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Abstract: A series of aqueous phase and soil-slurry phase microcosm studies were conducted on TNT (2,4,6-trinitrotoluene) to obtain kinetic data for optimizing a treatment protocol using an enzyme extract from spinach (Spinacia oleracea).  Crude extract was obtained by homogenization of fresh leaves with a buffered protease inhibitor, and employed as phytoremediation agent.  Aqueous phase microcosms containing 20 mg/L TNT and soil-slurry microcosms containing 1 g of a characterized sandy loam soil contaminated with 2500 mg/kg TNT and 1000 mg/kg RDX (hexahydro-1,3,5-trinitro-1,3,5-triazine) were dosed with fixed aliquots of extract and analyzed for TNT transformation over time.  The TNT concentration was monitored using a colorimetric method for nitroaromatic compounds based on EPA Method 8515.  Nitrate reductase activity of the applied crude extract was simultaneously quantified.  The transformation of TNT was described by a pseudo-first-order reaction.  Coupling kinetic rate information with enzyme activity allowed for estimation of a second-order rate constant with respect to activity.  A rectangular hyperbola function normalized for enzyme activity described observed kinetic data based on enzyme saturation, similar to a Michaelis-Menten relationship.  Pseudo-first-order rate constants for the aqueous phase and soil-slurry phase experiments were fit to this function.  The maximum rate of reaction (kmax) for TNT transformation was 0.50 hr-1 and 0.04 hr-1 for aqueous phase and soil-slurry phase experiments, respectively, while respective half-saturation constants (Ksat*) were comparable in value at 0.63 and 0.28 U/(mol -NO2, respectively.  A Hanes-Woolf plot of reaction velocity versus TNT concentration with and without soil suggests an uncompetitive inhibition mechanism may be affecting overall nitrate reductase efficacy.  Temperature effects for both aqueous phase and soil-slurry phase microcosms followed the Arrhenius relationship with estimated activation energies of 54.7 and 26.1 kJ/mol, respectively.

Key Words: Soil pollution, explosives, enzymes, kinetics.
Nature, Scope, and Objective of the Research: Nitroaromatic residues of TNT (2,4,6-trinitrotoluene) and RDX (hexahydro-1,3,5-trinitro-1,3,5-triazine) are commonly encountered in munitions-contaminated soils at military installations worldwide, resulting from manufacture of secondary explosives, fabrication of finished munitions, demilitarization operations, and utilization of munitions at military firing ranges.  A recent General Accounting Report indicated that over 15 million acres of land in the United States is known to be or is suspected of being contaminated with military munitions (GAO 2003).  Additionally, over 2,307 potentially contaminated sites have been identified by the Department of Defense (GAO 2003).  The EPA currently classifies TNT and RDX as possible human carcinogens (Group C) and has issued drinking water health advisories of 2 (g/L for each based on a lifetime exposure.  To date no general criteria exist for contaminated soils.  Instead, clean-up levels in soil have been evaluated on a case-by-case basis depending upon the extent of soil contamination and the proximity to locations of groundwater use.  For example, soil remediation goals for TNT and RDX contamination at the Yorktown Naval Weapons Station in Yorktown, Virginia were set at 14 and 5 mg/kg, respectively (http://www.adventus.us/yorktown.htm).  In addition to the potential human health risk from TNT and RDX exposure, an ecological risk may exist for animals and plants from long-term exposure to contaminated surface soils.

Remediation of surface soils to remove the source of explosives accomplishes two objectives: 1) to attenuate existing or eliminate groundwater contamination, and 2) to reduce or eliminate human health and ecological risk from soil exposure.  Traditional ex-situ remediation of surface soils, for example using composting, requires site excavation and is costly.  Phytoremediation using direct application of crude extracts or pureed plants to the soil surface or incorporation of these materials within the soil, however, may hold great promise as an efficient, inexpensive, non-aggressive in-situ clean-up technology for explosives-contaminated soils under certain environmental conditions (Medina et al. 2002).

The objective of this research was to investigate the use of phytoremediation as a safe, economical, and environmentally sound alternative to traditional ex-situ methods of soil remediation of nitroaromatic residues.  The experiments consisted of an examination of TNT transformation in aqueous phase and soil-slurry phase microcosms.  The studies were conducted using nitrate reductase enzymes extracted from pureed spinach (Spinacia oleracea) to obtain kinetic data for an enzymatic treatment protocol.

Related Research: Enzymatic processes are ubiquitous in nature.  Harnessing the oxidation-reduction potential of natural enzymes produced by microorganisms and plants to degrade anthropogenic compounds is an attractive alternative to traditional remediation technologies.  Enzyme treatments can operate at room temperature and atmospheric pressure in both water and soil, often resulting in complete conversion of the target compound to innocuous byproducts.  Advantages include favorable kinetics, simplicity of operation, high reactivity per unit weight of enzyme, low requirements for special equipment, low operating cost, ease of implementation, and transportability.  One such enzyme identified for reduction of nitroaromatic and nitroamine explosives is nitroreductase (Rieble et al. 1994, Shah and Spain 1996, Shah and Campbell 1997, Goheen et al. 2000, Kitts et al. 2000, and Hannink et al. 2001).

The nitroreductase enzyme has been isolated in several plant species, reportedly capable of reducing just about any nitro group bound to any aromatic ring to an amine (Trombly, 1995).  Fungi, such as Phanerochaete chrysosporium (Rieble et al. 1994), and many enteric bacteria (Kitts et al. 2001) also express the nitroreductase enzyme.  Kitts et al. (2000) found that soil isolated whole cell assays of Enterobacter cloacae strain 96-3 and Morganella morganii strain B2 reduced the nitro groups on TNT and RDX, respectively, in aerobic cultures.  Additionally, transgenic plants expressing the nitroreductase gene have been developed recently that are capable of TNT reduction (Hannink et al. 2001).  Assimilatory nitrate reductases also have been identified in plants and appear to play a key role in plant nutrition (Nakagawa et al. 1985).

Most research into enzyme-based treatment of explosives residues has focused on the aqueous phase to quantify the reaction kinetics, pathways, and mechanisms of nitroaromatic transformation.  For example, Mueller et al. (1993) investigated the fate of TNT in cultured suspensions of jimson weed (Datura innoxia) and wild tomato (Lycopersicon peruvianum) cells using gas chromatography/mass spectrometry (GC/MS) and identified several reduced metabolites: an aminodinitrotoluene, a diamino-nitrobenzyl alcohol, a diamino-nitrobenzoic acid, a di-N-acetylamino-toluene, and two acetylamino benzaldehydes.  Hughes et al. (1997) observed uptake and transformation of TNT by aquatic plants and plant tissue cultures of water milfoil (Myriophyllum spicatum), parrotfeather (Myriophyllum aquaticum), and common periwinkle (Catharanthus roseus).  Aminated dinitrotoluenes of 2-amino-4,6-dinitrotoluene and 4-amino-2,6-dinitrotoluene were measured in the extracelluar medium and tissue extracts.  Additionally, Medina et al. (2000) monitored aqueous phase TNT transformation using whole intact parrotfeather (Myriophyllum aquaticum) and stonewort (Algae nitella) and observed a sequential formation and breakdown of daughter products aminodinitrotoluene (ADNT) and diaminonitrotoluene (DANT).  Pseudo-first-order removal rates for TNT increased with increased plant density.  The researchers applied Michaelis-Menton kinetics to model enzyme saturation that occurred with increasing initial TNT concentration.  Using a laboratory blender, Medina et al. (2002) found that pureeing parrotfeather (Myriophyllum aquaticum), mustard greens (Brassica juncea), and spinach (Spinacia oleracera) substantially improved overall transformation of TNT and RDX in aqueous solution.  Medina et al. (2004) showed that filtered extrudates from parrotfeather (Myriophyllum aquaticum) and spinach (Spinacia oleracera) are effective at TNT transformation.  A first-order removal of 50 percent and 90 percent, respectively, was observed after 90 hrs of contact for a 20 mg/L TNT solution.  Concentration variations in observed removal rates were described by Michaelis-Menton kinetics. 

