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Abstract

1.

Carboxylesterase 1A1 (CES 1A1) efficiently catalyses the hydrolysis of a substrate containing ester, amide,

or thioester bonds. it is expressed at a high level in the human liver, but at a fow level in the human

kldney In this study, we found the cause of this tlssue-specrﬁc expression of the CESTAT gene using
5-aza-2'-deoxycytidine (5-aza-dC) and bisulfite sequencing.

Treatment of HEK293 celis, human embryomc kndney cells not expressing the CESTAT gene, with
5-aza-dC caused dramatic expressmn of the CESTA1 gene. Bisulfite sequencing révealed that the region
around the transcnption start site (T55) of the CES1A1 gene was almost entirely methylated in HEK293
cells, whereas the region was almost entlrely unmethiylated in HepG2 cells, human hepatoma cells. The
hypomethylated DNA miolecules for the region were observed in HEK293 cells treated with 5-aza-dC.
in thegename thained from the kidney, the region downstream of theTSS was methylated compared

informa

healthcare

with that obtained m the liver.

3. From these findings, i can be concluded that DNA mé
and that the difference between CESTAT gene expres:

lation is Involved in CESIAT gene expression
n'the human kidney and that in the human

liver may arise from the difference in DNA methylation levels in the region around the TSS.

Keywords: Tissue-specific expression; CpG island: prodrug; oseltamivir

Introduction

Mammahan carboxyieSterases (CESs, EC 3.1 1 1) are
encoded by a multigene family (Satoh et al. 2002) and
are members of an o,8-hydrolase-fold family (Bencharit
et al. 2003). CESs are ubiquitously expressed, particular
in the liver, small intestine, kidney and lung, in vari-
ous mammals, and the majority of CESs are localized
to the endoplasmic reticulum (Satoh et al. 2002). CESs
efficiently catalyse the hydrolysis of a substrate con-
taining ester, amide, or thioester bonds; ’Iherefore, they
play an important role in the metabolic activation of
prodrugs that are designed to improve bioavailability,
According to the homology of amino acid sequence,

we prekusly classified CESs into five major groups,
CESI 5 (Satoh & Hosokaw 2006), and found that marny
of the identified CESs ‘belong to the CES1 or CES2 fam-
ily. The substrate spemﬁcmes of the CES1 and CES2
families are very different. The CES1 isozyme ‘mainly
hydrolyses a substrate with a small alcohol group and
large acyl group. In contrast, the CES2 i isozyme mainly
hydrolyses a substrate with a large alcohol group and
small acyl group. The CES1 family can be divided into
eight subfamilies (CESlA H). CES1A1is a human CES1A
subfamily isozyme and is mainly éxpressed in the liver
and lung: CES2A1 is a human CES2A subfamily isozyme
and is mainly expressed in the small intestine and kidney
(Hosokawa 2008).
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CESs are related to transporters and conjugation
enzymes and they are involved in drug metabolism and
disposition. For instance, CESs convert temocapril, an
angiotensin-converting enzyme inhibitor, to the active
metabolite temocaprilate, which is transported by a
canalicular multispecific organic anion ‘transporter
(cMOAT, ABCC2) (Ishizuka et al. 1997), Furthermore
CESs hydrolyse irinotecan hydrochloride (CPT-11), an

anti-tumour drug, to the active metabolite SN-38, which
is a good substrate for UDP-glucuronosyltransferase
(UGT) (Sanghani et al. 2004).

It is important to understand the tissue-specific
expression of CESs for design of ideal prodrugs that
are efficiently hydrolysed in the target tissue and are
associated with sufficient drug efficacy and few side-
effects. The tissue-specific. expression. of CESs in-the
human kidney is involved in renal excretion, since CESs
change the polarity of a prodrug: As mentionéd above,
CES2Al is expressed in the human lqdneyv Therefore, it
participates in renal excretion of a prodrug. Other drug-
metabolizing enzymes that are expressed in. the human
kidney also play an important role in the metabolism of
exogenous and endogenous compounds: For example,
the glucuronidation of propofol is catalysed by UGT
in the kidney (McGurk et al. 1998} and the secosteroid
hormone 1,25-dihydroxyvitamin D3 (Calcitriol) is cata-
lysed by 25-hydroxyvitamin D3 1- -alpha-hydroxylase
(CYP27B1) in the kidney (Zehnder et al.. 1999). In this
way, many drug-metabahzmg enzymes: expressed in

the nunan kidney contribute to'the metabolism of com-

pounds. However, the CESIAI gene is poorly expressed
in the human kidney. We previously reported that the
transcription factor specificity protein (Sp) 1, which is
ubiquitously expressed, can bind to the promoter region
of the CES1A1 gene, leading to transactivation of the pro-
moter (Hosokawa et al. 2008). Hence, we have thought
that. there: is a mechanism repressmg CESIAI gene
expreéssion in the humankidney. . Co

