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Abstract-Five purified carboxylesterases/amidases of rat liver are susceptible to inhibition by 
various organophosphorus diesters and triesters. The inhibitory effect of these esters generally de- 
creases in the order paraoxon>bis(4-nitrophenyl)phosphate>4-nitrophenyl-phenyl-phosphate>bis(4- 
cyanophenyl)phosphate>2-nitrophenyl-phenyl-phosphate. After in vivo application of radioactive bis(C 
nitrophenyl)phosphate, all microsomal carboxylesterases of rat liver-including the five hydrolases 
investigated in vitro-are irreversibly labeled. We conclude that all carboxylic ester hydrolases of rat 
liver that act at neutral pH can be classified as serine hydrolases. The hydrolases p1 6.2 and 6.4 that 
have the highest monoleylglycerol-cleaving activities are relatively insensitive to inhibition by organ- 
ophosphorus diesters as compared to the hydrolases with lower p1. The very similar hydrolases p1 6.2 
and 6.4 may be distinguished in vitro by the action of 0.1 mM HgCl*, which inhibits hydrolase p1 6.4 
almost completely. Among the organophosphorus diesters investigated, bis (4-cyanophenyl)phosphate 
is a surprisingly specific inhibitor for the acetanilide-cleaving hydrolase pI 5.6 both in vitro and in vivo. 
This inhibitor allows a clear discrimination between the hydrolases p1 5.2 and 5.6 that have similar 
substrate specificity and chemical properties. After intraperitoneal injection into mice, bis(4-cyano- 
phenyl)phosphate exhibits extremely low toxicity. 

Recently, we described the isolation of six serine 
hydrolases from rat liver [ 11. Individual members of 
this group of closely related enzymes have previously 
been classified as carboxylesterases (EC 3.1.1.1.)) 
aryl acylamidases (EC 3 S. 1.13) and monoacylgly- 
cerol lipases (EC 3.1.1.23) [l]. Since all of the pur- 
ified hydrolases split amides, monooleylglycerol and 
simple aliphatic and aromatic esters (see ref. 1 and 
unpublished results), and unambiguous classification 
is not possible at present. Therefore, we use here 
the preliminary nomenclature introduced in our pre- 
ceding paper [l] (compare ref. 2). Although aphysio- 
logical function of this group of enzymes is not 
known, it is obvious that they play an important role 
in drug metabolism [2]. 

A commonly used scheme for the classification of 
carboxylesterases and related enzymes (A-, B- and 
C-esterases) is based on their behaviour towards 
certain inhibitors [2], especially organophosphates 
and mercury compounds. The objectives of this 
investigation were to find out whether this scheme 
can be applied to the five isolated enzymes, and to 
detect inhibitors that allow differentiation between 
the rat liver isoenzymes. 

Bis(4-nitrophenyl)phosphate is a well known 
inhibitor of liver carboxylesterases [3]. It acts by 
irreversible phosphorylation of the active sites of 
these enzymes and it has been widely used both in 
biochemical [ 1, 2, 4-61 and in pharmacological stud- 
ies [2, 7-91. A further objective of this study is to 
decide which of the many carboxylesterase isoen- 
zymes of rat liver are susceptible to inhibition by 
bis(4-nitrophenyl)phosphate and related organo- 
phosphorus diesters. 

MATERIALS AND METHODS 

Enzymes and reagents 

Rat liver microsomes and the five highly purified 
microsomal hydrolases were prepared as previously 
described. Paraoxon (diethyl-4-nitrophenyl-phos- 
phoric acid triester) was a gift from Bayer AG (Lev- 
erkusen, F.R.G.). Bis(4-nitro[14C]phenyl)phosphate 
was from Hoechst AG (Frankfurt, F.R.G.). Unla- 
beled bis(4-nitrophenyl)phosphate was from Merck 
(Darmstadt, F.R.G.), 4-hydroxy-mercuribenzoate 
(former name: p-chloro-mercuribenzoate) was from 
Serva, Heidelberg, F.R.G. Bis(Ccyanophenyl)- 
phosphate (cyclohexylammonium salt) was syn- 
thesized according to Kolbe [lo]. Thanks are due to 
Drs. Kolbe and Schnekenburger (Kiel, F.R.G) for 
the gift of 4-nitrophenyl-phenyl-phosphoric acid 
diester and 2-nitrophenyl-phenyl-phosphoric acid 
diester (cyclohexyl-ammonium salts). 

Enzyme assays 

The hydrolysis of methyl butyrate (20 mM) was 
followed titrimetrically at pH 8.0 and 30” by means 
of the pH-stat technique (autotitrator TTT lc with 
automatic burette and continuous registration of the 
NaOH consumption, Radiometer, Copenhagen, 
Denmark). 

The liberation of nitrophenol from 4-nitrophen- 
ylacetate (1.6 mM) at pH 8.0 and 30” was followed 
spectrophotometrically [ll]. The enzymatically- 
formed aniline from acetanilide (10 mM) at pH 8.6 
and 30” was determined by a modification of the 
diazotization procedure of Brodie and Axelrod [ 121. 
The enzyme concentrations for the esterase tests 
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were in the range of 1 pgiml. and for the amidase 
test in the range of 10 pgiml. 