Limited work has been conducted on nitroaromatic residues in soils.  Several studies have examined uptake and translocation of TNT and RDX by potted plants.  For example, Mueller et al. (1993) observed this uptake in jimson weed (Datura innoxia) and wild tomato (Lycopersicon peruvianum) grown in sandy soil at levels up to 1000 mg/kg TNT.  The roots contained TNT and metabolites at concentrations up to ten times the levels in the soil.  Chekol and Vough (2000) also reported high levels of transformation in TNT contaminated soil (100 mg/kg) planted with switchgrass (Panicum variegatum L.).  High soil enzyme activity correlated with higher levels of TNT transformation.  Medina et al. (2002) employed a bench-scale phyto-slurry soil reactor design of soil and pureed plants and observed a first-order removal rate for RDX about an order of magnitude slower than the liquid phase experiments.  Information on specific transformation rates for nitroaromatics in water and soil, however, is limited; Goheen et al. (2000) reported a rate of TNT transformation in aqueous solution of about 7 (moles/min/g of commercially available ferredoxin reductase enzyme made from spinach (Spinacia oleracera).  Kinetic data normalized to measured enzyme activity is also lacking.

Kinetic Model: The rate of TNT transformation using nitrate reductase enzymes extracted from spinach may be approximated by one of the following expressions:

r = -dC/dt = kA CA = kE CE = kP CP = kS CS = kC

Eq.1

where t is the reaction time, C is the concentration of TNT (mg/L), and ki’s are the second-order rate constants with respect to enzyme activity, enzyme concentration, total soluble protein mass, and spinach mass, respectively.  Here enzyme activity (U/L) is assumed to be proportional to extractable enzyme concentration (mg/L), which in turn is proportional to extractable protein concentration (mg/L), or spinach mass concentration (mg/L).  For example, Nakagawa et al. (1985) reported that purified nitrate reductase enzymes extracted from Spinacia oleracera varied from 80 to 130 U per mg of protein as assayed by the method of Bradford (1976).  Note that the International Union of Biochemistry and Molecular Biology (IUBMB) standard unit (U) of enzyme activity is (mol/min at 25 oC, although the SI special unit katal, symbol kat, is also specified, where 1 kat = 1 mol/s.  The equivalence is 1 U ( 16.67 nkat.

A further kinetic model simplification is that enzyme activity is in excess, for which a pseudo-first-order reaction results with k being an overall rate constant.  In dimensionless form,

C/Co = e-kt




Eq. 2

where Co denotes the initial TNT concentration at t = 0.  Using each respective ki with k allows one to normalize experimental results performed at different conditions of enzyme activity, enzyme concentration, total soluble protein mass, or spinach mass.  Additionally, the ratio of individual ki’s has physical significance; for example, kS/kP represents a mass ratio (mg/mg) of extractable protein in pureed spinach, i.e. {(mg/L)/(mg/L)}.

To examine possible enzyme saturation, wherein the rate of biochemical reaction, or velocity, depends upon substrate concentration, a rectangular hyperbolic function known as the Michaelis-Menten equation is typically used to model the kinetics over a range of initial substrate concentration.  A similar saturation function may be used to describe the dependence of the TNT transformation rate constant (k) on applied nitrate reductase enzyme activity (A),

k = kmax {1/(Ksat + A)}



Eq. 3

where kmax is the maximum rate constant under excess enzyme activity at a given TNT concentration,  and Ksat is the half-saturation constant.

Dividing the enzyme activity by the molar concentration of nitro groups (-NO2) in TNT yields a specific enzyme activity (A*) relationship,

 k = kmax {1/(Ksat* + A*)}



Eq. 4

where Ksat* is the half-saturation constant relative to a specific activity given in terms of U/(mole -NO2.  Finally, equating this normalized activity to the spinach loading (L) per unit of TNT provides another useful kinetic expression,

k = kmax {1/(Ksat* + KL )}



Eq. 5

where K is a constant equal to the quantity {1000(kS/kA)(MWTNT)/3}, and L is expressed in terms of mass of spinach applied per mass of TNT being degraded (g/(g).  Note that the ratio kS/kA {(U/L)/(mg/L)} is simply the slope (U/mg) of measured enzyme activity plotted against initial applied spinach mass.  In addition, there are three moles of -NO2 per mole of TNT (MW = 227.13).  Each of these rectangular hyperbola functions may be linearized using a Lineweaver-Burk, Eadie-Hofstee, or Hanes-Woolf type plot to determine kmax and Ksat, or kmax and Ksat*.  The Hanes-Woolf linear transform avoids taking a reciprocal of measured data and is the preferred parametric method for statistical correctness of kinetic data analysis (Cornish-Bowden, 2002).

Materials and Methods: The basic experimental approach consisted of mixing a TNT solution or TNT-contaminated soil together with a crude nitrate reductase enzyme extracted from Spinacia oleracera to form an aqueous phase or soil-slurry phase microcosm.  Colorimetry was used as the detection method for TNT.  Activity of the crude extract was also measured simultaneously for each duplicate experiment.  Protein content of the crude extract was analyzed for selected experiments.  Trinitrotoluene transformation over time was evaluated under different conditions of incubation temperature, enzyme activity, and spinach mass loading.  Dimensionless concentration (C/Co) plots of TNT transformation versus time were fit to the pseudo-first-order model (Eq. 2) to estimate the rate constant (k) by regression through the point (0,1).  These rate constants were evaluated for trends with respect to temperature, enzyme activity, and applied spinach mass loading.

