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type” OPAAs.

Since the first report of the enzymatic hydrolysis of
diisopropylphosphorofluoridate (DFP$) [1], it has
become apparent that several - enzymes with
“overlapping specificities” [2] have been included
under the term DFPase, now organophosphorus acid
anhydrolase, or OPAAS$ [3, 4]. From 1966 onward
[5], evidence has accumulated that certain cepha-
lopod tissues, notably squid nerve and hepa-
topancreas, are a rich and probably exclusive source
of “squid type” OPAA with sharply defined
properties that set it apart from all the other OPA As,
loosely termed “Mazur type” by us [6]. Briefly, the
squid enzyme hydrolyzes DFP five times faster
than another P-F compound, 1,2,2-trimethylpropyl
methylphosphonofluoridate (Soman) (Mazur types,
ratio reversed); is not stimulated by Mn** (Mazur
types, many-fold stimulation); is not inhibited
by 1,10-phenanthroline or 8-hydroxyquinoline-3-
sulfonate (Mazur types inhibited); and has a

i Abbreviations and trivial mnames: DFP, diiso-
propylphosphorofiuoridate; OPAA, organophosphorus
acid anhydrofase (formetly DFPase); Soman, 1,2,2-
trimethylpropyl methylphosphonofluoridate; Paraoxon,
diethyl p-nitrophenyl phosphate; ECOG, ECHP, WCOG,
and WCHP, optic ganglia and hepatopancreas from east
coast squid, Loligo pealei, and west coast squid, Loligo
opalescens; RS, rabbit serum; RAS, rabbit antibody-
containing serum; OT, a specific strain of the obligate
thermophilic microorganism, Bacillus stearothermophilus;
and ELISA. enzyme-linked immunosorbent assay.

§ The recommendation for numbering wiil probably be
for either EC 3.1.8.1 or EC 3.1.8.2. Lack of evidence
about a natural substrate continues to be an impediment.
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Abstract—When a nerve gas hydrolyzing enzyme [organophosphorus acid anhydrolase (OPAA), for-
merly DFPase] purified from squid hepatopancreas was injected into rabbits, the resulting sera (RAS)
inhibited OPAA purified from either squid hepatopancreas or squid optic ganglia. The inhibition was
non-competitive, with 50% inhibition at a 1:1,000 serum dilution, and with the limit of inhibition (in
effect, a “titer”) at approximately 1:10,000. This RAS did not inhibit the distinctly different OPAAs
from a2 mammalian and two bacterial sources. The hepatopancreas-generated RAS also reacted positively
to the appropriate enzyme-linked immunosorbent assay (ELISA) at a titer of 1:100,000. In marked
contrast, when OPAA purified from squid optic ganglion was injected into rabbits, the resulting sera
did not inhibit squid OPAA, and did not give a positive ELISA. Conirol sera taken from the same
rabbits prior to any injection (RS} did not inhibit the OPAAs. These results show another major
difference between squid type OPAAs and the OPAAs from other sources, sometimes termed “Mazur

molecular weight of about 30,000 (Mazur types,
50,000-15G,000).

Despite our use of the term “Mazur type,” this
grouping displays major differences among the
several prokaryotic and eukaryotic sources. For
example, there is experimental evidence [7-9] and
general agreement [3,4} that the bacterial and
mammalian diethyl p-nitrophenyl phosphate (Par-
aoxon)-hydrolyzing enzymes should not be included
with the P-F splitting OPAAs. Minor differences
even seem to have surfaced in the purification of
squid type OPAA from optic ganglion and
hepatopancreas of the east coast squid, Loligo pealei
{hence ECOG and ECHP), and the west coast squid,
Loligo apalescens (hence WCOG and WCHP).

The narrow distribution of squid type OPAA,
particularly in the squid giant axon [10], has
sometimes suggested a physiological role [sce, for
example, Refs 11 and 12] for this seemingly
functionless enzyme. A potent and specific inhibitor
would provide an obvious approach. There is also
the potential for benefits applicable to the disposal
of aging munitions stores. This would require a scale
of production that could only be achieved by
expression of the gene encoding the enzyme. For
both of these purposes, antibodies to the enzyme
would provide an invaluable tool for the isolation of
this gene. Evidence of our success in producing such
antibodies is the subject of this report.