On the other hand; gene. regulauon by DNA meth-
ylation has been reported for some: drug;mqtahgliz:ng
enzymes (Anttila et al. 2003; Gagnon et al. 2006). In
mammals, -DNA methylation occurs: predominantly
on cytosine in 5-CpG-3’ dinucleotide .and its meth-
ylation mark is propagated into both DNA strands after
DNA replication. Approximately 40% of. mammahan
genes include CpG islands, regions with. relatively
high frequency of CpG nucleotides, in their promoters
and exonic regions (Larsen et al. 1992); It is generally
accepted that DNA methylation of a CpG island at a
promoter region is closely associated with silencing of
a gene expression. It is also known that DNA methyla-
tion in the region downstream of-a transcription start

site (TSS) causes dramatic reduction in gene expression . _
(Graessmann et al. 1994; Hisano et al. 2003). Recently, .-

it was proposed that a DNA methylation-free region
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extending several hundred bases downstream of the
TSS may be a prerequisite for efficient transcription
initiation (Appanah et al, 2007). The tissue-specific
expression of a number of genes has been revealed by
studies on DNA methylation (Kikuchi et al 2007; Aoki
et al. 2008).

The aim of the present study was to elucidate the cause
of tissue-specific expression of the CES1A1 gene, particu-
larly the cause of the difference in gene expression in the
human kidney and liver.

Materials and methods

Cell lines and human tissues
HEK293 cells, human embryonic: kldney cells, and

*-HuH-7 and 'HepG2 cells, human hepatoma cells, were
‘used in this study. CESIAI gene is not expressed in

HEK293 cells but is expressed in HuH-7 and HepG2

cells. The cell lines were cultured at 37°C with 5% Co,

in Dulbecco’s modified Eagle’s medium (Inv:trogen,

- Carlsbad; CA, USA) supplemented with 10% (v/v) foetal

bovine serum and penicillin/streptomycin. Human kid-
ney and liver were obtained from the National Disease
Research Interchange (Philadelphia, PA, USA) through
the Human and Animal Bridging Research Orgatization
(HAB) (Chiba, Japan).

Treatmient with DNA methylation inhibitor and

histone deacetylase inhibitor

HEK293, HuH-7, and HepG2 cells were precultured for
24h and then cultured for 3 days in medium’ containing
2 pM 5-aza-2'-deoxycytidine (5-aza-dC), a DNA methyla-
tion inhibitor {Sigrma-Aldrich, St. Louis, MO, USA), diluted
with PBS(-): Subsequently, total RNA was extracted: For
histone deacetylase inhibition, 500nM trichostatin A
(TSA) (Wako, Osaka;- Japan) diluted with ethanol was
added to the cells 24h before exiracnon of RNA.

Relative quantification of mRNA by real-time
polymerase chain reaction (PCR)

Total RNA was extracted from the cell lines. and tis-
sues using an ISOGEN (Nippon Gene, Toyama,
Japan} and then treated with DNase I (Ingittogen)
Subsequenﬂy, cDNA was synthesized. with the RNA
using .a ReverTra Ace® qPGR BT Kit. (Toyobo,\ Osaka,
Japan). - Finally, the expression level of - CES1A1
mRNA was analysed using a Realtime PCR Master
mix - (Toyobo) with an Applied Biosystems 7500
Real-Time PCR Systemn (Applied Biosystems, Foster,

CA). The spicific: primers: were .designed: as: follows:

forward, 5’-GAGACCTCGCAGGCCCC-3’; reverse,




5"-GACGAACTTCCCCAGCACTT-3".  The fluorescent
probe for CES1A1 was 5-(FAM)-TCCGTGCCTTTATC-3'.
Real-time PCR was performed under the following con-
ditions: 50°C for 2min, 95°C for 10'min, and 50 cycles
of 95°C for 15 s and 56°C for 1 min. The CES1A1 mRNA
expression was normahzed with 18S rRNA expresszon

DeltaC (dC.)-Ihreshbld cycle (C)for target amplification
=G fm‘feferen ampliﬁna;mn

based on the avera
with S-aza-dC alon
cells for Figure 1 was based on the average dc, value of
HEK293 cells treated with 5-aza-dC. The average mRNA
expression ratio of three liver specimens was indicated
as the result for the liver. The mRNA expression ratio of a
specimen in which CES1A1 mRNA was always detected
‘was selected as the representative value‘for the kidney.
All assays were performed i :
of the assay OICES,I
(Hosokawa et-al. 2008),
CES1A1 gene. variant: ere.distingt Iysequ

and tissues that have enly ESIAl wild»type ‘gene were
used in the present study. The CESIAI gene variant has
the same exon 1 as that of the CES1A3 gene. m,stead of

that of the CESIA1 wild-type gene ('.I‘annnotq etal. 2007;
Fukami et al. 2008). i .