Spinach (Spinacia oleracera) was purchased fresh from a local supermarket as needed and prepared on the same day as the experiment.  Whole leaves and stems were thoroughly washed with tap water, followed by separate rinses of a 15 percent hypochlorite solution and deionized water.  The leaves were placed between paper towels to remove excess water.  Stems and ribs were then removed and the leafy material minced with scissors into pieces 2 cm or less.  A given mass of prepared spinach was homogenized for 2 minutes at 18,000 rpm in a Waring laboratory blender containing a measured amount of pre-chilled, buffered protease inhibitor cocktail (0 to 4 oC).  The extraction cocktail, similar to the recipe used by Nakagawa et al. (1985), consisted of 1 mM phenylmethylsulfonyl fluoride, 5 percent isopropyl alcohol, 1 mM EDTA, and 0.1 mM dithiothreitol.  Note that the cocktail recipe calls for 0.1 M potassium phosphate; however, this buffer (pH 7.5) interferes with the alkali colorimetric analysis of TNT as explained later.  The spinach homogenate was squeezed through cheesecloth and the residual filtrate centrifuged for 15 minutes at 10,000 g.  The resultant supernatant or crude extract was stored at 4 oC until needed and herein is expressed as a concentration of spinach extract in g per 100 mL.

Nitrate reductase activity ((mol -NO2/min or U) and protein content ((g/g) of the crude extract was quantified concurrent to each experiment by the method of Harley (1993) and Bradford (1976), respectively.  An enzyme assay was prepared consisting of 0.1 M potassium phosphate buffer, 5 percent isopropyl alcohol, 10 mM potassium nitrate, and 200 (M NADH.  Combining 5 mL of crude extract and 5 mL of enzyme assay together and allowing contact for 15 minutes at 20 oC initiated the activity reaction.  Adding 5 mL of 2.5 N HCL containing 58.1 mM sulfanilamide followed by 5 ml of 0.77 mM N-1-naphthylethylenediamine dihydrochloride stopped the reaction.  Absorbance of the resultant red color was measured after 10 minutes at 540 nm and the amount of nitrite formed determined from a standard curve.  The latter was developed from a serial dilution of a 10 mM potassium nitrite stock solution using the same color development reagents and a 10 minutes reaction time.  Absorption was measured with a Spectronic 20( Genesys( spectrophotometer with a 10 mm path length using near-UV glass cuvettes.  Total soluble protein in the crude extract was also determined concurrently for some samples using bovine serum albumin (BSA) as a standard and Coomassie Brilliant Blue dye for color development.  Absorbance was measured at 595 nm after 5 minutes reaction time and the amount of protein determined from a standard curve prepared from a series of BSA standards.

A 10 mg/mL stock solution of TNT in methanol was prepared from analytical grade reagents by Sandia National Laboratories.  Trinitrotoluene standards of 4, 8, 16, and 20 mg/L in deionized water were made by serial dilution of the stock solution.  Additionally, a serial dilution of TNT stock solution was used to spike each 25 mL aqueous phase sample to an initial TNT concentration of 20 mg/L.  The soil used for soil-slurry phase experiments was also obtained from Sandia National Laboratories and was a sandy-loam soil of known composition containing approximately 2500 (g/g TNT and 1000 (g/g RDX.  These concentrations were chosen to be comparable to those found in contaminated soils at the Toole Army Depot in Toole, Utah (Dames and Moore 1998).  Note that crystal TNT and RDX were added to the soil and the soil rolled in a rock tumbler for 8 hrs for homogenization.  Afterwards the soil was heated at 150 oC for 4 hrs, and then rolled for an additional 20 hrs as the soil cooled.  Pertinent soil properties provided by Sandia National Laboratories were as follows: sand 70.4 percent, silt 21.2 percent, clay 8.3 percent, organic carbon 0.8 percent, cation exchange capacity 10.7 mg/g, electrical conductivity 0.92 dS/m, and surface area 23.0 m2/g.

Aqueous phase and soil-slurry phase TNT transformation over time was measured using a colorimetric method for TNT detection based on EPA Method 8515.  Here a red-colored Jackson-Meisenheimer anion results from the reaction of TNT in a basic pH acetone medium for which the absorbance can be measured with a spectrophotometer at 540 nm.  The color developer reagent was prepared by dissolving 0.2 g KOH and 0.3 g NaSO3 in 6 mL deionized water, diluting to 50 mL with acetone, and filtering through a 0.45 (m Millex( disposable polytetrafluoroethylene (PTFE) syringe filter.  Trinitrotoluene standards were prepared using deionized water and boiled crude extract added at the same concentration employed in the subsequent aqueous phase experiments.  Boiling eliminated enzyme activity without modifying potential spectrophotometric absorption.  These 25 mL standards were extracted for 3 minutes with an equal volume of acetone and then filtered through a 0.45 (m Millex( disposable PTFE syringe filter.  Blanks were prepared using deionized water and an appropriate amount of boiled crude extract.  To obtain the TNT absorption a 3 mL aliquot of extracted standard or blank and an equal volume of developer were mixed together and the absorbance measured initially and after 3 minutes contact time.  The final absorbance was corrected for both initial and blank absorbance and a calibration curve of TNT concentration versus absorbance determined by regression through the origin.  Aqueous phase samples containing 5 mL of 20 mg/L TNT, 10 mL of assay, and 10 ml of crude extract were extracted in an identical manner and absorption measured following a specified enzyme reaction time.  Here the 0.1 M potassium phosphate and 10 mM potassium nitrate were omitted from the enzyme assay as the buffer interferes with color development and the TNT provides the source of reducible nitrate as the -NO2 group.  In addition, seven samples of two different TNT concentrations (5 and 10 mg/L) were evaluated to estimate the aqueous phase method detection limit (MDL).

A second TNT calibration curve was developed for soil-slurry phase experiments using a soil extraction procedure similar to that of Jenkins and Walsh (1992).  Trinitrotoluene standards of 2, 4, 6, 8, 10, 12, 16, and 20 mg/L were prepared in 5 mL of deionized water containing 0.4 g of clean soil.  A blank consisted of deionized water and 0.4 g clean soil.  Each standard was extracted for 3 minutes with 5 mL of acetone, centrifuged for 10 minutes at 10,000 g, and then filtered through a 0.45 (m Millex( disposable PTFE syringe filter.  Initial and final absorbances were measured using the previous colorimetric technique.  Soil-slurry phase samples containing 1 g of contaminated soil, 12.5 mL of assay, and 12.5 mL of crude extract were extracted in an identical manner and absorption measured following a specified enzyme reaction time.  The blank contained assay, boiled crude extract, and 1 g of clean soil.  As with the aqueous phase experiments, the enzyme assay did not contain the phosphate buffer or source of nitrate.  Each soil-slurry sample was vortex mixed and allowed to react quiescently in a constant temperature room.  Enzyme activity in soil-slurry phase controls with and without protease inhibitors was monitored for stability at 0, 4, 8, and 12 hrs.  Trinitrotoluene concentration in the test soil was also evaluated using the combined soil extraction and colorimetric methods.  Seven 2 g samples were extracted and TNT concentration estimated.  The Method Detection Limit (MDL) for soil extraction was also evaluated.  Note that a 1:10 dilution with acetone was required for extraction of soil-slurry samples and test soil samples prior to analysis due to higher extracted TNT concentrations.

Table 1 provides an overview of the research parameters discussed herein.  Duplicates were performed for each aqueous phase and soil-slurry phase experiment listed.

