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A purified phosphotriesterase was successfully immobi- 
lized onto trityl agarose in a fixed bed reactor. A total of up 
to 9200 units of enzyme activity was immobilized onto 
2.0 mL of trityl agarose (65 pmol trityl groups/mL agarose), 
where one unit is the amount of enzyme required to cata- 
lyze the hydrolysis of one micromole of paraoxon in one 
min. The immobilized enzyme was shown to behave chemi- 
cally and kinetically similar to the free enzyme when para- 
oxon was utilized as a substrate. Several organophosphate 
pesticides, methyl parathion, ethyl parathion, diazinon, and 
coumaphos were also hydrolyzed by the immobilized phos- 
photriesterase. However, all substrates exhibited an affin- 
ity for the trityl agarose matrix. For increased solubility and 
reduction in the affinity of these pesticides for the trityl 
agarose matrix, methanol/water mixtures were utilized. 
The effect of methanol was not deleterious when concen- 
trations of less than 20% were present. However, higher 
concentrations resulted in elution of enzyme from the reac- 
tor. With a 10-unit reactor, a 1.0 mM paraoxon solution was 
hydrolyzed completely at a flow rate of 45 mL/h. Kinetic 
parameters were measured with a 0.1-unit reactor with 
paraoxon as a substrate at a flow rate of 22 mL/h. The 
apparent K, for the immobilized enzyme was 3-4 times 
greater than the K, (0.1 mM) for the soluble enzyme. Im- 
mobilization limited the maximum rate of substrate hydrol- 
ysis to 40% of the value observed for the soluble enzyme. 
The pH-rate profiles of the soluble and immobilized en- 
zymes were very similar. The immobilization of phosphotri- 
esterase onto trityl agarose provides an effective method 
for hydrolyzing and thus detoxifying organophosphate pes- 
ticides and mammalian acetylcholinesterase inhibitors. 

INTRODUCTION 

The current environmental problems associated with 
pesticide usage and contamination require serious atten- 
tion. It is estimated that up to 800,000 individuals each 
year are affected by pesticide poisoning.’ Of particular 

* To whom all correspondence should be addressed. 

interest are the organophosphate pesticides since they 
comprise the major proportion of the agricultural pesti- 
cides utilized in today’s agricultural industry (E. Brandt, 
EPA, Washington, DC, personal communication). Con- 
tamination results from either occupational or inciden- 
tal exposure where adsorption occurs by direct contact 
with air, food, and water. This class of agricultural in- 
secticides dominate as the leading cause of pesticide 
poisoning cases in the United States.* 

Of equal importance is the environment, where the 
need for safe, convenient, and economically feasible 
methods for pesticide disposal must be developed. 
There are several methods of disposal currently avail- 
able,3s4 but most of these have some undesirable limita- 
tions. Incineration offers a reliable method but is 
economically restrictive, and the proper treatment of 
the noxious gaseous effluents are of concern. Chemical 
methods, although viable, leave the problem of disposal 
of large volumes of caustics and acids. Landfills func- 
tion adequately, but leaching into the soil and water is 
a problematic consideration. To avoid some of these 
limitations, the use of enzymatic detoxification is one 
method receiving serious attention. Biological methods 
such as the use of activated sludge and anaerobic di- 
gestion have proved successful. However, these meth- 
ods require the maintenance of a biological system 
and rely on the production of enzymes for detoxifying 
contaminants. 

Recently, an enzyme has been purified and charac- 
terized as a phosphotriesterase with a very broad sub- 
strate specificity.’ This enzyme has been shown to 
hydrolyze a substantial number of the most widely 
used organophosphate pesticides including methyl and 
ethyl parathion, diazinon, fensulfothion, dursban, and 
coumapho~.~ In addition, this phosphotriesterase is 
able to degrade deadly nerve toxins such as sarin and 
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soman.6 The most characteristic reaction 
zyme involves the hydrolysis of paraoxon’: 
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CH3CHZO-P-OH + HO- ’ ‘ -NO2 (1) 
I u 

CH3CH 2 0  

The immobilization of such an enzyme may provide 
the means whereby toxic substances can be efficiently 
degraded in a continuous process. Immobilization 
avoids the limitation of maintaining a biological system 
and usually increases the stability of the enzymatic ac- 
tivity. The utilization of an immobilized enzyme for 
degradation of pesticides has been described in one in- 
stance and involves the immobilization of a parathion 
hydrolase from a crude cell extract onto porous silica for 
the hydrolysis of parathion.’ Because the phosphotri- 
esterase from Pseudomonas dirninuta is capable of hy- 
drolyzing many different organophosphate pesticides, 
its immobilization may allow a stable system where its 
substrates can be hydrolyzed in a continuous fashion 
under mild environmental conditions. 

