
Carboxylesterases are a family of enzymes that catalyze
the hydrolysis of esters and amides.1—4) Carboxylesterases
have an important role in the detoxication of xenobiotics and
in metabolic activation of prodrugs in some cases.5—8) Multi-
ple carboxylesterase isozymes have been purified from vari-
ous animal species3,4) including rabbits9,10) and pigs.11,12) Al-
though the substrate specificities for many forms of purified
carboxylesterases have been well characterized, little is
known about their stereospecificity and regioselectivity for
the hydrolysis of xenobiotic esters. In relation to the stere-
ospecific hydrolysis of substrates by esterases, enzymatic res-
olution of enantiomers to obtain a useful chiral starting mate-
rial has been reported using pig pancreatic lipase.13,14)

Gatley15) reported that the unusual cocaine enantiomer, (�)-
cocaine, was hydrolyzed by butyrylcholine esterase over
2000 times faster than (�)-cocaine. Maksay et al.16) reported
that esterases in liver and brain homogenates of mice have
opposite stereoselectivity in the hydrolysis of the racemate of
oxazepam 3-acetate; the hepatic enzyme preferentially hy-
drolyzes the (R)-enantiomer, whereas the brain enzyme pref-
erentially hydrolyzes the (S)-enantiomer. Yang and Lu17) also
reported that esterases in hepatic microsomes and brain ho-
mogenate of rats have the same opposite stereoselectivity in
catalyzing the hydrolysis of enantiomeric oxazepam 3-ac-
etate. The catalytic triad Ser/Asp/His is suggested to be a
part of oxyanion hole as a catalytic site of various esterases
and important for the hydrolysis of substrate esters by the en-

zymes.18) In addition, structural constraints also affect the in-
teraction of substrates with carboxylesterases.19)

We previously purified the esterase ES46.5K from mouse
hepatic microsomes and its role in the metabolism of xenobi-
otic esters has been characterized.20—22) The enzyme is a
46.5-kDa esterase with considerable homology of the N-ter-
minal amino acid sequence to arylacetamide deacetylase pu-
rified from human liver.23) Recently, the enzyme has also
been characterized as a microsomal lipase with arylamide
deacetylase activity.24) The mammalian carboxylesterases
represent a multigene family, the gene products of which are
classified as CES1 to CES4. ES46.5K probably belongs to
the CES4 family, as is the case for human acetamide deacety-
lase.4)

The present study describes the stereospecific and regiose-
lective hydrolysis of cannabinoid esters as model substrates
for ES46.5K and carboxylesterases from rabbit and porcine
liver. In addition, differences in the characteristics between
ES46.5K and the carboxylesterases were also investigated.

