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The ability of 18 gram-negative bacterial isolates to detoxify diisopropyl fluorophosphate, a structural analog
of the agents soman and sarin, was investigated. Detoxification by both frozen cell sonicates and acetone
powders was assayed by two methods, i.e., the hydrolytic release of fluoride, measured by a fluoride-specific
ion electrode, and the disappearance of acetylcholinesterase inhibition in vitro. Frozen cell sonicates for all
strains exhibited some activity (F- ion release). In general, acetone powder preparations produced higher
activity than frozen cell sonicates did, and the highest activities were exhibited by strains with known parathion
hydrolase activity. Two ranges in activity were observed, low level, ranging from 0.1 to 7.0 ,umol/min per g of
protein, and high level, detected only in parathion hydrolase-producing strains, from 47 to >300 ,umol/min per

g of protein. Results indicate that parathion hydrolase was nonspecific in phosphoesterase activity. Also, it was
an effective detoxicant at low concentrations and near-neutral pH.

Diisopropyl fluorophosphate (DFP) has provided a useful
model for biodegradation of toxic organophosphates by both
eucaryotic (6-10) and procaryotic systems (1, 8, 13, 21). At
the present time, biodegradation of DFP is of interest, since
the compound is very similar in structure to the agents
soman (1,2,2-trimethylpropyl methylphosphonofluoridate)
and sarin (isopropyl methylphosphonofluoridate). Detoxifi-
cation of these toxic compounds is important for field
decontamination and for destruction of existing stockpiles of
such agents. Traditional methods involving oxidation or

alkaline treatment of toxic organophosphates are effective
but extremely corrosive, especially for plastics and metals.
(D. Mason, D. Coleman, R. Stafford, and T. Lawler, U.S.
Army technical report CRDEC-CR-87025, Feb., 1987).
Thus, a biocatalytic system operating at neutral pH and
having little or no toxicity is needed.

Diisopropyl fluorophosphatases (DFPases) have been
studied extensively, and at least two major classes are now

recognized. One is stimulated by Mn2+ (Mazur), while the
other is unaffected or slightly inhibited by Mn2+ (Squid) (8).
Enzyme systems hydrolyzing DFP, whether of microbial or

animal origin, hydrolyze soman at a significant rate, i.e.,
30,000 times the background hydrolysis rates (8) and are thus
good candidates for detoxification.
A variety of bacteria have been shown to metabolize

organophosphorus compounds by attacking the phosphorus
moiety (1-3, 12, 13, 15, 16, 18), including nonfluorinated
analogs of sarin and soman (4). Enzyme extracts prepared
from bacteria have been characterized with respect to rate
and specificity of organophosphate substrate (2, 8, 15, 17, 18,
21).

Parathion hydrolysis has been a focus of research, which
has led to successful cloning of plasmid-encoded genes for
hydrolysis from two separate isolates (14, 17). Results of the
cloning experiments show identical restriction maps and
genome size for the parathion-hydrolyzing genes but not for
the rest of the plasmids in the two isolates Flavobacterium
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sp. ATCC 27551 (PAR' strain) and Pseudomonas diminuta
MG (14).

In this study, we describe the DFPase activities of several
bacterial isolates, including those of the two parathion-
hydrolyzing strains (PAR' and MG) and a plasmid-cured
Flavobacterium sp. (PAR-), and confirm the parathion hy-
drolysis ability of strains PAR' and MG, showing associa-
tion of that ability with DFPase activity.

MATERIALS AND METHODS

Nutrient broth (Difco Laboratories, Detroit, Mich.) was

used for growth of all organisms examined in this study. For

TABLE 1. Sources of strains
Strain Source or reference(s)

Flavobacterium sp. PAR+a...... W. W. Mulbry (14)
Flavobacterium sp. PAR...... W. W. Mulbry (14)
Pseudomonas diminuta MG. .D. T. Gibson (17, 18)
Escherichia coli HB101 ....... Maniatis et al. (11)

K-12 .................... UMMMCCb
H3................... A. M. Baya
C ............. ...... UMMMCC
ATCC 25922 ............... American Type Culture Collection
K-12 N6399................ J. L. Rasner
K-12 CGSC 5346 ........... CGSC'
K-12 LE392 ............... Maniatis et al. (11)
K-12 ML1410 .............. Tanaka et al. (19)