Results and Discussion: The extraction and colorimetric procedures described above provided a quick and accurate means of detecting TNT transformation.  Resultant calibration plots for both aqueous phase and soil-slurry phase standards were linear with near unity correlation coefficients (r2 ( 1).  The MDL for aqueous phase and soil-slurry TNT analyses were 0.2 mg/L and 0.3 mg/L, respectively.  Note that the latter value of 0.3 mg/L translates to an equivalent MDL of approximately 4 (g/g.  Jenkins and Walsh (1992) developed a field screening method for TNT and indicated an extraction MDL of 1 (g/g of soil for the colorimetric procedure used herein with a linear range up to 50 (g/g for undiluted soil extracts.  The average TNT concentration for seven samples of the test soil was 2720 ( 16 (g/g.  Sandia National Laboratories supplied the doped test soil and calculated a concentration of approximately 2500 (g/g based on a gravimetric addition of crystal TNT. 

Enzyme activity varied linearly with the amount of spinach mass that was initially homogenized with the extraction cocktail.  For runs 1A through 5A, the regressed unit activity was 21.7 U/g (r2 = 0.96).  A subsequent analysis conducted at a later date and independent of the TNT transformation experiments indicated a regressed unit activity of 17.4 U/g (r2 = 0.87) over a range of initial spinach mass of 5 to 25 g per 100 mL of extraction cocktail.  The difference in unit activities may simply be attributable to changes in type and amount of nitrate reductase enzyme that occur over the growing season, or perhaps that result from variations in growing conditions among commercial suppliers (i.e. application of NH4+ versus NO3- fertilizer amendments).  However, the F-test did not indicate a statistical difference between the two regressed slopes at a 0.10 significance level.

Extractable protein content also varied with spinach mass.  For the latter data set (5 to 25 g per 100 mL), a range of 4.4 to 9.4 mg/g was observed with an average unit protein content of 6.9 ( 1.8 mg/g.  Linear regression of the data through the origin indicated a positive slope of 5.7 mg/g (r2 = 0.29).  Although the correlated was low, a t-test of the regression coefficient indicated that it was significantly different from zero at a 0.05 significance level.  These protein content values compare well with data by Nakagawa et al. (1985), wherein 6.8 mg/g was achieved from homogenization of 1500 g of spinach with 2 L of extraction cocktail (i.e. initial spinach mass at 75 g per 100 mL).  The specific enzyme activity (activity per unit of protein) increased linearly with increasing spinach mass (g per 100 mL) initially homogenized (r2 = 0.70), and varied from approximately 0.5 to 1.5 U/mg over the concentration range of 5 to 25 g per 100 mL, respectively.  This specific enzyme activity is over an order of magnitude greater than that reported by Nakagawa et al. (1985) for crude spinach extract.  Here a 1 mL sample aliquot and a 1:1 ratio of extract to reagents was used for measurement of nitrate reductase activity, as compared to a 10 mL sample aliquot and a 2:1 ratio of extract to reagents utilized herein (Harley 1993).  Protein content was analyzed by the same method (Bradford 1976).      

Fig. 1 shows aqueous phase TNT transformation (Runs 1A-5A) as a function of the spinach mass initially homogenized (g per 100 mL).  Microcosm samples contained 5 mL of 20 mg/L TNT, 10 mL of assay, and 10 mL of crude extract.  Each datum represents the average of duplicate runs for a given reaction time at the specified condition.  Pseudo-first-order rate constants (k) were determined by linear regression (Table 1).  The rate constant increased with increased strength of crude extract added to the 25 mL microcosm.  Fig. 2 demonstrates the dependence of the second-order rate constant (ka) on microcosm loading (L) expressed as g of spinach per (g of TNT.  Recall that ka (hr-1/U/mL) is the pseudo-first-order rate constant (k) normalized by the initial enzyme activity (A) contained in the microcosm (U/mL) at the start of the experiment.  Both the measured activity and calculated rate constant are listed in Table 1.  As previously inferred in the kinetics model section, activity and loading are proportional.  An exponent of near negative unity from a power law fit of the data in Fig. 2 confirms this direct dependency.

The relationship between the pseudo-first-order rate constant and activity is plotted in Fig. 3 as a Hanes-Woolf type linear transform of the rectangular hyperbola kinetics expressed in Eq. 3,

(A/k) = (A/kmax) + (Ksat/kmax)



Eq. 6

The maximum rate of reaction (kmax) is 0.50 hr-1 as given by an inverse slope of the regressed data.  The half-saturation constant (Ksat) equals 0.17 U/mL as determined by the slope and intercept.  Based on the initial TNT concentration of 20 mg/L in each 25 mL microcosm, there were 0.26 (mol/mL of -NO2 groups available for reduction by nitrate reductase enzyme activity.  This equates to a Ksat* of 0.63 U/(mol -NO2 as per Eq. 4.  Fig. 4 shows the data from Runs 1A-5A fit to Eq. 3.

Temperature had a pronounced effect on aqueous phase TNT transformation kinetics (Runs 6A-9A) as expected.  There was a substantial increase in overall transformation rate as temperature increased over the range from 5 to 30 oC (Fig. 5).  The temperature dependency follows an Arrhenius relationship with an estimated activation energy of 54.7 kJ/mol as shown in Fig. 6.  Medina et al. (2000) reported an activation energy of 62.3 kJ/mol for TNT transformation between 2 and 34 oC using hydroponically grown intact parrotfeather (Myriophyllum aquaticum).

Temperature dependence was also evident for soil-slurry phase experiments (Runs 6S-9S).  Figs. 6 and 7 show the Arrhenius relationship and pseudo-first-order TNT transformation kinetics, respectively, for an initial spinach mass of 25 g per 100 mL.  Microcosm samples contained 1 g of contaminated soil, 12.5 mL of assay, and 12.5 mL of crude extract.  The observed rate constants (k) given in Table 1 are approximately one order of magnitude lower than the aqueous phase experiments.  The ratio of rate constants (kwater/ksoil) increased linearly with increasing temperature from 6.6 at 5 oC to 18.3 at 30 oC, while the ratio of specific activities (A*) remaining fairly constant between 5.2 and 6.2 over the same temperature range.  Note that the aqueous phase (Runs 6A-9A) and soil-slurry phase (Runs 6S-9S) microcosms contained 0.26 and 1.86 (mol/mL, respectively, of -NO2 groups available for reduction by nitrate reductase enzyme activity; thus, the soil-slurry experiments were initially charged with a higher enzyme demand by a ratio of approximately 7:1.  Additionally, adsorption and desorption kinetics of TNT to soil (Xue et al. 1995) could also influence availability of TNT in the test soil and its overall reactivity with the applied nitrate reductase.  For the sandy-loam soil used herein, Prien (2003) determined an average TNT sorption coefficient (Kd) of 0.88 to 1.23 L/kg based on a linear isotherm assumption at 100 percent and 50 percent aqueous saturation, respectively.

