Proposal for an enhanced, yeast-based system for organophosphate pesticide decontamination. 
Abstract
Organophophates (OPs) are highly toxic compounds used as pesticides and chemical ware-fare agents (CWAs) around the world.  As a result, much research has been done to create efficient, eco-friendly and economically feasible systems of OP detection and biodegradation. The aim of this proposal is to develop a highly efficient whole-cell S. cerevisiae sensor and biocatalyst for the detection and remediation of the model organophosphate compound paraoxon and its degradation products A library of S. cerevisiae genes induced in the presence of paraoxon and paraoxon-hydrolysis compiled Schofield, et al will be used in conjunction with organophosphate hydrolase (OPH) isolated from Flavobacterium, sp for selective expression. In addition, we will constitutively express genes for the degradation of the byproducts p-nitrophenol (PNP), a carcinogenic, and diethyl phosphate (DEP) a useful phosphate souce. Schofield promoters fused to yeast-enhanced florescent reporters will further act as an organophosphorus detection and hydrolysis monitoring module. Ultimately, we hope to generate a recombinant, paraoxon-inducible system for the degradation and utilization of paraoxon as a carbon and phosphate source in S. cerevisiae. 
Introduction
Organophosphate compounds are powerful neurotoxins used in a variety of pesticides and chemical warefare agents such as sarin, soman, and VX.1, In addition to carbamates and certain therapeutic drugs, these toxins inhibit acetylcholinesterase, a enzyme located at the neuromuscular junction responsible for degrading the neurotransmitter acetlylcholine.(REF) Effects from achetylcholinesterase inhibitors include depression of respiratory function, vasodilation of blood vessels, reduced heart rate and intestinal cramps. When fatal, death typically results from respiratory failure (asphyxiation).
 Disposal of these compounds is a problematic issue. The US alone  store up to 30,000 metric tons of CWA’s very year, while pesticide exposure results in 1 to 3 million poisonings worldwide. While many of these pesticides readily degrade in the environment, these byproducts persist for long periods of time in the ground and water. Microorganisms  with the abilty to degrade organophosphate toxins offer a cheap and reliable solution for disposal not only of pesticides, and pesticide byproducts, but of far more dangerous warefare agents. 
Several organisms (mammals, bacteria, squid, clams and protozoa) are capable of reducing organophosphate toxicity by hydrolyzing certain types of pesticides and nerve agents. Of these degrading enzymes, bacterial organophosphorus hydrolase (OPH) from Pseudomonas diminuta and Flavobacterium sp has the broadest specificity and activity. The enzyme, which is encoded by opd gene (organophosphorus-degrading) homologous in both species, has been expressed in a variety of model organisms including E. coli, Pseudomonas putida and S. cerevisiae. These recombinant systems have incorporated OPH into organophosphate degradation systems, biosensors and human prophylactic treatments. 
We propose the creation of combined, streamlined system of organophosphosphorus detection and remediation. Paraoxon and paraoxon hydrolysis-sensitive genes compiled by Schofield, et al will be used as promoters for degradation enzymes in S. cerevisiae. After activation of OPH in the presence of paraoxon, hydrolysis products p-nitrophenol (PNP) and diethyl-phosphate (DEP) will be further degraded via the PNP operon from Pseudomonas ENV2030 and genes PhoA and Pde, respectively (Figure 2). The final reaction products can be used as metabolites, allowing S. cerevisiae to subsist on paraoxon as the sole carbon and phosphate source. In addition, reporter constructs will be made with Schofield promoters to both detect paraoxon and monitor the progress of paraoxon degradation.
Background

