate concentration was determined by comparison with a standard curve.  The protein concentration was determined using Bradford reagent.

Protein purification and characterisation

Enzyme purification was conducted on a ÄKTAprime chromatography system (Amersham Biosciences), comprising dual pumps, fraction collector, in-line UV monitor (280 nm) and chart recorder.  All steps of the purification were conducted at 4 ºC.  SDS-PAGE gels were prepared according to the method of Laemmli (1970) with 10% acrylamide.  Samples of fractions were electrophoresed together with a prestained broad-range protein marker (New England Biolabs).  Characterisation of the enzyme was conducted using protein that had been partially purified by ammonium sulphate precipitation and anion exchange chromatography.  The initial rate of reaction of Ps. fluorescens fluoroacetate dehalogenase for a range of substrates was determined at various substrate concentrations. The resulting data were analysed using the non-linear regression analysis program Enzfitter (Elsevier-BIOSOFT, U.K.).

Results

Purification of the enzyme

The purification of the fluoroacetate dehalogenase by ammonium sulphate precipitation and chromatographic separation is summarized in Table 1.  The purity of the fluoroacetate dehalogenase was confirmed using SDS-PAGE (Figure 2), which also determined the subunit molecular weight.  A single band was visible revealing a pure enzyme preparation with no contaminants.  The molecular weight of the purified fluoroacetate was 32,500 Da by SDS-PAGE and 38,000 Da as determined by gel filtration, thus the enzyme is monomeric.


Characteristics of the enzyme

The enzyme’s characteristics were determined using the enzyme from the anion exchange step.  Maximum enzyme activity was observed at pH 8 (Figure 3) and the enzyme displayed 84 % relative activity at pH 9. The enzyme activity decreased dramatically outside these pH values, with less than 50% activity at all pH values below 7 and greater than 9.


After preincubating the enzyme at various pH for 12 h it was observed that the dehalogenase is very stable across a broad pH range.  The enzyme was most stable at pH 5 with 96 % retention of the activity, and only a small amount of activity was lost from pH 5-8.  However, there was a decrease of 24 % and 38 % of initial activity at pH 9 and pH 10, respectively. Loss of some activity was also observed after incubation at pH 4 (18 %).


The effect of temperature on enzyme activity was determined by assaying the fluoroacetate dehalogenase at a range of temperatures between 25-55 ºC.  The optimum temperature for the enzyme activity was observed at 30 ºC, but the activity rapidly declined above the temperature and less than 10 % activity was measured above 45 ºC (Figure 4).  The thermostability of the dehalogenase was assessed by incubating the enzyme for 20 min at temperature ranging from 25-55 ºC prior to assaying.  The residual activity fell dramatically at temperatures above 37 ºC, with less than 6 % residual activity remaining when the enzyme was incubated at 45 ºC.


The inhibitory/stimulatory effect of several compounds on the defluorinating activity was examined by pre-incubating the enzyme for 10 min with the compound of interest before assaying (Table 2).  The enzyme was inhibited dramatically by 1 mM Cu2+, Ag2+ and Hg2+, with less than 1% of the enzyme activity retained.  Interestingly, there was a stimulatory effect on the enzyme activity in the presence of 1 mM of Mn2+ and Fe3+, but some decrease in enzyme activity was observed when these ions were present at the higher concentration.  The presence of Mg2+ stimulated the enzyme by 20-25 %.  Pre-incubation of the enzyme with 1 mM and 10 mM Zn2+ resulted in a drop in activity of 10 % and 36 %, respectively. 