The activation energy for the soil-slurry phase experiments (Runs 6S-9S) was estimated at 26.1 kJ/mol, or approximately half of the aqueous phase experiments (Runs 6A-9A).  Arrhenius temperature coefficients were 1.08 and 1.04, respectively, for the aqueous phase and soil-slurry phase experiments, with the pseudo-first-order rate constant doubling approximately every 8.9 oC and 18.7 oC, respectively.  Theoretically, the reaction rate of any reaction is inversely related to activation energy.  Note also that activation energies less than 42 kJ/mol tend to indicate diffusion-controlled reactions (Evangelou, 1998).

Run 1AS was conducted to evaluate a potential inhibition of enzyme activity by ionic species present in the soil-slurry phase microcosm, resulting from dissolution reactions during the course of each experiment.  Ionic strength can noticeably affect enzyme activity where catalysis depends upon binding of charged substrates to enzymes and movement of charged moieties within an active catalytic site (Chaplin and Burke 1990).  For opposite electrostatic charges on reacting species, a decrease in rate constant occurs with increasing ionic strength, whereas for identical charges, an increase in rate constant results.  If one reacting species carries a zero charge, there is no ionic strength effect on reaction rate.  Enzyme-catalyzed reaction rates are also a function of solution pH depending upon acid dissociation constants of relevant groups in the enzyme (Chaplin and Burke 1990).

Clean soil was added to deionized water at the specified microcosm concentration and equilibrated for 24 hrs at room temperature (22 ( 1 oC).  This water was then centrifuged, filtered through a 0.45 (m glass fiber filter, and used to prepare an aqueous phase experiment identical to Run 1A.  The conductivity and pH of the reagent water and equilibrated soil water after filtration were 1.3 (S and 21.0 (S and 7.3 and 8.2, respectively.  Direct comparison of these two pseudo-first-order rate constants (k) in Table 1 would possibly indicate some ionic strength or pH effect on enzyme activity as Run 1AS is lower than Run 1A; however, the second-order rate constants (ka) were virtually identical based on applied enzyme activity.  The slight increase in solution conductivity would be insufficient to negligibly impact microcosm ionic strength.  In addition, an increase of less than one pH unit to a slightly more alkaline pH does not represent a significant pH shift.  Using individual pseudo-first-order rate constant and activity values from duplicate runs in the calculation of ka and applying a t-test shows no significant difference between the mean ka values for Runs 1A and 1AS at the 0.01 significance level.

Adsorption of protein onto the soil surface was evaluated as a mechanism that could possibly interfere with nitrate reductase enzyme activity, making the enzyme less available for TNT transformation.  Crude extract at 25 g per 100 mL of initial spinach biomass slurry was added to duplicate 20 mL microcosms containing 0, 0.5, 1, and 2 g of clean soil, respectively.  Protein content was monitored by Bradford assay at t = 0 and t = 6 hrs for each soil concentration.  There was no distinguishable difference between the protein content ((g/mL) initially and after 6 hrs of contact, except at the higher 2 g per 20 mL concentration level.  Here both the t = 0 and t = 6 hrs values exhibited a small decrease in concentration of approximately 6 to 7 percent over the initial protein level.  Based on these limited findings, adsorption of nitrate reductase onto soil particles is minimal and would not explain the lower transformation kinetics observed in the soil-slurry experiments.

A traditional Michaelis-Menten experiment was also performed to evaluate potential inhibition of the enzyme by the presence of soil.  Crude extract at 25 g per 100 mL initial spinach biomass slurry was added to 25 mL microcosms containing 10 mL of assay, 10 mL of crude extract, and 5 ml of 5, 10, 20, 30, 40, and 50 mg/L TNT, respectively.  A second set additionally contained 1 g of clean soil.  Removal of TNT was monitored after a 2 hrs contact period.  A velocity of reaction (mg/L/hr) was evaluated at each concentration and the Michaelis-Menten constants (Vmax and Km) determined for each data set.  Fig. 8 shows the respective velocity of reaction plotted against initial TNT concentration.  Fig. 9 provides a linear transform of the kinetics in terms of a Hanes-Woolf plot.  The maximum velocity of reaction (Vmax) and half-saturation constant (Km) were 21.9 and 7.9 mg/L/hr and 46.2 and 24.3 mg/L, respectively, for the control and soil-amended microcosms, respectively.  The lines shown through the data in Fig. 8 are derived from the Hanes-Woolf least-squares regression (Fig. 9). 

Conclusions: Quantification of TNT and nitrate reductase activity by spectrophotometry is easy and accurate, and collectively results in an estimate of a second-order rate constant with respect to enzyme activity.  Additionally, transformation kinetics can be viewed in terms of enzyme saturation by applying an alternate form of the Michealis-Menten equation written in terms of enzyme activity (U/mL), or applied spinach mass/TNT loading (g/(g).  Fig. 10 displays the data in Fig. 4 according to Eq. 5, or with respect to this applied loading.  The constant K in Eq. 5 is 1642 {(U/g)((g/(mol)} for the given data set.  Fig. 10 also shows data for Runs 10A and 11A, wherein the initial TNT concentration was reduced and increased to 10 mg/L and 40 mg/L, respectively, instead of 20 mg/L.  Crude extract was obtained using a spinach mass of 12.5 g per 100 mL and 25 g per 100 mL, respectively.  These latter two data indicate that TNT transformation in aqueous phase does not depend upon initial TNT concentration under equivalent applied spinach mass/TNT loading over the range of concentrations tested.  Medina et al. (2000) and Medina et al. (2004) observed that pseudo-first-order rate constants decreased for increasing TNT concentration for whole plant studies (Myriophyllum aquaticum) and plant extrudates (Spinacia oleracera).  However, these studies were conducted using variable TNT concentrations at a single whole plant or extrudate loading.  Expressing their rate data in terms of an applied plant mass/TNT loading (g/(g) indicates that the data will trend exactly as shown in Fig. 10.    

Data taken from Medina et al. (2002) for TNT transformation using pureed parrotfeather (Myriophyllum aquaticum) are also shown in Fig. 10 for comparison.  The data is fit to Eq. 5 using the same value of K derived herein, assuming that the extracted enzyme activity per unit mass of pureed plant between the nitrate reductase producing species Spinacia oleracea and Myriophyllum aquaticum is similar at approximately 21.7 U/g.  The dashed upper and lower lines represent 2x and 0.5x this amount of enzyme activity for comparison of model fit.  For the Medina et al. (2002) data set, the maximum rate of reaction (kmax) and half-saturation constant (Ksat*) equal 0.15 hr-1 and 2.88 U/(mol -NO2, respectively, for variable initial TNT concentration (10 and 30 mg/L) and constant mass of puree added to the microcosm (50 g/L).  Recall that the present data set (Runs 1A-5A) gave a kmax and Ksat* equal 0.50 hr-1 and 0.63 U/(mol -NO2, respectively, for a constant TNT concentration (20 mg/L) and variable amount of crude extract added.