Of the various methods of protein immobilization, 
it has been suggested that the physical adsorption of 
an enzyme is the simplest to perform and least affects 
enzyme activity.’ In this study, the specific method of 
immobilization was based on the demonstrated hydro- 
phobic nature of phosphotriesterase? Trityl agarose was 
chosen as the water insoluble matrix because of the re- 
ported high coupling properties and the high retention 
of activity upon the immobilization of many different 
enzymes.’ In this report, the immobilization of the phos- 
photriesterase from P. diminuta is described. The char- 
acteristics of this immobilized enzyme are defined, and 
the potential ability of this immobilized phosphotri- 
esterase to hydrolyze and thus detoxify several organo- 
phosphate pesticides is investigated. 

MATERIALS AND METHODS 

Materials 

Phosphotriesterase was purified to a specific activity 
of 2500 units/mg of protein from Spodoptera frugi- 
perdu (sf9) cells transfected with a recombinant bac- 
ullovirus system containing the cloned gene for the 
enzyme? Trityl agarose (65 pmol trityl groups/mL of 
agarose) was obtained from Sigma Chemical Co. 
[3-Cyclohexylamino]-l-propane sulfonic acid (CAPS), 
(2-[N-cyclohexylamino] ethanesulfonic acid (CHES), 
(N-2-hydroxylethyl piperazine)-N-2 ethanesulfonic acid 
(HEPES), (( 2-N-morpholino) et hanesulfonic acid 

(MES), piperazine-N,N-bis [2-ethanesulfonic acid] 
(PIPES), (tris[hydrox y met hyl] met hylaminopropane 
sulfonic acid (TAPS), dithiothreitol (DTT), diisopropyl 
fluorophosphate (DFP), and paraoxon were also pur- 
chased from Sigma Chemical Companyl. Methyl para- 
thion, ethyl parathion, diazinon, and coumaphos were 
purchased from Chem Service. 

Preparation of the Immobilized Phosphotriesterase 

The immobilization of phosphotriesterase was accom- 
plished by a procedure similar to that of Cashion et al.9 
To a slurry of trityl agarose in 125 mM CHES, pH 9.0, 
was added a predetermined amount of enzyme activity. 
After gently swirling for at least 10 min, the mixture was 
poured into a glass column reactor. After the reactors 
were prepared, they were washed with at least 30 mL of 
125 mM CHES, pH 9.0, and fractions of the effluent 
were collected and assayed for the presence of enzyme 
activity. The extent of coupling of the free enzyme to 
the trityl agarose was determined by measuring the 
amount of enzyme activity before it was applied to the 
column and then subtracting the catalytic activity that 
was recovered in the wash fractions during and after 
the reactor preparation. A general schematic of the ex- 
perimental system is shown in Figure 1. 

Enzymatic hydrolysis was measured in two different 
packed bed reactors. A 280-unit enzyme reactor was 
prepared in a glass column (0.7 x 8 cm) with a final 
volume of 3.0 mL. The other reactor system was pre- 
pared in a glass column (0.5 x 10 cm) with a final vol- 
ume of 2.0 mL. Several independent columns were 
prepared using the latter of the two reactor systems 
with various amounts of enzyme activity applied (0.1, 
1.0, 10.0, 100, 1000, and 9200 units of enzyme activity). 
These reactors were stored at 4°C in 125 mM CHES, 
pH 9.0, between experiments. 