Vibrio alginolyticus F-46 ...... Chesapeake Bay sediment
Vibrio alginolyticus F-47 ...... Chesapeake Bay sediment
Vibrio parahaemolyticus ...... UMMMCC
Pseudomonas aeruginosa
PAO ................... B. Hollaway

Pseudomonas putida
PRS 2015................. Wheelis and Ornston (20)

Pseudomonas putida
PgG1900 (RP4) ............. R. Bever
a Available from the American Type Culture Collection, Rockville, Md., as

ATCC 27551.
b University of Maryland Marine Microbiology Culture Collection.
' E. coli Genetic Stock Center, Yale University, New Haven, Conn.
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TABLE 2. DFPase activity of frozen sonicates and acetohe powders as measured with a fluoride electrode with or without
manganous ion

DFPase activity (,umol/min per g of protein) + SD of":
Strain or mean Frozen sonicate Acetone powder

+ Mn2+ - Mn2' + Mn2+ - Mn2+

Flavobacterium sp. PAR+ 33.90 ± 2.80 (6) 47.18 ± 6.38 (2) 57.45 ± 10.45 (2) 72.00
243.00b 312.00b

Flavobacterium sp. PAR- 6.01 ± 0.92 (5) 3.31 ± 0.57 (3) 3.04
Pseudomonas diminuta MG 46.70 59.17 64.90b 174.07b
Pseudomonas aeruginosa PAO 2.05 ± 1.22 (2) 1.11 9.87 ± 3.55 (2) NR
Pseudomonas putida PRS 2015 0 0.19 0.13 NR
Pseudomonas putida PGG 1900 (RP4) 0.67 0.17 0 0

x Pseudomonas group IC 1.19 ± 0.72 (4) 0.49 ± 0.31 (3) 4.97 ± 3.18 (4) <0

Escherichia coli HB101 2.89 ± 0.63 (15) 0.67 ± 0.16 (2) NR NR
K-12 2.80 ± 0.53 (13) 0.31 + 0.07 (2) -
H3 6.38 1.25 -

C 2.66 ± 1.48 (3) 0.80 NR 16.49
ATCC 25922 4.09 ± 0.44 (8) 2.01 ± 0.82 (4) NR 18.34
K-12 N6399 2.35 --
K-12 GTSC 5346 3.82 -
K-12 LE 392 6.33 -
K-12 ML1410 0.38 ± 0.38 (2) -

x E. coli 3.12 ± 0.32 (45) 1.21 ± 0.38 (10) - 17.42 ± 0.93 (2)

Vibrio alginolyticus F-46 0.91 ± 0.75 (3) -
Vibrio alginolyticus F-47 0.20 0.17 1.82 3.25
Vibrio parahaemolyticus 0.60 -

x Vibrio 0.70 ± 0.43 (5) -

aParenthetical values are the number of replicates. -, No measurement made; NR, negative rate, implying that F- is bound faster than it is generated.
b Acetone powders which had been redissolved in buffer and centrifuged to give a clear supernatant, which gave less total protein and thus, higher rates.
C Group I includes P. aeruginosa and P. putida strains; P. diminuta belongs to rRNA homology group IV.

Vibrio spp., 1% NaCl (wt/vol) was added to the broth. The
strains used in this study and their sources are listed in Table
1.

Cell culture and preparation of extracts. Pure cultures of
each strain were grown in 100 ml of nutrient broth in 250-ml
flasks incubated at 30°C on a rotary shaker (75 rpm) for 24 h,
with the exception of the Flavobacterium sp. PAR' and P.
diminuta MG, both of which required incubation for 48 h.
The cultures were centrifuged and washed three times with a
phosphate-buffered salts solution (PBS) consisting of 17 g of
NaCl, 18.2 g of Na2HPO4, and 3.0 g of KH2PO4 dissolved in
deionized water and adjusted to pH 7.0. The cell pellet
was suspended and diluted 1:5 in the buffer of Hoskin and
Prusch (9) (referred to below as Hoskin buffer) without
MnCl2 4H20. The cell suspension was sonicated in an ice
bath in three 1-min bursts, alternating with 1-min rest
periods. The sonicate was stored at -70°C.