Fig. 11 shows soil-slurry phase TNT transformation (Runs 1S-5S) as a function of the amount of spinach mass initially homogenized (g per 100 mL).  Fig. 12 provides a Hanes-Woolf type of linear transform plot for this data set.  There is considerable scatter in the data compared to the comparable aqueous phase experiments; however, using the regressed data yields a maximum rate of reaction (kmax) of 0.04 hr-1 and a half-saturation constant (Ksat) equal to 0.51 U/mL.  Based on the initial TNT and RDX concentration of 2500 and 1000 mg/L, respectively, in each 25 mL soil-slurry microcosm, there were 1.86 (mol/mL of -NO2 groups available for reduction by nitrate reductase enzyme activity.  This equates to a Ksat* of 0.28 U/(mol -NO2 as per Eq. 4.  Fig. 13 shows the data from Runs 1S-5S fit to Eq. 5, or with respect to applied spinach mass/TNT loading.  For this fitted data set, the constant K in Eq. 5 is 1308 {(U/g)((g/(mol)} based on an average crude extract activity of 17.3 U/g (r2 = 0.86).

As with the aqueous phase experiments, a similar trend of enzyme saturation is observed for the soil-slurry experiments.  However, the pseudo-first-order rate constants and maximum rate of reaction for the soil-slurry phase experiments are approximately an order of magnitude lower than the aqueous phase experiments.  A substantially higher enzyme demand based on initial -NO2 groups was evident; however, TNT strongly adsorbs to soil and reversibility of sorption depends on soil characteristics, antecedent soil contact time, and soil solution chemistry (Hundal et al. 1997).  Thus, sorption phenomena may have influenced TNT availability in the test soil and limited overall reaction with the aqueous phase crude extract, specifically the kinetic behavior of desorption under stated test conditions.  Activity of the crude extract in clean soil proved stable with protease inhibitors up to 12 hrs and was not considered a factor in the observed order-of-magnitude difference between aqueous phase and soil-slurry phase experiments.

Figs. 8 and 9 suggest an inhibitory effect of soil on TNT transformation kinetics.  The reduction of Vmax and Km in the soil-amended microcosm by approximately the same 3:1 ratio (3.2 and 2.4, respectively) indicates an uncompetitive inhibition by the soil.  Lineweaver-Burk, Eadie-Hofstee, and Hill plots (not shown) confirm this uncompetitive inhibition trend as well.  In this form of reversible enzyme inhibition, the inhibitor binds with the enzyme-substrate complex at locations other than the active or catalytic site (Evangelou, 1998).  This results in an equivalent decrease in both Michaelis-Menten constants by an amount equal to {1 + [I]/KI}, where [I] is the inhibitor concentration (mg/L) and KI represents an equilibrium constant for dissociation of the enzyme inhibitor complex (mg/L).  Additionally, an uncompetitive inhibitor does not bind with the free enzyme.  This attribute was indirectly verified by the protein sorption experiments described herein.  Note that for competitive inhibition a Hanes-Woolf plot results in parallel lines for increasing inhibition.  Noncompetitive inhibition yields x-axis intercepts that are equal, while uncompetitive inhibition produces equal y-intercepts.  Although rarely observed in enzyme studies, the data in Fig. 9 does suggest a predominance of an uncompetitive inhibition mechanism and, perhaps, some noncompetitive inhibition.  The nature of this inhibition was not evaluated further.

In summary, the following conclusions were gleaned from this research:

· Nitrate reductase activity in pureed Spinacia oleracea can be quantified easily and accurately by spectrophotometry and applied to TNT transformation kinetics.

· Aqueous phase and soil-slurry phase transformation of TNT by nitrate reductase enzyme is adequately described by pseudo-first-order kinetics for constant enzyme activity.

· Coupling nitrate reductase activity measurements with kinetics allows one to quantify a second-order rate constant with respect to enzyme activity.

· A rectangular hyperbola function similar to Michaelis-Menten kinetics may be used to describe pseudo-first-order rate kinetics with respect to enzyme activity or applied spinach mass/TNT loading, resulting in an estimate of a maximum rate of reaction and a half-saturation constant.

· Aqueous phase transformation kinetics appears independent of initial TNT concentration over the range of 10 to 40 mg/L under equivalent applied spinach mass/TNT loading.  It is thus speculated that for low TNT concentrations (less than saturation) the pseudo-first-order rate constant should be same for any two comparable runs if conducted at an equivalent applied loading of enzyme mass to TNT mass, i.e. the curve shown in Fig. 10 is unique for a given set of experimental conditions (plant species used for enzyme extraction, temperature, etc.).

· Soil-slurry phase TNT transformation was approximately one order of magnitude lower than aqueous phase TNT transformation as expressed by the pseudo-first-order rate constant.  The maximum rate of reaction (kmax) for TNT transformation was 0.50 hr-1 and 0.04 hr-1 for aqueous phase and soil-slurry phase experiments, respectively.  The respective half-saturation constants (Ksat*) expressed as a specific activity were comparable in value.  Enzyme instability in the presence of soil was not a factor.

· Ionic effects of dissolved species and adsorption of protein onto soil particles affecting enzyme function were small and not considered to be a significant factor in lower observed kinetics in the soil-slurry experiments for the stated conditions.  

· Temperature effects for aqueous phase and soil-slurry phase experiments can be described by the Arrhenius relationship over the range of 5 to 30 oC; however, the estimated activation energy for soil-slurry phase experiments was 26.4 kJ/mol and approximately one-half the aqueous phase experiments.  This lower activation energy may be the result of a diffusion-controlled reaction involving the soil surface.  The temperature increase required to effect a doubling of the pseudo-first-order rate constant was 18.7 oC for soil-slurry experiments versus 8.9 oC for aqueous phase experiments.  

· Future studies to delineate the kinetic response of soil-slurries with respect to enzyme activity or applied spinach mass/TNT loading is warranted based on the goodness-of-fit of the aqueous phase data to the proposed model and the general saturation trend observed in the more scattered soil-slurry phase data.  Soils with variable organic content should be included for comparison, as nitroaromatics have an adsorptive affinity for the organic fraction of soil.  Extractable iron, cation exchange capacity, and clay content also correlate with TNT adsorption to soils.  Contaminant sorptive phenomena, thus, may limit the effectiveness of enzymatic treatment of contaminated soils.

· The presence of soil in TNT transformation microcosms substantially reduced nitrate reductase efficacy in the form of uncompetitive inhibition.  Additional studies are needed to characterize this inhibition in terms of specific inhibitor, inhibitor concentration [I] and the inhibition constant (KI).