In vitro inhibition experiments 

Samples of approximately 20 pg purified hydro- 
lases or 1 mq of microsomal protein were preincu- 
bated with tne inhibitor in the absence of substrate 
(total volume: 0.1 ml of 20 mM phosphate buffer, 
pH 8.0, 30”). Aliquots of 10 or 50~1 were taken 
from the mixture and analysed for remaining esterase 
or amidase activity. The inhibition was referred to 
parallel controls without inhibitors. 

Application of phosphoric acid diesters in vivo. 
Adult female Wistar rats weighing about 200 g 
received intraperitoneal (i.p.) injections of bis- 
(4-nitro(“C]phenyl)phosphate (specific radio 
activity 75 &i/mg; dose 10 mgikg) or of bis-(4- 
cyanophenyl)phosphate (100 mgikg) dissolved in 
0.9% saline. A control series received an equal vol- 
ume of saline without inhibitor. The animals were 
decapitated and liver microsomes were prepared by 
differential centrifugation [13]. 

The toxicity of bis(4-cyano-phenyl)phosphate was 
assayed in several groups of ten female mice of the 
NMRI strain (Hagemann, Biisingfeld, F.R.G.) that 
received i.p. injections of this inhibitor in saline. The 
highest concentrations (700 mgikg) were injected as 
suspensions dispersed by ultrasonification. Twenty- 
four hours after these injections the animals were 
decapitated and the carboxylesterase/amidase activi- 
ties of the liver microsomes were assayed as 
described above. 

Isoelectric focusing 

Analytical isoelectric focusing in polyacrylamide 
slab gels was performed as described earlier [ 11. The 
microsomal samples contained 1% Nonidet P 40 to 
solubilize the esterases and amidases [I]. The gels 
were stained for esterase activity with l-naphthyl- 
acetate [l]. After staining (3-4 min), the protein 
bands were precipitated in the gels by incubation 
with 12.5% trichloroacetic acid [l hr]. The gels were 
then washed with 7% acetic acid (6 hr) and dried on 
filter paper in vacua. For autoradiography the dried 
gels were pressed onto X-ray films (Agfa-Gevaert 
Osray T 4) for several weeks. 

RESULTS AND DISCUSSION 

Influence of various inhibitors on purified carbox- 
ylesteraselamidase isoenzymes in vitro. The five car- 
boxylesterases/amidases investigated here represent 
almost the entire activity of rat liver against simple 
aromatic and aliphatic esters at neutral and slightly 
alkaline pH [ 11. The results of our in vitro inhibition 
experiments are summarized in Table 1. The com- 
plete inhibition of all carboxylesteraseiamidase 
isoenzymes by paraoxon confirms that they are ser- 
inehydrolases [ 11. 4-Hydroxymercuribenzoate is 
practically without effect; thus these enzymes bear 
no SH-groups that are essential for their activity. 
This observation is contrary to an earlier report on 
the hydrolase p1 5.6 [14]. No mercury-activable 
enzyme (C-esterase [2]) is among the hydrolases 
investigated here. In contrast, HgCl* is a powerful 
inhibitor of all isoenzymes. The inhibition is prac- 

tically complete with the hydrolase p1 6.4. We con- 
clude from these results that no A- or C-esterases 
are among the five enzymes investigated here, and 
that the five esterases can UnambiguousIy be classi- 
fied as B-esterases according to the scheme intro- 
duced by Aldridge [15]. 

It can be assumed that the inhibitory efficiency of 
all phosphoric acid diesters is based on an irreversible 
phosphorylation of the active site of liver carboxy- 
lesterasesiamidases, as has been shown for bis(C 
nitrophenyl)phosphate 1161. If this is so, the figures 
in Table 1 correspond to differing phosphorylation 
velocities: Low values of remaining activity corre- 
spond to high rates and vice versa. The rate of 
inhibition by organophosphorus esters for all isoen- 
zymes decreases in the order paraoxon > bis- 
(4-nitrophenyl)phosphate > (4_nitrophenyl)phenyl- 
phosphate>(2_nitrophenyl)phenyl phosphate. The 
effect of bis(4-cyanophenyl)phosphate is similar to 
that of the last compound, except for its action on 
hydrolase p1 5.6. The surprisingly specific inhibition 
of this acetanilide-cleaving enzyme by bis(4- 
cyanophenyl)phosphate is confirmed by the corre- 
sponding experiment with microsomes (Table l), 
where only the acetanilide-cleaving activity is com- 
pletely inhibited, and by the in vivo studies (see 
below). This result is relevant to drug metabolism, 
because the hydrolase p1 5.6 is responsible for the 
hydrolysis of procaine and phenacetin in liver (R. 
Mentlein and E. Heymann, unpublished results). 