Acetone powder preparation of cells. Cultures of each
strain, in 100-ml volumes grown as above, were centrifuged,
and the cells were washed once with acetone-PBS (50:50;
15-ml volume of each) and twice with 30-ml volumes of pure
acetone and allowed to air dry. The preparations were stored
at room temperature. To reconstitute the cell powder, 10 mg
of the dry powder was mixed with 1 ml of the Mn2 -free
Hoskin buffer (9), vortexed for 1 min, and then centrifuged
(8,800 x g) for 15 to 30 s in a microcentrifuge. The super-
natant was used for all subsequent analyses. Protein mea-
surements (Bio-Rad Protein Assay Kit; Bio-Rad Laborato-

ries, Richmond, Calif.) were made of the frozen cell
sonicates and acetone powder reconstitutions.
DFPase assay. DFP hydrolysis was measuired as described

by Hoskin et al. (9, 10). To a 10-ml vial fitted with a magnetic
stirring bar were added 1.0 ml of 2.5 x 10-3 M DFP (Sigma
Chemical Co., St. Louis, Mo.) in Mn2+-free Hoskin buffer
and 3.6 mnl of Hoskin buffer, either Mn2+-free or amended
with 4 x 10-4 M MnCl2 4H2O. A fluoride ion eiectrode
(Orion Research, Inc., Cambridge, Mass.) was imniersed in
the solution, and the background rate of DiFP hydrolysis was
measured over a 2- to 3-min period. Subsequently, 0.4 ml of
frozen cell sonicate or reconstituted acetone powder was
added, and the reaction was followed for 10 min at 25°C.

Acetylcholinesterase assay. A modification of the proce-
dure of Ellman et al. (5) was used to test for detoxification of
DFP with respect to acetylcholinesterase inhibition. To 25
ml of PBS buffer, adjusted to pH 8.0, was added 0.25 ml of
DFP (10-2 M), yielding a 10-4 M solution for the hydrolysis
reaction. Frozen cell sonicate or reconstituted acetone pow-
der (100 to 500 RI) was added to the solution, and the
solution was kept at room temperature, ca. 25°C. At 20-min
intervals, 3.0 ml of the reaction mixture was removed and
0.5 U of acetylcholinesterase (Sigma) was added. After 3
min, 100 ,ul of 5,5-dithiobis-(2-nitrobenzoic acid) (39.6 mg
dissolved with 15 mg of NaHCO3 in 10 ml of PBS) and 20 RI
of acetylthiocholine (43 mg/2 rml) were added. The reaction
was monitored by using a spectrophotometer (Spectronic 20;
Bausch & Lomb, Inc., Rochester, N.Y.) set at 412 nm.
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Controls were run with the identical solutions minus the cell
extract. The spectrophotometer blank consisted of the reac-
tion mixture without acetylcholinesterase. The extinction
coefficient for the reaction was 1.36 x 104 M-1 cm-'.

Parathion hydrolase assay. Parathion hydrolase (EC 3.1.3)
activity of Flavobacterium sp. PAR' and P. diminuta MG
was measured as described by Serdar and Gibson (17). The
extinction coefficient for the reaction was 1.65 x 104 M-1
cm-.

RESULTS
Results of a comparison of DFPase activities for the

bacterial strains examined in this study are shown in Table 2.
The majority of bacteria tested demonstrated a low level of
DFPase activity, which was enhanced by the addition of
Mn2+ ions. Exceptions to this generalization were two
plasmid-bearing, parathion-hydrolyzing organisms (MG and
PAR'), for which the DFPase was inhibited by Mn2+, and
selected acetone powder preparations of other organisms. A
low level of DFPase was detected in the plasmid-cured
(PAR-) strain, similar to that detected in Escherichia, Pseu-
domonas, and Vibrio strains. It was obscured by high
DFPase activity mediated by the parathion hydrolase of
PAR'. A higher activity of acetone powder-reconstituted
material (DFPase) was detected upon removal of precip-
itated non-DFPase protein (Table 2).
For PAR' acetone powder preparations, activities of 243