Activity Measurements 

Enzyme activity is defined in units where one unit is 
the amount of enzyme required to catalyze the hydroly- 
sis of one micromole of paraoxon in one minute. The 
amount of enzyme activity was determined by monitor- 

Figure 1. A general schematic for the experimental system, 
(A) substrate reservoir, (B) Rainin peristaltic pump, (C) fixed bed 
reactor, (D) Gilson Model HM Holochrome UV-visible detector, 
and (E) effluent collector. 
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ing the absorbance of p-nitrophenol at 400 mm (E = 
17,000 M - ' )  produced by the hydrolysis of paraoxon at 
pH 9.0 with a Gilford 260 spectrophotometer. The hy- 
drolysis of the organophosphates by the immobilized 
enzyme was performed at continuous flow rates. In 
all cases, fractions were collected in tubes containing 
1.0 mM dithiothreitol, a competitive inhibitor for the 
enzyme (K ,  = 8.8 P M ) , ~  to ensure protection from 
further hydrolysis of any unreacted substrate. The hy- 
drolysis of methyl parathion and ethyl parathion was 
monitored by measuring spectrophotometrically the 
concentration of p-nitrophenol produced in the col- 
lected fractions. The hydrolysis of diisopropylfluo- 
rophosphate was determined using an Orion Model 
94-09-00 fluoride sensitive electrode by measuring the 
concentration of fluoride anion. The fractions collected 
from the hydrolysis of coumaphos were monitored 
spectrophotometrically at 348 nm (E = 9100M-') for the 
release of 3-chloro-7-hydroxy-4-methyl coumarin. The 
product from the hydrolysis of diazinon was measured 
spectrophotometrically at 228 nm for the presence of 
2-isopropyl-4-methyl-6-hydroxy pyrimidine. 

Solvent Effects 

The effect of organic solvent on the affinity of the im- 
mobilized enzyme for the trityl agarose matrix was de- 
termined by washing a 280-unit reactor (0.7 x 8 cm) 
with 125 mM CHES, pH 9.0, with various concentra- 
tions of organic solvent. At least 10 mL of effluent were 
collected at a flow rate of 22 mL/h at each concen- 
tration and the amount of enzyme activity eluted was 
assayed as previously described. 

Thermostability of the Immobilized 
Phosphot riesterase 

The effect of temperature on the stability of the im- 
mobilized phosphotriesterase was determined using a 
1-unit reactor which was eluted with 0.3 mM paraoxon 
in 125 mM CHES, pH 9.0, at a constant flow rate of 
20 mL/h at 25°C. After steady state hydrolysis was 
achieved, the temperature was elevated in 5°C incre- 
ments. At each controlled temperature the steady state 
hydrolysis was measured and monitored for at least 1 h. 
The amount of p-nitrophenol produced at steady state 
was determined as above. The thermostability of the 
free enzyme was determined by incubating identical en- 
zyme solutions buffered at pH 9.0 with 50 mM tri- 
ethanolamine for a period of at least 1 h at controlled 
temperatures. Aliquots were removed at timed intervals 
and assayed for enzyme activity. 

Kinetic Analysis 

Kinetic measurements were made with a 0.1-unit reac- 
tor at 25°C using paraoxon with concentrations ranging 
from 0.03 to 0.92 mM in 10% methanol at pH 9.0. 

Steady state hydrolysis was measured by monitoring the 
concentration of p-nitrophenol in the effluent at each 
flow rate for at least 30 min with a Gilson Model HM 
Holochrome detector equipped with a 40-pL cuvette 
and a Linear chart recorder precalibrated at 400 and 
460 nm. Flow rates were kept constant with a Rainin 
peristaltic pump. Fractions were collected and the 
amount of p-nitrophenol at pH 9.0 was measured at 400 
nm with a Gilford 260 spectrophotometer to corrobo- 
rate the chart recorder data. In all cases, the fractions 
collected contained DTT (final concentration 1.0 mM). 

pH Profile 

The extent of steady state hydrolysis of 1.0 mM para- 
oxon was determined in the pH range of 6-10 at in- 
tervals of approximately 0.5 pH units utilizing several 
independently prepared 1.0-unit immobilized phospho- 
triesterase reactors. Each reactor was equilibrated with 
the appropriate buffer (50 mM CHES, pH 9.5, pH 9.0; 
50 mM TAPS, pH 8.5, pH 8.0; 50 mM PIPES, pH 7.5, 
pH 7.0; and 50 mM MES, pH 6.5, pH 6.0) before the 
elution of paraoxon. At a constant flow rate of 21 mL/h, 
fractions were collected and the pH measured. The pH 
of the fractions was adjusted to pH 9 and the amount of 
p-nitrophenol was determined spectrophotometrically 
at 400 nm. 