Organophosphorus hydrolase OPH is a homodimeric protein with a monomeric molecular weight of approximately 35kDA14. Each monomer is an alpha/beta barrel, and possesses a binuclear metal center in its active site. Native OPH contains two equivalents of zinc per monomer; however a variety of metals (Co2+,Cd2+, Ni2+, Mn2+ or  Fe2+) have been substituted with varying effects on rate3,5 (Table 1).  The mechanism of the hydrolysis reaction is shown in Figure 1.  Association with the exposed metal (M2) in the active site polarizes the phosphoryl-oxygen bond of the substrate.  Catalysis occurs via an SN2 mechanism in which the activated water molecule bridging the two metal ions attacks the phosphoryl center of the substrate.  OPH has the highest turnover rate with paraoxon as the substrate with Co2+ , followed by Ni2+, Cd2+, Zn2+ and Mn3,5 (Table 1). In addition to the use of different metal ions, site-directed mutagenesis of the OPH active site have generated mutants with increased specificity and hydrolysis rates for the poorer substrates, as well as rarely used substrates such as chlorpyrifos2.
Figure 1:
General active-site mechanism of OPH-catalyzed hydrolysis of paraoxon (using Mg++ as metal cation) (Takayama, et al)
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Table 2. 

Evaluation of Yeast and E. coli Strains with OPH on Surface Using Various OPH-Displaying Systems. (Takayama, et al)
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Surface anchoring of OPH Cytosolic expression of OPH has been shown in a variety of organisms, including E. coli, Pseudomonas putida and S. cerevisiae. However, activity of OPH in the cytosol is severely limited by the rate of passive diffusion of the substrate (paraoxon). One remedy has been to increase permeability of the outer membrane through physical methods or by genetically engineering a more permeable cell-membrane. The former techniques, such as freezing and thawing cells or the using solvents, can severely injure or destroy the cell, while genetic techniques have been only minimally effective. Fortunately, the problem of cell-permeability may be bypassed entirely by tethering OPH to the surface of the cell membrane, allowing the reaction to take place directly in the media.
Surface-anchoring of OPH has been used extensively in prokaryotes, most notably through constructs with ice-nucleation protein (INP) anchor and Lpp-OmpA in E. coli and Pseudomonas putida. In a 2006 paper Takayama, et al reported the successful construction of a similar complex in Saccharomyces cerevesiase. Cells were engineered that express a recombinant OPH gene in which the secretion signal of R-agglutinin and a glycosylphosphatidylinositol (GPI) anchor attachment signal were genetically fused to the N- and C-terminal regions, respectively.  The reaction rate of S. cerevisiae surface expressed OPH is almost 400 fold that of cytosolic OPH, 7-8 fold higher than the E. coli INP-OPH system and 43 fold higher than the Lpp-OmpA system23.
P-nitrophenol (PNP) Hydrolysis of paraoxon alone decreases toxicity by 120-fold. While less toxic than paraoxon, OP degradation byproduct p-nitrophenol (PNP), is a suspected carcinogen and an EPA priority pollutant25.  Certain organisms including Bacillus, Arthrobacter, Pseudomonas Burholderia, and Moraxella as well as certain eukaryotes are able to utilize p-nitrophenol as a carbon and phosphate source.  
We will be using an 18-kb fragment from Pseudomonas sp. ENV2030 isolated by Bang and Zylstra (Figure 2B) containing operons for PNP degradation through hydroquinone to beta-ketoadipate. Genes for beta-ketoadipate degradation, beta-keoadipate:succinyl-CoA transcerase and beta-ketoadipyl-CoA thiolase, will be ligated downstream of the ENV2030 fragment to complete the transformation of beta-ketoadipate to Succinyl-CoA and Acetyl-CoA. Plasmids will be constructed using either the native pnpR promoter or Schofield library S. cerevisiae genes activated in under the influence of OPH hydrolysis. 