and 312 p.mol/min per g were obtained for the supernatant
clarified by centrifugation; lower rates (57.4 and 72.0
,umol/min per g) were obtained for centrifuged supernatant
that remained opaque. The opaque material contained more
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FIG. 2. DFPase activity exhibited by Vibrio alginolyticus F-46
(-), E. coli (O), Flavobacterium sp. PAR- (0), and Flavobacterium
sp. PAR' (0). Time is presented in arbitrary units, normalized to
early-log (EL), mid-log (ML), late-log (LL), and stationary (S)
phases of growth. Datum points for E. coli (O) represent an average
of activities measured for strains K-12, ATCC 25922, HB101, K-12
CGSC 5346, K-12 N6399, and K-12 ML1410 (Table 1).

nonspecific protein, lowering the ratio of micromoles per
minute per gram of protein. Acetone powder preparations of
the non-parathion-hydrolyzing organisms were not signifi-
cant in raising DFPase activity and, in some cases, resulted
in the inhibition of DFPase activity.
The low-level, non-plasmid-mediated DFPase activity in

most strains tested could be differentiated from PAR +
DFPase activity by rate increase with time. The time in-
crease observed for low-level DFPase activity, as exempli-
fied by E. coli ATCC 25922, and the slight decrease for
PAR' DFPase activity are shown in Fig. 1.
The onset of DFPase activity with growth is shown in Fig.

2. For several isolates, both low-level and parathion hydro-
lase-mediated DFPase activities were highest in late-loga-
rithmic and stationary phases, suggesting that the natural
function of the enzymes may be for phosphate scavenging in
nutrient-depleted environments. It should also be pointed
out that growth of PAR' was very slow, typically requiring
48 h to achieve stationary phase and, thereby, optimum
generation of DFPase activity.

Parathion hydrolase activity in frozen sonicate and in
reconstituted acetone powder of both PAR' and MG prep-

2 3 4 5 6 7 8 9 10 arations, adjusted to pH 8.0 and 7.2, respectively, is shown
Time (min) in Table 3. The rates for PAR' were consistently 1.5- to

.ctivities exhibited by low-level (0, E. coli ATCC 2.4-fold higher than those measured for MG, whereas com-
igh-level (0, Flavobacterium sp. PAR plus DFPase) parative results of their DFPase activities were less clear
ited with time. (Table 2).
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TABLE 3. Parathion hydrolase activity
Parathion hydrolase activity

(p.mol/min per g of protein) ± SD at':
Strain pH 8.0 pH 7.2

Frozen Acetone Frozen
sonicate powder sonicate

Flavobacterium sp. PAR' 0.57 + 0.02 2.68 ± 0.07 0.64 ± 0.03
Pseudomonas diminuta MG 0.39 ± 0.05 1.13 ± 0.02 0.37 ± 0.04

a All tests were done in duplicate and, in some cases, triplicate.

Loss of acetylcholinesterase inhibition was also used to
assay for detoxification of DFP. The increase in acetycholin-
esterase activity with time for the cell sonicate or reconsti-
tuted acetone powder to detoxify DFP is shown in Fig. 3.
Data shown in Fig. 3 were normalized to equal the activity of
10 ,ug of parathion hydrolase per ml (17) added to 1i-' M
DFP solution in buffer and measured relative to the time of
DFP in the buffer and to the decrease with time of DFP
acetylcholinesterase-inhibiting activity as hydrolysis pro-
ceeded. Although the datum points were normalized relative
to 10 ,ug of parathion hydrolase per ml, it is obvious in the
case of Flavobacterium sp. PAR' that the rates were not the
same in 100 ,u1 of frozen sonicate and in 500 ,ul of the same
sonicates. The rates measured for P. diminuta MG were also
not the same relative to the concentration of protein for 100
and 500 of sonicate. Excluding the discrepancies cited,
there was a large increase in detoxification of DFP (Fig. 3),
expressed as a reversal of acetylcholinesterase inhibition,
particularly for the acetone powder preparation of PAR', in
which case in the presence of 10 pg of parathion hydrolase
per ml, acetylcholinesterase activity was 79% within 50 min,
compared with unamended control, which showed less than
0.5% activity. At 1 p.g of parathion hydrolase per ml,
acetylcholinesterase activity would be expected to be 100%
in less than 10 min.