MATERIALS AND METHODS

Enzymes and enzyme measurements. Purification
of squid type OPAA [13, 14] from ECOG ECHP,
WCOG -and WCHP ‘has been improved by the
further use of gel fltration resin G-150, anion
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exchange resin A-50 (both Pharmacia), and
ultrafiltration membrane PM-10 (Amicon) [13].
Judging by gel electrophoresis, the squid enzymes
routinely appear to be about 50% pure. Methods of
measurement of OPAA activity by means of the
fluoride-sensitive electrode have been published
frequently from this laboratory and have been
summarized in a recent chapter [6]. When Mn2* was
added—particularly in measurements involving the
non-squid enzyme sources—buffers, enzymes, sera,
and Mn** were combined by dilution and with
maintenance on ice in such a manner that the several
components were in contact for about 15-20 min
priot to addition of substrate. The final concentration
of Mn?* was approximately 10-3M, and the
intermediate concentration was not more than twice
that.

Sera and antisera. These were produced by Zoin
Research, Brighton, MA, typically in the following
manner. Conirol serum was obtained from a male
New Zealand white rabbit. The rabbit was then
injected with 0.25 mL OPAA from ECHP, 0.35 mg
protein and 3.16U/mL (1 unit=1pmol DFP
hydrolyzed per min at a [DFP] of 3 mM) in Freund’s
complete adjuvant, injected again in 3 weeks, and
3 weeks after that with enzyme in incomplete
adjuvant. A week later a test bleed was taken, and
the rabbit was again injected with enzyme in
incomplete adjuvant. A week later a final bleed was
taken. Thus, there were, from several rabbits,
several control sera (RS), and several potentially
antibody-containing sera (ECHP-RAS and ECOG-
RAS).

These sera were tested for their effects on the
OPAA activity of the two sensitizing enzymes,
ECHP and ECOG, and alsc of the two other squid
type OPAAs, namely WCHP and WCOG. They
were also tested against “Mazur type” OPAAS
purified from hog kidney [16], Escherichia coli [17]
and the strain of Bacillus stearothermophilus termed
OT [15, 18]. These enzymes were estimated to be
about 25% pure.

Enzyme-linked immunosorbent assay (ELISA).
These assays were performed by the indirect method
[19], in which antigen (ECHP) is bound to a
polystyrene plate (Costar), ECHP-RAS or ECOG-
RAS is added next, and goat anti-rabbit IgG labeled
with alkaline phosphatase (Sigma) is added, followed
by p-nitrophenyl phosphate (Sigma). The amounts
of these ingredients and the dilutions were varied to
obtain a standard curve and finally a titer of the
presumed antibody in the rabbit serum.

RESULTS

Table 1 shows that serum from ECHP-inoculated
rabbits (ECHP-RAS) inhibited the enzymatic
hydrolysis of DFP or of Soman by any of the four
squid type OPAAs (ECHP, ECOG, WCHP,
WCOG). The results of nine determinations with
DFP have been averaged, and the results of eight
determinations with Soman have been averaged
because there were no significant differences among
the four squid type OPAAs. That is, while the rates
of DFP and Soman hydrolysis by squid type OPAA
differed (this being a defining property of the squid
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enzyme), the percentages of inhibition caused by
comparable amounts of ECHP-RAS were the same,
Rabbit serum prior to inoculation {RS) caused no
inhibition. Rather unexpectedly, serum from two
ECOG-inoculated rabbits also caused no inhibition
of DFP hydrolysis either by the same ECOG enzyme
that was used for the rabbit inoculation or by the:
other squid type OPA As. The 4% stirmulation (—4%
inhibition in the terminology of Table 1} was
insignificant. It may be seen that fewer {or even no)
measurements were made with Soman if the point
seemed sufficiently demonstrated with DFP. This
was due to the much greater hazard involved in
using Soman [see, for example, Ref, 6].

Table 1 also shows that two “Mazur type”
OPAAs—those from hog kidney and E. coli—were
not inhibited by ECHP-RAS. While these two
sources preferentially hydrolyze Soman, they do
hydrolyze DFP at measurable rates, even without
added Mn** [6). Thus, as shown, they were tested
with both substrates, with and without Mn2*. While -
the hydrolytic. rates differed in each combination,
the lack of inhibition appeared consistent. If the
results of these eight determinations had been
averaged, there would have appeared to be an
insignificant 5(+10)% stimulation.