Data Analysis 

Kinetic data were analyzed using the least squares 
method of C1eland.l' Data were applied to the appropri- 
ate equation to give the kinetic parameters and es- 
timates of the standard errors. The apparent values for 
K,,, and V ,  were calculated from a fit to the data to 
Equation (2): 

v = v,A/(K,,, + A) (2) 
where v is the initial velocity in micromoles per minute, 
V ,  is highest possible velocity in micromoles per minute, 
A is the initial paraoxon concentration, and K,,, is the ap- 
parent Michaelis constant. The pK, value from the pH- 
rate profile was determined from a fit to Equation (3): 

logy = log[c/(l + H/Kn)] (3) 
where y is the amount of paraoxon hydrolyzed, c is the 
pH independent value of y, H is the hydrogen ion con- 
centration, and Kn is the dissociation constant of the 
group that ionizes. 

RESULTS AND DISCUSSION 

Immobilization of Phosphotriesterase 

Phosphotriesterase was successfully immobilized onto 
trityl agarose with a very simple and easily performed 
procedure. A series of columns containing from 0.1 to 
9200 units of enzyme activity was prepared. These 

CALDWELL AND RAUSHEL: DETOXIFICATION OF ORGANOPHOSPHATE PESTICIDES 105 



columns were defined by the activity of the soluble 
enzyme before immobilization and in no manner infer 
the activity of the bound enzyme. During the prepara- 
tion and washing with 125 mM CHES buffer, each 
column lost an insignificant amount of enzyme activity 
(<0.006 units) in the effluent, except for the 9200-unit 
reactor, which lost 1.2 units of enzyme activity. The 
large amount of enzyme applied to the reactor may be 
approaching the functional limits of this particular 
reactor (65 pmol trityl groups/mL agarose). However, 
the high enzymatic activity of this enzyme7 does not 
necessarily require the preparation of such a high activ- 
ity column. 

Organophosphate pesticides are not very soluble in 
aqueous systems and ihus require an organic solvent to 
achieve higher concentrations. Previous kinetic analysis 
with a variety of organophosphate pesticides hydrolyzed 
by phosphotriesterase necessitated the use of at least 
10% methanol to improve ~olubility.~ Since the coupling 
of phosphotriesterase is based on hydrophobic interac- 
tions, it was necessary to determine the effect of organic 
solvent on the coupling of the enzyme to the trityl 
agarose. Figure 2 shows that with the 280-unit fixed bed 
reactor, increasing the methanol concentration by 10% 
increments in the eluting buffer results in approximately 
a 10-fold increase in enzyme leakage from the reactor. 
The use of dimethylformamide (DMF) had an even 
more severe effect, as shown in Figure 2. Any concen- 
tration of DMF over 5% led to significant losses greater 
than 0.3 units/mL. The use of organic solvents imposes 
some restrictions in the use of the immobilized phos- 
photriesterase for the hydrolysis of substrates with 
extreme low solubility. With this particular reactor sys- 
tem, limits are set at 20% methanol in the eluting 
buffer before deleterious effects are observed while 
DMF is not a suitable solvent. 

Hydrolysis of Organophosphate Pesticides 

The application of the immobilized phosphotriesterase 
as a method for degrading various pesticides was evalu- 
ated. Shown in Table I are the initial experiments per- 

’ oo.ooo, 

percent solvent 

Figure 2. The effect of solvent on the elution of the immobilized 
phosphotriesterase from trityl agarose (280-unit reactor). Metha- 
nol (O),  DMF (0). Additional details are given in the text. 