Among the five hydrolases investigated, those with 

A0 C D 
Fig. 1. Isoelectric focusing of extracts from rat liver micro- 
somes after injection of inhibitors in viva. Liver microsomes 
obtained after decapitation of the animals were treated 
with 1% Nonidet P 40. A: Untreated rat: esterase stain. 
B: Rat killed 3 hr after i.p. injection of bis(4-cyano- 
phenyl)phosphate (100 mg/kg); esterase stain. C: Rat killed 
3 hr after i.p. injection of 1Omg bis(4- 
nitro[‘4C]phenyl)phosphate per kg body wt; esterase stain. 

D: Autoradiograph of C. 
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time after dosing Ihl 

Fig. 2. Kinetics of esterase/amidase inhibition and recovery after i.p. injection of bis(C 
cyanophenyl)phosphate in rats. A single dose of bis(4-cyanophenyl)phosphate (100 mg/kg) in 0.9% 
saline was injected into female rats. The animals were decapitated at varying times after the injection 
and the enzyme activity was estimated in the liver microsomes. Enzyme activities are given in per cent 
of the control group that received a single injection of saline without inhibitor. Each symbol represents 
the mean of six animals ? S.D. Hydrolysis of D...D methyl butyrate, O--O 4-nitrophenyl acetate 

and +--+ acetanilide. 

~16.2 and 8.4 are relatively insensitive to inhibition 
by the organophosphorus diesters (Table 1). How- 
ever, since all of the isoenzymes bind bis(Cnitro- 
phenyl)phosphate irreversibly (Fig. 1)) it can still be 
assumed that they are susceptible to phosphorylation 
by these esters. 

In vivo effects of bis (4-cyanophenyl)phosphate. 
After i.p. injection of bis(4-cyanophenyl)phosphate 
in rats (lOOmg/kg), only the multiple forms of the 
acetanilide-cleaving esterase (arrow in Fig. 1) are 
inhibited completely (see l.c. [l] for the correlation 
of the isoelectrofocusing band pattern with the pur- 
ified esterases). 

On the other hand, the structurally very similar 
inhibitor bis(4-nitrophenyl)phosphate is bound to all 
of the esterase isoenzymes (l.c. [16], compare fig. 
lD), though the inhibition is incomplete especially 
with the higher p1 isoenzymes. Thesefore, it can be 
assumed that bis(4-cyanophenyl)phosphate also 
binds to all isoenzymes. This assumption has to be 
confirmed by an experiment with radioactive inhib- 
itor which is not yet available. 

Figure 2 shows the kinetics of esterase/amidase 
inhibition and recovery after i.p. injection of bis(C 
cyanophenyl) phosphate into adult female Wistar 
rats. Only the acetanilide-cleaving activity is almost 
completely inhibited 2 hr after the injection. This 
agrees well with the in vitro results, because this 
activity can almost entirely be attributed to the 
hydrolase p1 5.6. In contrast, bis(Cnitro- 
phenyl)phosphate inhibits esterolytic activities and 
the acetanilide-cleaving activity at very similar rates 
[9]. The kinetics shown in Fig. 2 differ from similar 
experiments with bis(4-nitrophenyl)phosphate [9] 
insofar as the inhibition is generally slower with the 
new inhibitor. The recovery of enzyme activity can 
be attributed to the de nova synthesis of these 
enzymes [16]. In female mice the difference in the 
degree of inhibition of the acetanilide- and the ester- 
cleaving activities after i.p. injection of bis(4-cyano- 

phenyl) phosphate (100 mg/kg) is less pronounced 
than in rats. Twenty-four hours after application of 
the inhibitor the remaining liver activities were 11.2 
per cent for methyl butyrate, 16.8 per cent for 4- 
nitrophenyl acetate and 18.3 per cent for acetanilide 
(mean values obtained from three animals; control 
group without injection = 100 per cent). It is remark- 
able that after injection of only 10 mg/kg the remain- 
ing activities were almost the same: 11.7 per cent 
for methyl butyrate, 17.3 per cent for 4-nitrophenyl 
acetate and 19.3 per cent for acetanilide 
(N = 3). This suggests a high affinity of 
bis(4-cyanophenyl)phosphate to mouse liver ester- 
asesiamidases, but unlike rats no preferential 
inhibition of the amidase activity is found. From 
published data [9,16] on the in vivo action of bis(C 
nitrophenyl)phosphate on rat liver carboxylester- 
asesiamidases, it can be concluded that the action 
of this inhibitor is similarly independent of the 
applied dose: i.p. injection of both 10 and 100 mg/kg 
leads to about 90% inhibition of the liver 
carboxylesterases. 

The toxicity of bis(4-cyanophenyl)phosphate 
seems to be very low. It was not possible to kill mice 
by i.p. injections of 700mg of this diester per kg 
body wt. The LDSO of bis(4-nitrophenyl)phosphate 
has been reported to be 410 mg/kg in mice [3]. How- 
ever, this difference might be due to the toxicity of 
4-nitrophenol that is cleaved from bis(4-nitro- 
phenyl)phosphate by phosphodiesterases [17]. Rats 
survive intraperitoneal injections of 100 mg bis(C 
nitrophenyl)phosphate or bis(4_cyanophenyl)- 
phosphate per kg body wt without impairment of 
their well-being. 
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