The response of the OPAA purified from B.
stearothermophilus (OT) was distinctly different.
This is also shown in Table 1. Here, of necessity,
the OT-OPAA could only be tested with Soman as -
substrate, and in the presence of Mn2* [18]. Again, .
because of the hazard of using Soman, a minimum
number of experiments was performed, but the .
results seem clear. First, the hydrolysis of Soman by
this thermophile-derived OPAA was not inhibited
by ECHP-RAS. Second, and rather unexpectedly, -
the OT-OPAA was more than 100% stimulated by
ECHP-RAS. And third, the same degree of
stimulation was seen when control serum (RS) was.
used.

All of these observations require some additional
explanation. It has long been known that mammalian .
blood hydrolyzes DFP and several other organo-
phosphorus compounds [2]. This is also true of rabbit
serum. RAS and RS hydrolyze Soman about five.
times faster than DFP. By this criterion these rabbit
serum OPAAs are “Mazur type” in our terminology.
The presence of these additional OPAAs in RAS
and RS has complicated the means of obtaining the
results presented in Table 1. This is illustrated in the
following example. In one experiment, DFP
hydrolysis by ECHP was 1.595 {A[F7]=
1.595 x 107> M min~!, linear for 10 min, in a [DFP]
of 3mM and a reaction volume of SmL). DFP
hydrolysis by RAS was 0.380; by ECHP and RAS
mixed together for 10 min before addition of DFP,
0.655. The assumption is that squid type OPAA and
the OPAA in RAS (or RS) will not inhibit each
other. The question is whether something else in
rabbit serum will inhibit squid OPAA. The
calculation is: '

0.655 - 0.380 _

1595 =0.172,

i.e. 17% activity remaining, or 83% inhibition.
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Table 1. Effects of rabbit antiserum (RAS) and control serum (RS) on organophosphorus
acid anhydrolases (OPAAs) purified from squid and other sources

Rabbit serum Source of Substrate for Inhibition
type OPAA - OPAA (%)
ECHP-RAS Squid*® DFP 77 £ 11 (9)
ECHP-RAS Squid* Soman 79 =11 (8)
RS Squid* DFP —2+8(6)
ECOG-RAST Squid” DFP —4+17(4)
- ECHP-RAS Hog kidney DFP; Soman -8, 0
ECHP-RASE Hog kidney¥ DFP; Soman ;2
ECHP-RAS E. coli DFP; Soman -89
ECHP-RASE E. colit DFP; Soman —-19; ~17
ECHP-RASE B. stearo. (OT )% Soman§ -143; -112
RS# B. stearo. (OT)% Soman§ —106

* Results with two
WCQG) have been

rabbits-and four squid OPAA sources (ECHF, ECOG, WCHP,
averaged since no significant or consistent trends were evident.

Values are means = SD, with the number of determinations given in parentheses.
+ In view of the results, this should be regarded as fentative RAS.

+ Mp?* added.
§ Does not hydrolyze

20 —

1/V

10

ﬁéa:,,./l”"—’i’//'“
1600 2000 3000
1 /[DFP], M1

Fig. 1. Reciprocal piot of activity of organophosphorus
acid anhydrolase (OPAA) purified from hepatopancreas
of east coast squid, L. pealei (ECHP), as a function of
substrate (DFP) concentration. Key: (@) OPAA alone;
and () OPAA in the presence of ECHP-generated rabbit
antibody-containing serum (RAS). The former (@) was a
direct observation; the latter () was dezived according to
the example given in the text. Ordinate scale: 10 = increase
inf{Flof0d.ix 10~ M per min in a 5-mL reaction volume.