MATERIALS AND METHODS

Chemicals and Enzymes D9-Tetrahydrocannabinol
(THC) and D9-tetrahydrocannabivarin (D9-THCV) were puri-
fied from cannabis leaves as described.25) D8-THC,26) 7a-hy-
droxy-D8-THC,23) 7b-hydroxy-D8-THC,27) 8a-hydroxy-D9-
THC,28) and 8b-hydroxy-D9-THC29) were prepared by the es-
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The properties of ES46.5K, an esterase from mouse hepatic microsomes, were compared with those of car-
boxylesterases from rabbit and porcine liver. The inhibitory profile with a serine hydrolase inhibitor (bis-p-nitro-
phenylphosphate) and detergents (sodium dodecylsulfate, Emulgen 911) was different between ES46.5K and the
carboxylesterases. Bis-p-nitrophenylphosphate (0.1 mM) markedly inhibited the catalytic activity of the car-
boxylesterases but not that of ES46.5K. Emulgen 911 (0.05—0.25%) inhibited the catalytic activity of the car-
boxylesterases, whereas the detergent conversely stimulated that of ES46.5K by 150%. The two carboxylesterases
catalyzed the hydrolysis of acetate esters of tetrahydrocannabinol (THC) analogues with different side chain
lengths (C1—C5), although ES46.5K showed marginal activity only against the acetate of DD8-tetrahydro-
cannabiorcol, a methyl side chain derivative of DD8-THC. ES46.5K hydrolyzed cannabinoid esters stereospecifi-
cally and regioselectively. The esterase hydrolyzed 8aa-acetoxy-DD9-tetrahydrocannabinol (8aa-acetoxy-DD9-THC,
5.62 nmol/min/mg protein), while the enzyme did not hydrolyze 8bb-acetoxy-DD9-THC, 7aa-acetoxy-, and 7bb-ace-
toxy-DD8-THC at all. In contrast, the carboxylesterases from rabbit and porcine liver hydrolyzed 8bb-acetoxy-DD9-
THC efficiently but not 8aa-acetoxy-DD9-THC. ES46.5K hydrolyzed side chain acetoxy derivatives of DD8-THC at
the 3�- and 4�-positions, and a methyl ester of 5�-nor-DD8-THC-4�-oic acid. The enzyme, however, could not hy-
drolyze methyl esters of DD8- and DD9-THC-11-oic acid, while both carboxylesterases hydrolyzed side chain acetoxy
derivatives of DD8-THC and three methyl esters of THC-oic acids. These differences in stereospecificity and regio-
selectivity between ES46.5K and carboxylesterases suggest that the configurations of important amino acids for
the catalytic activities of these enzymes are different from each other.
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tablished procedures. D8-Tetrahydrocannabiorcol (D8-THCO)
was prepared by condensation of orcinol with p-mentha-2,8-
dien-1-ol in the presence of p-toluenesulfonic acid. The
methyl esters of D8-THC-11-oic acid and 5�-nor-D8-THC-4�-
oic acid were synthesized using the methods of Mechoulam
et al.29) and Ohlsson et al.,30) respectively. 3�-Hydroxy- and
4�-hydroxy-D8-THCs30) were prepared by the established
methods. D9-THC-11-oic acid was supplied by NIDA
(U.S.A.). Methyl esters of carboxylic acid derivatives of
THCs were prepared by methylation of the carboxylic acids
with diazomethane in diethyl ether. Acetoxy derivatives of
THCs and their metabolites were prepared by acetylation
and/or partial deacetylation of the phenolic hydroxy group of
THC metabolites. The purities of the cannabinoids prepared
were found to be more than 95% by gas chromatography
(GC). Bis-p-nitrophenylphosphate (BNPP) was purchased
from Sigma Chemical (St. Louis, MO, U.S.A.). Sodium do-
decylsulfate (SDS) was obtained from Wako Pure Chemical
Industries (Osaka, Japan). Emulgen 911 was supplied by Kao
(Tokyo, Japan).

ES46.5K was purified from hepatic microsomes of male
ddY mice by the method described previously.20) Car-
boxylesterases (EC 3.1.1.1) from rabbit liver (E9636, crys-
talline suspension in ammonium sulfate 3.6 M, Tris 0.01 M,
pH 8.5; specific activity, 220 mmol ethyl butyrate hy-
drolyzed/min/mg protein) and porcine liver (E3019,
lyophilized crude powder containing less than 5% buffer 
salt; specific activity, 110 mmol p-nitrophenylbutyrate hy-
drolyzed/min/mg protein) were purchased from Sigma
Chemical.

Enzyme Assay A typical incubation mixture consisted
of ES46.5K (0.2—0.4 mg protein), or carboxylesterase from
rabbit and porcine liver (2—4 mg protein), and cannabinoid
substrates (0.5 mmol) in Tris–HCl 100 mM (pH 8.0) to make
a final volume of 0.5 ml. The mixture was incubated at 37 �C
for 20 min and then extracted with 4 ml of ethyl acetate after
the addition of KH2PO4 1 M (0.5 ml) and androstenedione as
an internal standard (10 mg). Cannabinoids hydrolyzed were
determined by GC after evaporation of the organic solvent.31)

The GC conditions were: apparatus, Shimadzu GC-16A; col-
umn, 5% SE-30 on Chromosorb W (60—80 mesh�2 m);
column temperature, 230—260 �C; carrier gas N2, 50 ml/min;
and detection mode, flame ionization detector.