· Although the TNT transformation products have been mapped extensively in aquatic plants, additional research is needed to define the kinetics with respect to enzyme activity or applied spinach mass/TNT loading.  However, TNT intermediates are not quantified using the colorimetric analysis described herein.
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APPENDIX II. NOTATION

A = enzyme activity (U/L)

A* = specific enzyme activity with respect to nitro group (U/(mol -NO2)

C = TNT concentration at any time (mg/L)

Co = initial TNT concentration at t = 0 (mg/L)

E = enzyme concentration (mg/L)
I = inhibitor concentration (mg/L)
K = constant with respect to applied spinach loading {(U/g)((g/(mol)}
KI = equilibrium constant for dissociation of inhibitor enzyme complex (mg/L)

Km = Michaelis-Menten half-saturation constant (mg/L)

Ksat = half-saturation constant with respect to enzyme activity (U/L)

Ksat* = half-saturation constant with respect to specific enzyme activity  (U/(mole -NO2)

k = pseudo-first-order rate constant (hr-1)
kA = second-order rate constant with respect to enzyme activity (hr-1/U/L)
kE = second-order rate constant with respect to enzyme concentration (hr-1/mg/L)

kmax = maximum rate constant (hr-1)
kP = second-order rate constant with respect to soluble protein concentration (hr-1/mg/L)

kS = second-order rate constant with respect to spinach mass (hr-1/mg/L)

L = loading of spinach mass applied per mass of TNT (g/(g)

P = soluble protein concentration (mg/L)

S = spinach mass concentration (mg/L)

t = time (hr)

U = enzyme activity ((mol/min)

Vmax = Michaelis-Menten maximum velocity of reaction (mg/L/hr)
Table 1. Experimental Parameters and Results

	Run
	Temperature

(oC)
	Spinach

(g/100 mL)
	Loading

(mg/(g)
	Activity (U/mL)
	k

(hr-1)
	ka
(hr-1/U/mL)

	1A
	20
	25
	5.0
	2.06
	0.494
	0.240

	2A
	20
	17.5
	3.5
	1.78
	0.432
	0.242

	3A
	20
	10
	2.0
	0.79
	0.388
	0.490

	4A
	20
	5
	1.0
	0.27
	0.296
	1.095

	5A
	20
	2
	0.4
	0.08
	0.240
	3.000

	6A
	5
	25
	5.0
	1.60
	0.114
	0.071

	7A
	10
	25
	5.0
	1.93
	0.257
	0.133

	8A
	20
	25
	5.0
	2.06
	0.494
	0.240

	9A
	30
	25
	5.0
	1.79
	0.887
	0.497

	10A
	20
	12.5
	5.0
	1.02
	0.505
	0.497

	11A
	20
	25
	2.5
	2.08
	0.381
	0.184

	1AS
	20
	25
	5.0
	1.69
	0.389
	0.230

	1S
	20
	25
	1.25
	1.96
	0.032
	0.016

	2S
	20
	20
	1.00
	1.86
	0.024
	0.013

	3S
	20
	15
	0.75
	1.24
	0.030
	0.024

	4S
	20
	10
	0.50
	1.09
	0.027
	0.024

	5S
	20
	5
	0.25
	0.66
	0.018
	0.027

	6S
	5
	25
	1.25
	2.16
	0.017
	0.008

	7S
	10
	25
	1.25
	2.02
	0.027
	0.014

	8S
	20
	25
	1.25
	1.96
	0.032
	0.016

	9S
	30
	25
	1.25
	2.04
	0.048
	0.024


Fig. 1. TNT Transformation versus Spinach Mass for Runs 1A-5A (20 oC and 20 mg/L TNT).

Fig. 2. Second-Order Rate Constant versus Spinach Mass/TNT Loading for Runs 1A-5A.

Fig. 3. Activity versus Pseudo-first-order Rate Constant for Runs 1A-5A (Hanes-Woolf Type of Linear Transform Plot).

Fig. 4. Saturation Kinetics versus Nitrate Reductase Activity for Runs 1A-5A.

Fig. 5. TNT Transformation versus Temperature (oC) for Runs 6A-9A (25 g/100 mL).

Fig. 6. Arrhenius Relationship for Runs 6A-9A and 6S-9S, respectively.

Fig. 7. TNT Transformation versus Temperature (oC) for Runs 6S-9S (25 g/100 mL).

Fig. 8. Michaelis-Menten Kinetics for TNT transformation

Fig. 9. Hanes-Woolf Plot of Michaelis-Menten Kinetics

Fig. 10. Saturation Kinetics versus Spinach Mass/TNT Loading for Runs 1A-5A, 10A, and 11A (Shown for Comparison is Re-evaluated Data of Medina et al. 2002).

Fig. 11. TNT Transformation versus Spinach Mass for Runs 1S-5S (20 oC and 2500 mg/kg TNT).

Fig. 12. Activity versus Pseudo-first-order Rate Constant for Runs 1S-5S (Hanes-Woolf Type of Linear Transform Plot).

Fig. 13. Saturation Kinetics versus Spinach Mass/TNT Loading for Runs 1S-5S.
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Fig. 1. TNT Transformation versus Spinach Mass for Runs 1A-5A (20 oC and 20 mg/L TNT).
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Fig. 2. Second-Order Rate Constant versus Spinach Mass/TNT Loading for Runs 1A-5A.
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Fig. 3. Activity versus Pseudo-first-order Rate Constant for Runs 1A-5A (Hanes-Woolf Type of Linear Transform Plot).
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Fig. 4. Saturation Kinetics versus Nitrate Reductase Activity for Runs 1A-5A.
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Fig. 5. TNT Transformation versus Temperature (oC) for Runs 6A-9A (25 g/100 mL).
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Fig. 6. Arrhenius Relationship for Runs 6A-9A and 6S-9S, respectively.
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Fig. 7. TNT Transformation versus Temperature (oC) for Runs 6S-9S (25 g/100 mL).
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Fig. 8. Michaelis-Menten Kinetics for TNT Transformation.
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Fig. 9. Hanes-Woolf Plot of Michaelis-Menten Kinetics. 
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Fig. 10. Saturation Kinetics versus Spinach Mass/TNT Loading for Runs 1A-5A, 10A, and 11A (Shown for Comparison is Re-evaluated Data of Medina et al. 2002).
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Fig. 11. TNT Transformation versus Spinach Mass for Runs 1S-5S (20 oC and 2500 mg/kg TNT).
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Fig. 12. Activity versus Pseudo-first-order Rate Constant for Runs 1S-5S (Hanes-Woolf Type of Linear Transform Plot).
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Fig. 13. Saturation Kinetics versus Spinach Mass/TNT Loading for Runs 1S-5S.
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		1		0.894		0.5		0.732		0.5		0.731		0.5		0.582		0.839		0.703		0.762		0.630

		2		0.800		1		0.691		1		0.487		1		0.291		0.764		0.592		0.521		0.326

		4		0.637		1.5		0.526		1.5		0.387		1.5		0.204		0.626		0.509		0.399		0.206

		6		0.442		2		0.484		2		0.323		2		0.145		0.457		0.432		0.348		0.162

		8		0.400		4		0.294		2.5		0.226		2.5		0.132		0.364		0.325		0.226		0.145

		12		0.316		6		0.211		3		0.179		0.5		0.678		0.301		0.197		0.179

		16		0.168		8		0.206		4		0.115		1		0.361		0.158		0.171		0.096

		20		0.132		0.5		0.674		6		0.104		1.5		0.207		0.103				0.091

		1		0.784		1		0.493		0.5		0.792		2		0.178

		2		0.727		1.5		0.493		1		0.554		2.5		0.159

		4		0.615		2		0.379		1.5		0.411		0		1

		6		0.472		4		0.356		2		0.372

		8		0.329		6		0.182		4		0.078

		12		0.286		8		0.136		6		0.078

		16		0.147		0		1		0		1

		20		0.073

		0		1





Sheet1

		0		0				0				0

		0		0				0				0

		0		0				0				0

		0		0				0				0

		0		0				0				0

		0		0				0

		0		0				0

		0						0



5 C k = 0.1139/hr

10 C k = 0.2572/hr

20 C k = 0.4937/hr

30 C k = 0.8868/hr

Time (hrs)