Diethyl-phosphate (DEP) The byproduct diethyl-phosphate (DEP) is a relatively inert molecule that has been only briefly explored. However, the organism Delftia acidovorans has been shown to use DEP as a sole phosphorus source, through a phosphodiesterase (Pde) encoded by the pde gene. By expressing this gene in conjunction with alkaline phosphatase PhoA from P. aeruginosa, Mattozzi et al were able to engineer Pseudomonas putida that can use DEP as a carbon source. We will employ a similar strategy to that described by Mattozzi to generate a DEP degradation plasmid expressing Pde and PhoA under the control of Schofield promoters.
Figure 2:
Engineered paraoxon degradation pathway (Mattozzi, et al)
Genes involved in p-nitrophenol and diethyl phosphate degradation to metabolites
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 B. Topology of the pnp cluster in Pseudomonas ENV2030
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Materials and Methods

Microbial strains and media. Escherichia coli strain DH5-alpha will be used as a host for recombinant DNA manipulation. Saccharomyces cervsiae strain MT8-1 will be used for OPH surface display and fluorescence studies, respectively.  Bacterial strains will be grown on Luria-Bertani (LB) medium with appropriate antibiotics and yeast cells will  grown and maintained on 1% yeast extract, 2% peptone, and 2% dextrose (YPD, Difco) broth or YPD agar at 30°C. Yeast recombinant transformants will be selected on synthetic dropout (SD) media plates with different carbon sources (2% glucose, 2% galactose, or 1% sucrose, and 3% galactose). Cobalt chloride will be added to culture media during initial exponential growth phase to enhance activity of OPH. Cell density in the culture broth will be measured on the basis of absorbance at 600 nm and harvested at appropriate times after the stationary phase. The entire reporter, OPH, and PNP degradation system will be ultimately expressed concomitantly in S. cerevisiae MT8-1.

Construction and transformation of plasmids.  Separate expression plasmids will be constructed for surface-display of OPH and metabolism of PNP. All expression plasmids will be transformed into S. cerevisiae via the lithium acetate method, and each piece eventually moved into the yeast strain found most efficient. Plasmids for the surface display of OPH will be constructed in pMWFD according to the techniques of Takayama, et al23. The opd gene will be PCR amplified from pWM513. Schofield-library promoters will be added through PCR/restriction digests, replacing the GAPDH promoter upstream of the glucoamylase promoter sequence. The resulting plasmid will allow paraoxon-inducible surface display of OPH on S. cerevisiae cells through the GPI anchor at the c-terminus of OPH.  pMWFD plasmids without opd will be used a control, as well as cells transformed with pICAS, a chromosome-integrated-type vector consisting of the GAPDH promoter, secretion-signal-sequence-encoding gene, and anchoring-protein-encoding gene for cell-surface display. Genes for p-nitrophenol degradation will be cloned in a similar manner on a separate set of pESC-URA (Stratagene) plasmids under the control of paraoxon hydrolysis-sensitive promoters (Schofield). 

Reporter plasmids will be constructed separate from the degradation enzymes and expressed in MT8-1 from the promoterless yEGFP –HIS and pyDsRed-Leu plasmids described by Schofield, et al.  Primers will be used to add SalI and BamHI sites to the 5’ and 3’ ends of promoter fragments which will be dropped into the SalI/BamHI sites of pyEGFP and pyDsRed. Schofield promoter fragments will be PCR amplified from S. cerevisiae W3031 genomic DNA. Primers will be used to add flanking SalI and BamHI sites to the promoters which will be then cloned into the corresponding SalI/BamHI sites of the reporter plasmids.  Reporterless pESC–URA plasmids will be used as a control. All plasmids in this particular assay will be first manipulated in E. coli, and expressed in S. cerevisiae MT8-1.

Possible alternatives:

Surface display: In replacement of pMWFD, any plasmid for cell-surface expression via GPI-anchor will do, provided the promoter sequence can be easily dropped out.
Reporter: Similarly, if the specific plasmids used by Schofield, et al are unavailable, GFP or DsRed (or any fluorescent protein) plasmid can be used as replacement.
PNP operon: A number of different p-nitrophenol degradation operons have been identified and expressed recombinantly: Pseudomonas sp. WBC-3 methyl parathion (mpd) cluster (GenBank: AY251554.2, EF577044), Moraxella and Arthrobacter JS443 (EF052871 )p-nitrophenol degradation pathways  In addition, p-nitrophenol degradative operons have been identified in Pseudomonas ), and Burkholderia (Bhushan et al, 2000. Kinetics of Biodegradation of p-Nitrophenol by Different Bacteria. Biochem. & Biophys. Res. Comm. 275(3):626-630)
Standardization of Plasmids