formed with a 280-unit reactor which demonstrates the 
ability of the immobilized phosphotriesterase to degrade 
the same substrates as the soluble enzyme, namely 
paraoxon, DFP, methyl parathion, ethyl parathion, and 
coumaphos at a flow rate of 22 mL/h. This table re- 
flects the extent of hydrolysis for a limited amount of 
substrate applied to the immobilized enzyme column. 
The “recovered volume” is the amount of effluent re- 
quired to collect the indicated percentage of the “recov- 
ered product.” Near quantitative hydrolysis of paraoxon 
is obtained. However, the kinetically slower substrate? 
were not completely hydrolyzed under the conditions 
imposed. In the case of coumaphos and ethyl parathion 
only a low concentration of the unhydrolyzed substrate 
was collected and measured in the fractions. Moreover, 
progressively larger volumes of effluent were required 
to collect the hydrolysis products. Therefore, trityl 
agarose either showed an affinity for the substrates or to 
the hydrolysis products. The latter possibility appears 
very unlikely since, at pH 9.0, p-nitrophenol (pK, 7.2) 
exists primarily in its ionized form and the fluoride an- 
ion produced from DFP hydrolysis should not be re- 
tarded hydrophobically. The affinity of the substrates 
and the products for the column matrix were analyzed 
by eluting paraoxon or p-nitrophenol from a trityl 
agtrose column containing no bound enzyme. The 
results are shown in Table I1 and clearly indicate that 
p-nitrophenol is not retarded. Paraoxon did show a sig- 
nificant affinity for the trityl agarose as indicated by 
the large el, L n  volumes required for complete recovery 
of the substrate. Furthermore, the addition of methanol 
to the elution buffer facilitates a smaller volume for re- 
covery of this substrate where methanol serves to di- 
minish the hydrophobic interaction. These experiments 
illustrate the affinity of the hydrophobic substrates for 
the trityl agarose matrix which results in greater elution 
volumes required for recovery of the hydrolysis prod- 
ucts. The lack of a significant recoverable unhydrolyzed 
substrate also supports the affinity of the substrates to 
the matrix. The affinity of a hydrophobic substrate on a 
hydrophobic matrix is not unusual and has been ob- 
served in other systems.’l This affinity does not pose a 
serious threat to the utilization of this system for pesti- 
cide degradation since in a continuous process of hy- 
drolysis, a steady state woilld eventually be realized. 
However, this substrate partitioning may be expected 
to affect the kinetics of the immobilized enzyme. 

Because some of the substrates shown in Table I were 
not completely hydrolyzed due to the affinity of the 
compounds for the matrix, experiments were conducted 
using the higher enzyme activity columns. Using the 
1000-unit reactor at a flow rate of 11.5 mL/h, 54% of a 
0.25 mM methyl parathion solution could be hy- 
drolyzed in a continuous process for at least 2 h. This is 
a marked improvement in hydrolysis over the 34% hy- 
drolyzed and recovered with the 280-unit reactor. Di- 
azinon (0.07 mM) at pH 9.0 in 10% methanol was 
hydrolyzed to greater than 99% completion at a flow 
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Table I. 
unit reactor).a 

Enzymatic hydrolysis of substrates with immobilized phosphotriesterase (280- 

Applied Hydrolyzed Recovery Recovered 
Concentration volume product volume product 

Substrate ( m M )  (mL) (%I (mL) 

Paraoxon 0.1 3 99 27 99 
Paraoxonb 0.1 2.8 99 13 99 
Methyl 

parathionb 0.1 3 98 28 35 
Ethyl 

parathionb 0.1 5 92 27 44 
Diisopropyl 

f luorophosphate' 5 2.8 99 20 63 
Coumaphosd 0.06 3.4 97 30 30 

a Substrates were added at a constant flow rate of 22 mL/h. Elution of the product 
and/or unreacted substrate was performed with 125 mM CHES, pH 9, except where other- 
wise noted. 

10% Methanol. 

20% Methanol. 
' 10% Methanol in 125 mM HEPES, pH 7. 

Table 11. The affinity of substrates for the trityl agarose matrix. 