C/Co

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0



Sheet2

		





Sheet3

		






_1149928862.xls
Chart1

		4				4				4				4

		8				8				8				8

		12				12				12				12

		16				16				16				16

		24				24				24				24



30 C k = 0.048/hr

20 C k = 0.032/hr

10 C k = 0.027/hr

5 C k = 0.017/hr

Time (hrs)

C/Co

0.777

0.832

0.92

0.9575

0.6885

0.772

0.845

0.9035

0.4885

0.684

0.74

0.821

0.433

0.574

0.62

0.7375

0.3505

0.4805

0.515

0.661



Sheet1

		Time		Soil20		Soil30		Soil10		Soil5		20av		30av		10av		5av

		0		1.00		1.00		1.00		1.00

		4		0.856		0.760		0.920		0.951		0.832		0.777		0.920		0.958

		8		0.774		0.673		0.830		0.911		0.772		0.689		0.845		0.904

		12		0.696		0.520		0.730		0.813		0.684		0.489		0.740		0.821

		16		0.584		0.465		0.610		0.721		0.574		0.433		0.620		0.738

		24		0.529		0.371		0.490		0.643		0.481		0.351		0.515		0.661

		4		0.808		0.794		0.920		0.964

		8		0.770		0.704		0.860		0.896

		12		0.672		0.457		0.750		0.829

		16		0.564		0.401		0.630		0.754

		24		0.432		0.330		0.540		0.679
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		Grams		Krate		ConcSp		gm/ug		Kratecal		Ldivrate		Residual		UnitAct		Uact/Rate		gm/ug		Medinak		Ldivrate

		25		0.4937		0.100		0.0050		0.4778		0.010		0.000		8.21		16.63		0.0050		0.1092		0.0458

		17.5		0.4318		0.070		0.0035		0.4529		0.008		0.000		5.75		13.31		0.0017		0.0719		0.0232

		10		0.3883		0.040		0.0020		0.4005		0.005		0.000		3.28		8.46

		5		0.2960		0.020		0.0010		0.3155		0.003		0.000		1.64		5.55

		2		0.2397		0.008		0.0004		0.1927		0.002		0.002		0.66		2.74		SlopeM		InterM		VmaxM		KmstarM		FactorUL		FactorLL

				0				0		0				0.003						6.7836		0.0119		0.147		2.88		2.00		0.50

		Cinit		Volsampl		MW		SlopeC		IntcptC		Km		Vmax		NO2umolml		Kmstar

		20		25		227.13		1.8235		0.0013463		0.001		0.55		0.264		1.212

		Voladded		MoleN02		Upergm		Const		UpergmC		delta

		10		3		21.69		1642.15		21.69		0.0001

		gm/ug		Kratecal		KratecM		KrateMUL		KrateMLL

		0		0.0000		0.0000		0.0000		0.0000

		0.0001		0.0654		0.0080		0.0151		0.0041

		0.0002		0.1169		0.0151		0.0274		0.0080

		0.0003		0.1584		0.0215		0.0376		0.0116

		0.0004		0.1927		0.0274		0.0462		0.0151

		0.0005		0.2214		0.0327		0.0535		0.0184

		0.0006		0.2459		0.0376		0.0599		0.0215

		0.0007		0.2669		0.0420		0.0654		0.0245

		0.0008		0.2852		0.0462		0.0703		0.0274

		0.0009		0.3013		0.0500		0.0747		0.0301

		0.001		0.3155		0.0535		0.0785		0.0327

		0.0011		0.3281		0.0568		0.0820		0.0352

		0.0012		0.3395		0.0599		0.0852		0.0376

		0.0013		0.3498		0.0627		0.0880		0.0399

		0.0014		0.3590		0.0654		0.0906		0.0420

		0.0015		0.3675		0.0679		0.0930		0.0441

		0.0016		0.3752		0.0703		0.0952		0.0462

		0.0017		0.3823		0.0725		0.0972		0.0481				0.005		0.5049

		0.0018		0.3889		0.0747		0.0991		0.0500				0.0025		0.3813

		0.0019		0.3949		0.0766		0.1009		0.0518

		0.002		0.4005		0.0785		0.1025		0.0535

		0.0021		0.4057		0.0803		0.1040		0.0552

		0.0022		0.4106		0.0820		0.1054		0.0568

		0.0023		0.4151		0.0836		0.1067		0.0584

		0.0024		0.4194		0.0852		0.1080		0.0599

		0.0025		0.4234		0.0866		0.1091		0.0613

		0.0026		0.4271		0.0880		0.1102		0.0627

		0.0027		0.4306		0.0894		0.1113		0.0641

		0.0028		0.4340		0.0906		0.1123		0.0654

		0.0029		0.4371		0.0919		0.1132		0.0667

		0.003		0.4401		0.0930		0.1141		0.0679

		0.0031		0.4429		0.0941		0.1149		0.0692

		0.0032		0.4456		0.0952		0.1157		0.0703

		0.0033		0.4481		0.0962		0.1165		0.0715

		0.0034		0.4506		0.0972		0.1172		0.0725

		0.0035		0.4529		0.0982		0.1179		0.0736

		0.0036		0.4551		0.0991		0.1185		0.0747

		0.0037		0.4572		0.1000		0.1192		0.0757

		0.0038		0.4592		0.1009		0.1198		0.0766

		0.0039		0.4611		0.1017		0.1203		0.0776

		0.004		0.4629		0.1025		0.1209		0.0785

		0.0041		0.4647		0.1032		0.1214		0.0794

		0.0042		0.4664		0.1040		0.1219		0.0803

		0.0043		0.4680		0.1047		0.1224		0.0812

		0.0044		0.4696		0.1054		0.1229		0.0820

		0.0045		0.4711		0.1061		0.1234		0.0828

		0.0046		0.4726		0.1067		0.1238		0.0836

		0.0047		0.4739		0.1073		0.1242		0.0844

		0.0048		0.4753		0.1080		0.1246		0.0852

		0.0049		0.4766		0.1086		0.1250		0.0859

		0.005		0.4778		0.1091		0.1254		0.0866



umole/min/mL based on 5 ml extract plus 5 ml assay plus 5 ml SA plus 5 ml NEED and 25 ml total sample volume (factor=2)
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Rate constant (hr-1) based on 25 ml sample of 20 mg/lL TNT using 10 ml of spinach extract added as 25, 10, 5 or 2 gm per 100 ml
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Rate constant (hr-1) based on 25 ml sample of 2500 mg/kgL TNT using 12.5 ml of spinach extract added as 25, 20, 15 or 10 gm per 100 ml
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