Assay of the Ps. fluorescens fluoroacetate dehalogenase with a variety of halogenated substrates indicated that fluoroacetate is most readily utilised by the enzyme (Table 3); chloroacetate and bromoacetate are much poorer substrates indicating that the size of the halogen substituent appears to influence substrate specificity.  Ethyl fluoroacetate is also a much poorer substrate than fluoroacetate, and fluoroacetamide is not degraded at all suggesting that a carboxyl group plays an important role in substrate specificity. Polyhalogenated acetates are not substrates for the enzyme.  Kinetic parameters (Vmax and Km) of the Ps. fluorescens fluoroacetate dehalogenase using fluoroacetatate, chloroacetate, bromoacetate and ethyl fluoroacetate as substrates were determined (Table 4).  Not surprisingly the lowest Km and the highest Vmax were measured with fluoroacetate, confirming the previous observation. The Km increased and Vmax decreased as the atomic size of the halogen substituent increased.  Esterification had a dramatic effect on both kinetic parameters; the Km is an order of magnitude greater that that measured with fluoroacetate, thus affinity of the enzyme for the substrate is substantially diminished by esterification, and any ester that does bind is turned over at a much slower rate compared with the natural substrate.  Interestingly, an increase in the size of the halogen substituent had more of an effect on the substrate turnover compared with esterification of fluoroacetate, as the Vmax for both chloroacetate and bromoacetate was lower than that observed for ethyl fluoroaceatate.


Discussion

Fluoroacetate dehalogenases are environmentally interesting enzymes, since they are capable of hydrolysing the highly stable carbon-fluorine bond.  Furthermore, they might be exploited to protect animals that are susceptible to fluoroacetate-poisoning.  The characterisation of the enzymes that have been isolated is quite erratic; nevertheless, some variability in the properties has emerged.  Of those enzymes whose subunit composition has been characterised, two are dimers (Kurihara et al. 2003; Liu et al. 1998) and one is monomeric (Kawasaki et al. 1981); the enzyme from Ps. fluorescens DSM8341 is a monomer.  The pH optimum for the known bacterial enzymes is approximately 9, while for the enzyme isolated in the present study, it is pH 8, which might be useful for any potential application requiring a pH close to neutral.  Furthermore, the pH stability range of the Ps fluorescens enzyme is broader than that of the other fluoroacetate dehalogenases isolated to date.  However, the enzyme described here is very sensitive to temperatures above 37 ºC, whereas others isolated are more thermostable, for example, the fluoroacetate dehalogenase isolated from a Pseudomonas sp. originating from New Zealand soil retained its activity when incubated at 78 ºC.  Other fluoroacetate dehalogenases are inhibited by thiol reagents, such as Hg2+ and Ag2+, as is the Ps. fluorescens enzyme.  Low concentrations of Mg2+ and Fe3+ stimulated Ps. fluorescens dehalogenase activity, yet in the dehalogenases isolated from another Pseudomonas sp. and the fungus Fusarium solani, these metal ions were found to have no effect (Walker and Lien 1981).  Cu2+ and Zn2+ are inhibitors of the enzyme from Ps. fluorescens, an effect that had not been reported for other enzymes of this class, but inhibition of the d-2-haloacid dehalogenase from Ps. putida AJ1/23 by high (10 mM) Cu2+ has been observed (Motosugi et al. 1982), and a bromoacetate dehalogenase isolated from Ps. cepacia is inhibited by Zn2+ (Tsang et al. 1988).  Fluoroacetate is the best substrate in comparison with other haloacetates, and has a lower Km (0.68 mM) than that reported for the other fluoroacetate dehalogenases, which is approximately 2 mM with the exception of the dehalogenase from Burkholderia sp FA1, which has a Km of 5 mM for fluoroacetate (Kurihara et al. 2003).  This relatively low Km might explain the more rapid degradation of fluoroacetate in soil by this strain in comparison with the other fluoroacetate-degrading microorganisms that were isolated from the same region (Wong et al. 1992).  In conclusion, the fluoroacetate dehalogenase from Ps. fluorescens DSM 8341 is a variant of the previously isolated enzymes from other strains, with some differences in its properties compared with the other known enzymes of this type, which may make it more useful in applications for the detoxification of contaminated environments.
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Table 1.  Purification of fluoroacetate dehalogenase from Pseudomonas fluorescens DSM 8341.  One unit is defined as the amount of enzyme that produces 1 (mol of glycolate per min.