DISCUSSION

The DFPase activities that were observed (Table 2) could
be divided into two classes or levels. One level consisted of
low enzyme activity, with specific activities between 0.1 and
7.0 p,mol/min per g of protein in crude sonicates; these rates
were observed for Vibrio spp., Pseudomonas spp., E. coli,
and Flavobacterium spp. PAR-. This low-level system has
been previously described (8, 12, 21) and shown to be
enhanced by Mn2 . Our results correlated well with the
published data (8, 12). It is possible that the low-level
DFPase activity may be a nonenzymatic chemical reaction
enhanced by Mn2+, but data published by other investigators
do not support such a conclusion (8, 12, 21).
A second system comprises the parathion hydrolase, a

plasmid-mediated phosphotriesterase (2, 14, 17, 18) also
exhibiting strong DFPase activity, viz. 47.21 ,umol/min per g

of protein in crude sonicates of the Flavobacterium sp.

DFPase activity, in this system, was inhibited by Mn2 , a

significant difference from inhibition reported previously for
PAR+ parathion hydrolase activity. Brown (2) indicated that
Mn2+ apparently has no effect on the activity of parathion
hydrolase. DFPase rates also differ qualitatively, in that in
the relatively weak system, the rate increased with the time
of assay, whereas in the strong system (PAR+), the rate
decreased with time. Another significant difference is in the
storage life of the enzymes. Enzymes of the weak system did
not appear to decrease in activity following freezing and

thawing, whereas the PAR' system showed a decrease of
about 10% with freezing in this study and a 40% decrease in
a previous study (2).

Rates for some of the E. coli strains examined in the
present study were similar to those reported for E. coli K-12
(19) but lower than those reported for E. coli ATCC 25922
(8). Measurement of DFPase activity at low concentrations
may not be precise.

Rates of parathion hydrolase activity measured in the
present study were low compared with those reported for
PAR' (7.15 ,umol/min per mg of protein [2]) and for MG (2.1
,umol/min per mg of protein [17]). However, in the present
study, the assays were done at near-neutral pH (8.0 for
frozen sonicate and 7.2 for acetone powder) to minimize the
corrosive effects of a high-pH liquid solution that might be
applied to organophosphate-contaminated surfaces. Specifi-
cally, other reports have shown optimum activity between
pH 8.5 and 9.5 (2, 15).

Results obtained when testing for detoxification of DFP by
using reversal of acetylcholinesterase inhibition showed that
the dilute enzyme solutions could decontaminate DFP and,
very likely, more toxic agents, e.g., sarin and soman. This
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FIG. 3. Percent acetylcholinesterase activity remaining in reac-
tion vessels containing DFP (the acetylcholinesterase inhibitor) and
100-,ul frozen sonicates of Flav,obacterium sp. PAR' (O) or P.
diminuta (O), 500-RI frozen sonicates of Flavobacterium sp. PAR'
(O) or P. diminuta (a), or 100-,ul acetone powder preparations of
Flavobacterium PAR' (a) (the sources of DFPase) after exposure
to DFPase. Control vessels contained DFP, acetylcholine,
acetylcholinesterase, and appropriate buffers, but not DFPase (A).
All datum points shown were normalized to 10 ,ug of parathion
hydrolase activity per ml of reaction mixture (17). Base-line activity
for 1.0 U of acetylcholinesterase was 0.441 ,umol of acetylthio-
choline hydrolyzed per min at pH 8.0 and 25°C.

APPL. ENVIRON. MICROBIOL.



BACTERIAL DETOXIFICATION OF DFP 1689

suggests that parathion hydrolase is relatively nonspecific in
its phosphoesterase activity, a phenomenon observed by
others (2, 14).

In summary, an enzyme system with strong activity
against DFP and possibly other neurotoxic organophos-
phates has been characterized and shown to function within
a noncorrosive pH range of 7.2 to 8.0. The crude enzyme
preparation, when dried in acetone to a powder, is very
stable and can be maintained, if dry, at room temperature
without significant loss of activity. Since the system is
plasmid mediated, it can be readily cloned, and the gene
products can be amplified or mutagenized site specifically to
produce higher activity.
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