Inhibition Studies The enzymatic activity was deter-
mined spectrophotometrically as described previously using
p-nitrophenylacetate as a substrate.32) A typical incubation
mixture consisted of ES46.5K (0.1 mg protein) or car-

boxylesterases (0.5 mg protein) in Tris–HCl 100 mM (pH 8.0).
Reactions were initiated by the addition of p-nitrophenylac-
etate as a substrate (2 mM) at 25 �C, and enzymatic activity
was determined based on the increase in absorbance at
400 nm (E400�13 mM

�1). Inhibition studies were carried out
under similar conditions with various concentrations of
BNPP, SDS, and Emulgen 911 as described above.

RESULTS

Effects of BNPP, SDS, and Emulgen 911 on Catalytic
Activity The effects of BNPP, SDS, and Emulgen 911 on
the catalytic acitivities of ES46.5K and carboxylesterases
were investigated using p-nitrophenylacetate as a substrate.
At 0.2 mM, the catalytic activity of carboxylesterases was
markedly inhibited by BNPP, a known inhibitor of car-
boxylesterase. In contrast, the hydrolytic activity of ES46.5K
was not inhibited by BNPP at all up to 2 mM of the inhibitor,
as shown in Fig. 1. SDS is a detergent known to denature
membrane-bound enzyme. As shown in Fig. 1, SDS concen-
tration dependently inhibited the hydrolytic activity of
ES46.5K and carboxylesterases. The catalytic activities of
ES46.5K and carboxylesterases from rabbit and porcine liver
were inhibited by SDS to 13%, 34% and 4%, respectively, as
compared with the control activity. Emulgen 911, a nonionic
detergent, differently affected the catalytic activity between
ES46.5K and carboxylesterases. Emulgen 911 (0.02 v/v%)
inhibited the catalytic activity of carboxylesterase to 40% of
the control activity, whereas the detergent conversely acti-
vated the enzymatic activity of ES46.5K up to 150%, as
shown in Fig. 1.

Stereospecific and Regioselective Hydrolysis of
Cannabinoid Esters The present study demonstrated that
ES46.5K and two carboxylesterases exhibited different cat-
alytic activity for the hydrolysis of acetyl derivatives of THC
at the 1-position (Table 1). ES46.5K did not hydrolyze acetyl
derivatives of D8-THC, D9-THC, and D9-THCV as reported
in the previous report,16) although the enzyme hydrolyzed an
acetyl derivative of D8-THCO (0.23 mmol/min/mg protein), a
methyl side chain derivative of D8-THC. However, the cat-
alytic activity of ES46.5K toward the acetate of D8-THCO
was about 1/4 and 1/9 of those of carboxylesterases from
rabbit and porcine liver, respectively. Carboxylesterases from
porcine and rabbit liver hydrolyzed all acetyl derivatives of
THC; in particular, the porcine enzyme was more active than
the rabbit enzyme for hydrolyzing 1-O-acetylcannabinoids.

ES46.5K stereospecifically hydrolyzed acetyl derivatives
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Fig. 1. Effects of Various Compounds on Catalytic Activities of ES46.5K and Two Carboxylesterases for Hydrolysis of p-Nitrophenylacetate

The data are means of duplicate incubations.



of 7-hydroxy-D8-THC and 8-hydroxy-D9-THC (Table 2).
ES46.5K efficiently hydrolyzed 8a-acetoxy-D9-THC (5.62
mmol/min/mg protein) but not 8b-acetoxy-D9-THC, whereas
carboxylesterases from rabbit and porcine liver hydrolyzed
8b-acetoxy-D9-THC but not 8a-acetoxy-D9-THC. On the
other hand, none of the three enzymes used in the present
study hydrolyzed 7a-acetoxy-D8-THC and 7b-acetoxy-D8-
THC under the present conditions.