a Pellet resuspended in phosphate buffer and eluted from HiTrap desalting column

b Enzyme eluted from DEAE HiTrap column with a linear gradient of phosphate buffer (50-500 mM, pH 7)

c Anion exchange fractions containing dehalogenase activity were pooled and concentrated prior to application to hydroxyapatite.  Dehalogenase activity eluted in the flowthrough.

d HiPrep 16/60 Sephacryl S-200.  Ve of dehalogenase = 90 ml

	Purification

step
	Vol

(ml)
	Protein

(mg/ml)
	Total activity

(units)
	Specific activity

(units/mg)
	Yield

 (%)
	Purification

(fold)

	Cell extract
	15
	7.53
	22,549
	200
	100
	1

	(NH4)2SO4 

40-60 % a
	4
	2.6
	8,080
	777
	36
	4

	Anion exchangeb
	4
	0.96
	4,984
	1304
	22
	7

	Hydroxyapatite c
	4
	0.05
	1,424
	7120
	6.3
	36

	Gel filtration d
	3
	0.01
	582
	19410
	2.5
	97


Table 2.  The effect of metal ions on the activity of Ps. fluorescens fluoroacetate dehalogenase.

	
	Residual activity (%)a

	Compound
	1 mM
	10 mM

	None (control)
	100b
	100

	Mg 2+
	127
	124

	Mn2+
	119
	79

	Fe3+
	123
	84

	Cu2+
	1
	1

	Zn2+
	90
	64

	Ag2+
	1
	-c

	Hg2+
	<1
	-


a Average of duplicate experiments

b Specific activity = 1057 units/mg

c Not measured

Table 3. Substrate specificity of Ps. fluorescens fluoroacetate dehalogenase
	Substrate (10 mM)
	Relative activity (%)a

	Fluoroacetate
	100 b

	Chloroacetate
	23

	Bromoacetate
	11

	Ethyl fluoroacetate c
	21

	Fluoroacetamide c
	0.1

	Difluoroacetate c
	0.8

	Trifluoroacetate c
	0.06

	Chlorodifluoroacetate c
	3.8





a Average of duplicate experiments




b Specific activity = 2279 units/mg




c Assayed using a fluoride ion selective electrode

Table 4. Kinetic parameters for Ps fluorescens fluoroacetate dehalogenase using a range of substrates (( one standard deviation).

	Substrate
	Vmax (units/ml)
	Km (mM)

	Fluoroacetate
	379.9 (8.2
	0.68 (0.07

	Chloroacetate
	67.4 (1.8
	0.79 (0.08

	Bromoacetate
	53.4 (3.8
	2.13 (0.41

	Ethyl fluoroacetatea
	94.4 (7.4
	6.39 (0.92





a Assayed using a fluoride ion selective electrode

Figure legends

Figure 1.  The mechanism of dehalogenation by fluoroacetate dehalogenase in Delftia acidovorans.

Figure 2.  SDS-PAGE of fractions from the stages of purification of the fluoroacetate dehalogenase from Ps. fluorescens.  Lane 1, molecular weight markers; lane 2, cell free extract; lane 3, ammonium sulphate precipitation; lane 4, anion-exchange chromatography; lane 5, hydroxyapatite chromatography; lane 6, gel filtration.

Figure 3.  The effect of pH on the deahlogenation of fluoroacetate by Ps. fluorescens fluoroacetate dehalogenase.  The results are expressed as the mean of the relative activity of the enzyme (( standard deviation) from two determinations.  The buffers employed were citrate-phosphate (pH 4-6), potassium phosphate (pH 7-8) and glycine-NaOH (pH 9-10).

Figure 4.  The effect of temperature on the dehalogenation of fluoroacetate by Ps. fluorescens dehalogenase.  The results are expressed as the mean of the relative activity of the enzyme (( standard deviation) from two determinations.

Figure 1.  Donnelly and Murphy
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