All parts and plasmids will be modified to meet biobrick standard, using EcoRI/Xbal SpeI/PstI restriction sites. For the purpose of this project, we will be designing new yeast backbone plasmids for GPI-anchored surface display and expression of OPH and PNP biodegradation pathway. Standard biobricks will be created for all components of the project, including paraoxon/paraoxon-sensitive promoters, OPH expression, PNP operon and its components, and DEP degradation.
Chemicals
Paraoxon will be obtained from Sigma Aldrich (St. Louis, MO). Paraoxon will be fully dispersed and dissolved in ddH2O and the final concentration determined using the extinction coefficient of 8900 M-1 cm-1 at 274 nm.
Analysis
Paraoxon Hydrolysis whole-cell assay Strains expression OPH under either the GAPDH or paraoxon-inducible promoter be grown in minimal (SD-W) or rich (YPD) medium, respectively. Ten milliliter aliquots of overnight culture will be harvested at an OD600 <1, centrifuged at 18,000xg at 4C for 1 minute and resuspended in 5 HEPES ( 50mM, pH 8.5) buffer with 50microM cobalt chloride.  The OD​600 of the resuspended culture will then be measured and 20mM paraoxon in 10% methanol will be added to a final concentration of 1 mM. Tubes will be incubated at 30C and PNP concentration quantified at 0 and 24 hours using a Beckman DU 640 spectrophotometer at 402nm. OPH activity will be expressed in terms of nanomols of parathion hydrolyzed per minute, with 3 replicates for each triplicate sample. 

PNP degradation assay 50 microM p-nitrophenol will be added to YPD medium to induce gene expression of pPNP in S. cerevisiae. Cells will be harvested at OD600 between .5 and 1, centrifuged and washed in 50mM phosphate buffer and resuspended to OD600 of 1.4-1. For each sample, p-nitrophenol will be added from a stock solution to a 1mL cell suspension. Reaction mixtures will be incubated at 30C and the amount of p-nitrophenol will be measured at 0 and 24 hours with a Beckman Du 640 spectrophotometer at 402nm and HPLC. 

The ability of S. cerevisiae harboring pPNP to utilize paraoxon as the sole carbon and energy source will also be assayed. Yeast cultures will be grown overnight in SD medium with all added supplements, centrifuged and the media decanted. Cells will be used to inoculate SD minimal media supplemented with p-nitrophenol as the carbon and energy source. Cultures will be grown at 25C with vigorous agitation. The amount of p-nitrophenol will be measured as described above. 

Determination of OPH on cell surface. The fluorescence intensity of cell-pelleted S. cerevisiae will be used to calculate the number of OPH molecules displayed on the cell surface. Yeast cells will be immunolabeled with labeled with the anti-GLAD antibody and Alexa Fluor 546-conjugated goat anti-mouse IgG. The following formula relating fluorescence and amount of OPH on the cell surface was determined by Takayama, et al:

Number of OPH molecules displayed per cell = [RFUf X .945 X 107}/1 x 107 –

where RFUf (relative fluorescence unit) is an arbitrary unit under the described conditions  and OD600=1x107 cells/mL. 

Flourescence assays: Time course analyses will be performed for various Schofield yEGFP and yDsRed reporter constructs using a FLUOstar OPTIMA plate reader. Cells will be harvested by centrifugation, washed in phosphate buffered salin, resuspended in 10mM Tris-HCl pH 8.5, and duplicate samples measured for GFP or DsRed. Results will be normalized to the absorbance (OD600) of the culture and to the promoterless control vectors (pyEGFP-HIS or pyDSRed-LEU). Relative fluorescence will be expressed as fold-induction compared to unexposed cells.