Differences in the catalytic activity of ES46.5K and the
carboxylesterases were also demonstrated in the hydrolysis
of methyl esters of THC-oic acids (Table 3). ES46.5K hy-
drolyzed the methyl ester of 5�-nor-D8-THC-4�-oic acid but
not methyl esters of D8- and D9-THC-11-oic acids, although
both carboxylesterases hydrolyzed all of the methyl esters of
THC-oic acids examined in the present study. ES46.5K also
catalyzed the hydrolysis of the acetates of side chain hydrox-
ylated derivatives of D8-THC more efficiently as compared
with the carboxylesterases (Table 3).

DISCUSSION

Differences in the enzymatic properties of ES46.5K and
two carboxylesterases from rabbit and porcine liver have
been demonstrated. The enzymatic activities of the car-
boxylesterases from rabbit and porcine liver were almost
completely inhibited by BNPP up to 0.5 mM, which is a typi-
cal inhibitor of carboxylesterase,33) although that of ES46.5K
was not inhibited even up to 2 mM. Probst et al.23) reported
that the enzymatic activity of arylacetamide deacetylase puri-
fied from human liver, a 45-kDa esterase with considerable
homology of the N-terminal amino acid sequence with
ES46.5K, was inhibited noncompetitively by BNPP. Thus the
catalytic site of ES46.5K may have a different structure from

that of arylacetamide deacetylase and not react efficiently
with the organophosphate. None of acetylcholine esterase,
trypsin, and nonspecific serum choline esterase, which are
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Table 1. Hydrolysis of 1-Acetylcannabinoids by ES46.5K and Car-
boxylesterases

Catalytic activity (mmol/min/mg protein)

Structures of
cannabinoid esters

Carboxylesterases
ES46.5K

Rabbit liver Porcine liver

0.23 0.96 1.98

ND 0.68 1.02

ND 0.46 0.58

ND 0.37 0.48

ND: Not detectable (�0.01). The data are means of duplicate determinations.

Table 2. Hydrolysis of Acetyl Derivatives of 7-Hydroxy-D8-THC and 8-
Hydroxy-D9-THC by ES46.5K and Carboxylesterases

Catalytic activity (mmol/min/mg protein)

Structures of
cannabinoid esters

Carboxylesterases
ES46.5K

Rabbit liver Porcine liver

ND ND ND

ND ND ND

5.62 ND ND

ND 0.20 0.87

ND: Not detectable (�0.01). The data are means of duplicate determinations.

Table 3. Hydrolysis of Methyl Esters of THC-oic Acids and Side Chain
Acetoxy Derivatives of D8-THC

Catalytic activity (mmol/min/mg protein)

Structures of
cannabinoid esters

Carboxylesterases
ES46.5K

Rabbit liver Porcine liver

ND 0.05 0.10

ND 0.10 0.12

2.28 0.16 0.31

2.92 0.10 0.17

11.7 0.28 0.68

ND: Not detectable (�0.01). The data are means of duplicate determinations.



serine hydrolases, have been reported to be not inhibited by
BNPP.33) The results of the present study suggest that
ES46.5K may have a catalytic structure similar to that of
those hydrolases.

Most membrane proteins are denatured by a high concen-
tration of detergents. The anionic detergent SDS is known to
induce alterations in the conformation of proteins and to 
denature membrane-bound enzymes.34) Microsomal car-
boxylesterases are membrane-bound enzymes and thus their
enzymatic activities may be modulated by the detergent. SDS
inhibited the activities of all three enzymes in the same man-
ner. The present results indicated that ES46.5K and car-
boxylesterases are modulated differently by the detergent
Emulgen 911. Emulgen 911 is a nonionic detergent and has
been used to solubilize a number of membrane-bound en-
zymes such as cytochrome P450 without loss of their biolog-
ical activities.35) Emulgen 911 (0.02—0.3 v/v%) inhibited the
activity of carboxylestreases. In contrast, the activity of
ES46.5K was increased up to 150% of control activity with
the addition of the detergent. This result suggests that the two
carboxylesterases have their active conformations modulated
by Emulgen 911 and lose their catalytic activities, while the
substrate accessibility of ES46.5K may be stimulated by the
detergent and its enzymatic activity is increased.