50% Recovery Total recovery 
Concentration Volume Recovery volume volume 

Substrate (mM) (mL) (mL) (mL) 

p-Nitrophenol 2 3 100 2.7 6 
Paraoxon 0.1 3 92 28 45 
Paraoxon" 0.1 2.8 100 18 25 

a 10% Methanol. 

rate of 55.5 mL/h. These results indicate that by in- 
creasing the amount of enzyme activity or changing the 
flow rates, improved hydrolysis of these organophos- 
phate pesticides can be realized with little difficulty. To 
further define the properties of the immobilized phos- 
photriesterase, different concentrations of paraoxon 
were loaded onto a 0.1-unit reactor. Figure 3 illustrates 
that as the flow rate and the initial paraoxon concen- 
tration are increased, the percentage of hydrolysis de- 
creases. Only 50% hydrolysis could be achieved at 
11.5 mL/h with 0.03 mM paraoxon. Similar experi- 
ments were performed with the 1.0 and 10-unit reac- 
tors. Escalating to the higher immobilized enzyme 
reactor results in a noticeable improvement in effective 
hydrolysis. For example, near quantitative hydrolysis is 
observed at concentrations of 0.97 mM paraoxon at a 
much faster flow rate of 45 mL/h with the 10-unit reac- 
tor. Under these conditions, the complete hydrolysis of 
paraoxon was effectively achieved for at least 2 h at 
steady state. As would be expected, the 1.0-unit reactor 
is intermediate in its effectiveness toward the hydroly- 
sis of paraoxon. These experiments demonstrate the 
minimal requirements for near quantitative hydrolysis 
of paraoxon with this immobilized phosphotriesterase. 

Thermostability of the Immobilized Enzyme 

Figure 4 shows the effect of increased temperature 
on the activity of the enzyme. At 55"C, the half-life of 
95 min for the immobilized enzyme is significantly 
greater than 16 min for the soluble enzyme. Tempera- 
tures at or below 45°C did not result in the inactivation 
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Figure 3. The hydrolysis of paraoxon in 125 mM CHES, 10% 
methanol at varied flow rates with an immobilized phospho- 
triesterase fixed bed reactor (0.1 unit) (A, 0.92 mM, 0,  0.1 mM, 
0, 0.046 mM); (1.0 unit) (W, 0.17 mM, 0, 0.087 mM); (10.0 unit) 
(*, 0.97 mM).  
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Figure 4. Thermostability of (0) soluble and (A) immobilized en- 
zyme at 45°C (open symbols) and 55°C (shaded symbols). 

of either the soluble or immobilized enzyme over peri- 
ods of at least l h. Immobilization of phosphotriesterase 
has resulted in increased stability, which is consistent 
with previous observations that immobilization of en- 
zymes can increase stability." However, even with this 
relative increased stability at 55"C, there is a continued 
decline in activity making the utilization of this immo- 
bilized enzyme unfeasible at this temperature. 

Kinetic Analysis 

The kinetic analysis of the immobilized phosphotri- 
esterase is shown in the Lineweaver-Burk plots in Fig- 
ure 5. Linear plots are observed over a wide range of 
paraoxon concentration (0.03-0.97 mM) at varied flow 
rates. The linearity of these data suggest that the im- 
mobilized enzyme follows Michaelis-Menten kinetics in 
this concentration range. Utilizing the FORTRAN pro- 
grams of Cleland, a best fit analysis gave the apparent 
Michaelis constant and K values shown in Table 111. 
The apparent K, values of 0.29-0.45 mM are only 3-4 
times greater than that of the free soluble enzyme 
(K, = 0.1 mM). These higher K, values are in accord 
with many other immobilized enzyme systems where 
higher apparent K, values can be attributed to diffu- 
sional limits on the substrate by the matri~.""~ This 
could also be the result of steric or conformational ef- 
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Figure 5. Lineweaver-Burk plots for the immobilized phosphotri- 
esterase (0.1 unit) with varying concentrations of paraoxon at dif- 
ferent flow rates: (A), 11.5 mL/h; ( O ) ,  22 mL/h; (m), 34 mL/h. 

Table 111. The apparent kinetic parameters and the effect of flow 
rates on the hydrolysis of paraoxon with the immobilized phospho- 
triesterase (0.1 unit). 