Because the response of the OT OPAA was rather
extreme, an example of that calculation is also given:

1.74 - 0.28 206
071

i.e. 206% of OT alone, or 106% stimulation.
These three determinations were made for each
experiment. By dilutions of the various OPAA and
rabbit serum sources, with allowance made for the
inherently different rates of _hydrolysis of the two
substrates, with and without Mn?t, values were
obtained that stayed reasonably well within the limits
shown in the two examples, but for any one set—
the first line of Table 1, for example—dilutions,
volumes, etc., were kept constant.
Figure 1shows that the inhibition of ECHP OPAA

DFP; Mn?* requiring (15, 18]

Table 2. Inhibition of ECHP OPAA as a function of
dilution of ECHP-RAS*

Inhibition

Dilution factor (%)

1:200 83
1:2,000 30
1:26,000 3

* See Table 1 for abbreviations.

by ECHP-RAS with DFP as the substrate was
probably non-competitive. Only three points are
shown for the upper line (OPAA + RAS) because,
although the determination at a substrate comn-
centration of 3 X 1074 M was attempted, the activity
was too small to be reliable. The K, for the
uninhibited enzyme was well within the range found
repeatedly in this laboratory. While.a K; cannot be
given for the ECHP-RAS, Table 2 shows that 50%
inhibition was aftained at approximately a 1:1,000
dilution of the serum; it may be speculated from the
data in Table 2 that the limit of inhibition of the
ECHP by the ECHP-RAS would provide a “titer”
of 1:10,000.

The term titer is more properly applied to the
degree of dilution that will still permit the detection
of antibody. By means of ELISA this was at an
ECHP-RAS dilution of 1:100,000, as shown in Fig.
2. When the same determinations were attempted
with sera or the IgG fractions from two ECOG-
inoculated rabbits, it was not possible to obtain a
standard curve (ECOG on plate, variable ECOG
and constant presumed ECOG-RAS or 1gG fraction
mixed separately and then applied to plate) and
thus, in parallel with the lack of inhibition of squid
OPAA by sera from ECOG-inoculated rabbits (see
Table 1), no titer comparable to that shown in Fig.
2 was determinable for these sera.
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ANTIGEN DETECTED., %

T I T T 1
1:102  1:10%  1;10%  1:105  1:109

DILUTION OF RAS
Fig. 2. Indirect enzyme-linked immunosorbent assay

(ELISA) of antibody in rabbit serum (RAS) after injection -

of organophosphorus acid anhydrolase (OPAA) purified

from hepatopancreas of east coast squid, L. pealei (ECHP).

In the indirect method [19], a constant amount of antigen

(ECHP OPAA) is bound to the assay plate, and the

greatest dilution of RAS that can still detect antigen, in

this case 1:100,000, is a measure of the concentration of
antibody.

DISCUSSION

Antibodies to squid type OPAA have been
produced by the injection of this enzyme purified
from hepatopancreas of L. pealei (ECHP) into
rabbit. The antibody-containing serum, ECHP-
RAS, inhibited the enzymatic activity of the OPAA
antigen, ECHP, at RAS dilutions in the 10%- to 10%
foid range. The ECHP-RAS also inhibited OPAA
from optic ganglion (ECOG) and from these two
organs in another species, L. opalescens (WCHP,
WCOG). ECHP-RAS did not inhibit the OPAAs
of hog kidney or E. coli, or of B. stearothermophilus
{OT). Rather unexpectedly, this OT enzyme was
stimulated markedly (100%+) by both ECHP-RAS
and by RS alone, suggesting that the stimulation was
caused by a component of rabbit serum other than
the ECHP antibodies. In view of some distinctive
properties of the OT enzyme [18], this stimulation
warrants further investigation. '

Antibody production by ECHP was also confirmed
by the positive ELISA reaction at ECHP-RAS
dilutions in the 10 to 10°-fold range.

In two attempts, ECOG did not elicit antibodies
in rabbit although the antigen, ECHP, and the
potential antigen, ECOG, had been purified to
similar specific activities. Indeed, this level of
purification is attained more easily with ECOG
because hepatopancreas starts with a much higher
content of other proteins and pigmented materials.
On the other hand, it'is generally known that nerve
tissue is rich in phospholipids, some of which have
carbohydrate moieties that may interfere with
antibody generation.

The results presented here further confirm the
marked difference between the P-F splitting enzyme
termed squid type OPAA [4] and a broad selection
of other OPA As. The discovery of a specific inhibitor

for the squid enzyme may have a bearing on th;
question of its function in such a highly specialized
tissue as the squid giant axon {5, 10]. :
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