Carboxylesterases hydrolyze a variety of esters, and there-
fore their substrate specificities are not clearly distinguished.
The present results indicated that ES46.5K hydrolyzed only
an acetate of the methyl side chain analogue of D8-THC, D8-
THCO. Both carboxylesterases hydrolyzed all (methyl,
propyl, and pentyl) the THC derivatives examined in the pre-
sent study. These results suggest that the active-site interac-
tion of ES46.5K with the acetate of the THC analogues was
different from those of the carboxylesterases. The longer side
chains (C3 and C5) at the 3-position of cannabinoids may in-
terfere with the interaction with the active site of ES46.5K
but not those of the carboxylesterases.

The stereospecific hydrolysis of cannabinoid esters by the
esterases was observed in 8-acetoxy-D9-THC. ES46.5K hy-
drolyzed 8a-acetoxy-D9-THC but not 8b-acetoxy-D9-THC,
while two carboxylesterases conversely hydrolyzed 8b-
acetoxy-D9-THC but not 8a-acetoxy-D9-THC. In addition,
ES46.5K and the carboxylesterases could not hydrolyze 7a-
and 7b-acetoxy-D8-THC. These results indicate that the posi-
tion of acetate esters is critical for substrates of these es-
terases. A few reports described the stereospecific hydrolysis
of ester substrates by microsomal esterases.11,13)

Some differences in the regioselective hydrolysis of
cannabinoid esters between ES46.5K and carboxylesterases
were also demonstrated in methyl esters of carboxylic acid
derivatives of THCs as substrates. Two carboxylesterases hy-
drolyzed both carboxylic acid esters at the 11-position and
the side chain of THCs. In contrast, ES46.5K hydrolyzed
only the side chain carboxylic acid ester of THC. Thus
methyl esters of D8-THC-11-oic acid and D9-THC-11-oic
acid are not good substrates for ES46.5K. In addition, the ac-
etates of side chain hydroxylated metabolites of D8-THC
were favorably hydrolyzed by ES46.5K.

The present study demonstrated that ES46.5K, an esterase
from mouse hepatic microsomes, hydrolyzes cannabinoid es-
ters stereospecifically and regioselectively, and that some
properties of the esterase are different from those of 

carboxylesterases from rabbit and porcine liver. Car-
boxylesterases are known to be serine hydrolases that have
the common active site sequence motif of –Gly–X–
Ser–X–Gly–.36) The catalytic triad Ser/Asp/His is also known
as important amino acids for the catalytic activity of the en-
zymes. The differences in stereospecificity and regioselectiv-
ity between ES46.5K and the carboxylesterases therefore
suggest that the configurations of important amino acids for
the catalytic sites of ES46.5K and the carboxylesterases are
different.

Acknowledgments This work was supported by “Acade-
mic Frontier” Project for Private Universities (2005—2009)
and a Grant-in-Aid for Scientific Research both from the
Ministry of Education, Culture, Sports, Science and Technol-
ogy of Japan, and the Special Research Fund of Hokuriku
University.

REFERENCES

1) Krisch K., “The Enzymes,” 3rd ed., Vol. 5, ed. by Boyer P. D., Acade-
mic Press, New York, 1971, pp. 43—69.

2) Mentlein R., Heiland S., Heymann E., Arch. Biochem. Biophys., 200,
547—559 (1980).

3) Heymann E., “Metabolic Basis of Detoxication,” Vol. II, ed. by Jakoby
W. B., Academic Press, New York, 1982, pp. 291—323. 

4) Satoh T., Hosokawa M., Ann. Rev. Pharmacol. Toxicol., 38, 257—288
(1998).

5) Leinweber F.-J., Drug Metab. Rev., 18, 379—439 (1987).
6) Satoh T., “Reviews in Biochemical Toxicology,” Vol. 8, ed. by Bends 

J. R., Hodgson B. E., Philpot R. M., Elsevier, New York, 1987, pp.
155—181. 

7) Cheng-Bennett A., Chan M. F., Chen G., Gac T., Garst M. E., Br. J.
Ophthalmol., 78, 560—567 (1994).