Flow K ,  
(mL/h) (mM) Fmol/min 

11.5 
23 
34 

0.45 20.05 
0.31 20.04 
0.29 k0.03 

0.042 
0.038 
0.034 

fects. As shown in Table 111, the differences in the K, 
values are not substantial, but there is a slight increase 
in the apparent K,,, with decreasing flow rates, suggest- 
ing external diffusional effect~. '~ Internal diffusional 
effects have been attributed to enzymes possessing 
high catalytic turnover rates.12*14 Since the soluble phos- 
photriesterase exhibits a high catalytic rate at diffusion- 
limited rates for paraoxon hydrolysis (unpublished 
results of S.R. Caldwell and F.M. Raushel), a larger 
apparent K, relative to the soluble enzyme would be 
expected. However, this effect on K, may have been 
minimized by substrate partitioning and the affinity of 
the substrates for the trityl agarose.14 

Shown in Table I11 is the effectiveness of the immo- 
bilized enzyme (0.1-unit reactor) in degrading paraoxon. 
Regardless of the flow rate, the maximum performance 
of this reactor is about 40% that of the free soluble en- 
zyme. The value of Vmax for the enzymatic hyarolysis of 
paraoxon in the free soluble system is 2300 s-' .~ This 
lower effectiveness may be attributed to steric or confor- 
mational effects imposed by the immobilization of the 
enzyme. The lower effectiveness may also be a result of 
internal diffusional limits and/or the inherent high cata- 
lytic efficiency of the soluble phosph~triesterase.'~ 

pH Profile 

The pH activity profile for the immobilized phosphotri- 
esterase when compared to the kinetic pH profile for 
the soluble enzyme' is shown in Figure 6. In this figure 
the values for log V,,, are plotted in arbitrary velocity 
units.7 Since the pH activity curve at saturating con- 
centrations of paraoxon for the soluble enzyme is simi- 
lar to the corresponding log V,,, and log V/K profiles 
for the soluble enzyme, such a comparison is justified. 
The kinetic pK, for the group that must be unproto- 
nated for activity has been shifted from 6.1 k0.1 for 
the soluble enzyme7 to 6.8 k0.1 for the immobilized 
enzyme. Shifts of the pK, value in the pH profiles of 
immobilized enzymes are generally expected with a 
charged matrix  upp port.'^ However, in the experiments 
reported here there is no charged support, and the sub- 
strate solution is buffered. The shift might be explained 
on the basis of the highly hydrophobic environment to 
which the enzyme has been immobilized where the mi- 
croenvironment of the essential amino acids have been 
affected. The slight variation might also be attributed 
to possible conformational effects on the active site. 
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Figure 6. The effect of pH on the hydrolysis of saturating paraoxon by 
the soluble enzyme (0)  and the immobilized phosphotriesterase (0). 
The values for V,,, of the soluble enzyme are in arbitary units.’ 

Regardless, a comparison of the two profiles serve to 
underline the similarity of the catalytic performance of 
the immobilized enzyme in relation to the free enzyme. 

The immobilized phosphotriesterase on trityl agarose 
provides an effective system for the degradation of 
some organophosphate pesticides and a mammalian 
acetylchohesterase inhibitor. The chemical and ki- 
netic parameters of the immobilized phosphotriesterase 
are comparable to those of the free enzyme. However, 
one of the primary limitations of the immobilized phos- 
photriesterase system is the negative effect of high con- 
centrations of organic solvent, which results in the 
elution of enzyme activity from the reactor. The effect 
of organic solvents (>l%) was also shown to be delete- 
rious to the immobilized parathion hydrolase described 
by Munnecke.’ In this case the negative impact was the 
inhibition of the enzyme, not the direct loss of enzyme 
activity from the reactor, and restoration of the enzy- 
matic activity was possible by removing the solvent 
from the reactor. To realize the effective hydrolysis of 
high concentrations of organophosphate pesticides by 
the immobilized phosphotriesterase, a solubilizing agent 
with minimal effects on the retention of the immobi- 
lized enzyme or the inhibition of enzyme activity will 
be required. At present, these types of reagents are be- 
ing evaluated. 

Another limitation of the immobilized phospho- 
triesterase system involves economic considerations. 
Though the immobilization of this enzyme onto trityl 
agarose is quite simple, the cost of using trityl agarose 
as a support matrix on a very large scale may become 
cost preventative. For this reason, other methods of 
immobilizing phosphotriesterase are being developed. 
Preliminary experiments have indicated that the immo- 
bilization of this phosphotriesterase onto a nylon mem- 

brane is functional and has the extra advantage of being 
relatively cost effective. Current studies are now being 
directed at this system. 
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