8) Tang B. K., Kalow W., Eur. J. Clin. Pharmacol., 47, 449—451 (1995).
9) Ozols J., J. Biol. Chem., 264, 12533—12545 (1989).

10) Hosokawa M., Miki T., Satoh T., Arch. Biochem. Biophys., 277, 219—
227 (1990).

11) Levy M., Ocken P. R., Arch. Biochem. Biophys., 135, 259—264
(1969).

12) Matsushima M., Inoue H., Ichinose M., Tsukada S., Miki K.,
Kurokawa K., Takahashi T., Takahashi K., FEBS Lett., 293, 37—41
(1991).

13) Mori K., Takeuchi T., Tetrahedron, 44, 333—342 (1988).
14) Sugai T., Mori K., Synthesis, 1988, 19—22 (1988).
15) Gatley S. J., Biochem. Pharmacol., 41, 1249—1254 (1991).
16) Maksay G., Tegyey Z., Otvos L., J. Pharm. Sci., 67, 1208—1210

(1978).
17) Yang S. K., Lu X.-L., J. Pharm. Sci., 28, 789—795 (1989).
18) Cygler M., Schrag J. D., Sussman I. L., Harel M., Silman I., Protein

Sci., 2, 366—382 (1993).
19) Wadkins R. M., Morton C. L., Weeks J. K., Oliver L., Wierdl M.,

Danks M. K., Potter P. M., Mol. Pharmacol., 60, 355—362 (2001).
20) Watanabe K., Kayano Y., Matsunaga T., Yamamoto I., Yoshimura H.,

Biochem. Mol. Biol. Int., 31, 25—30 (1993).
21) Kayano Y., Watanabe K., Matsunaga T., Yamamoto I., Yoshimura H.,

Biol. Pharm. Bull., 20, 749—751 (1997).
22) Watanabe K., Kayano Y., Matsunaga T., Yamamoto I., Yoshimura H.,

Life Sci., 61, 1389—1394 (1997).
23) Probst M. R., Jeno P., Meyer U. A., Biochem. Biophys. Res. Commun.,

177, 453—459 (1991).
24) Trickett J. I., Patel D. D., Knight B. L., Saggerson E. D., Gibbons G. F.,

Pease R. J., J. Biol. Chem., 276, 39522—39532 (2001).
25) Aramaki H., Tomiyasu N., Yoshimura H., Tsukamoto H., Chem.

Pharm. Bull., 16, 822—826 (1968).
26) Gaoni Y., Mechoulam R., Tetrahedron, 22, 1481—1488 (1966).
27) Mechoulam R., Varconi H., Ben-Zvi Z., Edery H., Grunfeld Y., J. Am.

Chem. Soc., 94, 7930—7931 (1972).
28) Pitt C. G., Fowler M. S., Sathe S., Srivastava S. C., Williams D. L., J.

1746 Vol. 28, No. 9



Am. Chem. Soc., 97, 3798—3802 (1975).
29) Mechoulam R., Ben-Zvi Z., Agurell S., Nilsson I. M., Nilsson J. L. G.,

Edery H., Grunfeld Y., Experientia, 29, 1193—1195 (1973).
30) Ohlsson A., Agurell S., Leander K., Dahmen J., Edery H., Porath G.,

Levy S., Mechoulam R., Acta Pharm. Suec., 16, 21—33 (1979).
31) Watanabe K., Arai M., Narimatsu S., Yamamoto I., Yoshimura H.,

Biochem. Pharmacol., 35, 1861—1865 (1986). 

32) Junge A., Krisch K., Crit. Rev. Toxicol., 3, 371—434 (1975).
33) Heymann E., Krisch K., Hoppe-Seyler’s Z. Physiol. Chem., 348, 609—

619 (1967). 
34) Helenius A., Simons K., Biochim. Biophys. Acta, 415, 29—79 (1975). 
35) Funae Y., Imaoka S., Biochim. Biophys. Acta, 842, 119—132 (1985).
36) Brenner S., Nature (London), 334, 528—530 (1988).

September 2005 1747