CES1A1 mRNA/18S rRNA

Control

TSA SazadC TSA  HuH7

medium containing PBS{ ) as a moc ot 2 L

total RNA was extracted iot real-tn'ne

detected
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Determination of the CpG island
A search for the CpG island of the CES1A1 gene was car-
ried out using GENETYX-Mac Ver.12.2.0 software. The
CpG island was determined using MethPrimer online
software (Li & Dahiya 2002) The criteria used were island

size > 200 bp, GC % > 50.0, and observed/ expected CpG
ratio>0.6.

Bisulfite sequencing

Genomic DNA was: exugcted from the human kidney,
human liver, HEK293 cells,.and
FastPure™ DNA Kit (Takara Bio,
purification, the genomic DNA w
bisulfite using an Epitect™ Bisulfi eKit (Qiagen, Hilden,
Germany). The target region (-512 to + 214) in the
CESI1AI gene was amplified from the genomic DNA
by PCR using a GoTaq® Green Master Mix {Promega,
Machson, wi, USA} and primers d for

éndmons 95°C
S0 o) 30 s, and

Reaction Cleanup Kit (Millip e,
on an ABI PRISM 3130 Geneuc

Iiver specxmens (age/sex, 62/fexﬁale. ‘@kmﬂe. and
16.CES1AlL gene
was selected as

'I‘SS (+ 1) in the presem éiudy '

Enzyme assay
The activity of the hydrolysas for 0.1 mM p-mtrophenyl

ing to the method of Hosokawa ef al: (1987). The cell
cultisre and tHe:treatment with 5-aza-dC and TSA were
performed at the same ¢ondition of mRNA experiment
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described above. Three independent experiments were
performed.

Statistical analysis

All data of mRNA expression ratios were tested by the
Smirnov-Grubbs test (p<0.01) and two extreme values
were rejected. The results of bisulfite sequencing at each
CpG site for the human kidney. and liver were tested
by Fisher's exact test, and that of the entire set.of CpG
sues for the human kidney and liver were tested by the
»thtney U-test uising the web:- -based tool QUMA
(Kumaki et al. 2008). The results of enzyme assay were
tested by Smdent’s ttest. ;

We conﬁrmed that the expreSsion levé of CESIAI mRNA
in the human liver ismuch highier than thatin the kidney
and that CESIAT mRNA is détected in HuH-7 and HepG2
cells. When the ddC, values of the kidney, liver and the
cell lines were based on the average dC, value of HuH-7
cells, the mRNA expresaon Tatio: (CES 1AL mRNA/ 188

,, : UM 5-aza-dC for 3. days
As aresult, we detected dramaﬁ_c ejq:ression of CES1AL

cells alone: Furthermore, the - dramatic enhancement of
CES1A1 mRNA expression observed in HEK293 cells
treated with 5-aza-dC was not observed in HuH-7 and
Hesz cells treated with 5- aza -dc (Flgures 1-3)

Negative correlation between melhylatian and
expression of the CESIAI gene

To: determine the meﬂrylation status of the CES1A1
gene in the human‘kidney and liver-and the cell lines;
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CES1A1T mRNA/18S rRNA

was em'acted for xeal- r
added to the ¢ells 24k b

mean + standard deviation (SD) of three mdependen axpe iments,
which were performed in triplicate.

' B-azadC TSA
. e
- §~aza-de

Figure 3. Effect ofa single or combined treatment with 5-aza-dC and
TSA in HepG2 celis. HepG2 cells were cultured for 3 days in medium
containing PBS(-) as a mock or 2 pM 5-aza-dC and then total RNA
was extracted for real-time PCR, Bthanol as a mock ar 500 nM TSA was
added to the cells 24 h before extraction of total RNA. CES1A1 mRNA
czpresmon was normalized with 18S rRNA. Each value is shown as the
mean + standard deviation (SD) of four mdependent experhnenm,
wh:chwereper&:rmedin tnplicate . :

gloh®: MOslt‘enﬁféiy unmethylated in Hesz
cells (Flgure 5). As a result of treatment with 2 pM
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-512 TTGTGAAGCTAATTCAGGCCTCAGAAAGGGGAC@ATGAAATT’I‘AAGAT@CTTCCAAGCTTGAGAGCCTGGAAAGCTATGA
~429 AAACACAAGCCCTGGGAGCTGAGATATGTCCTAACTTACCCAGCTGAGCTGTGAGGTGTCGAGTGGCTCTAACATTTTCCAGTTG
-345 TTTCTGAGGACCTCAG ATCAAAGCTTCCCTTTGCCTAAAAGCATCTGCCTGCTGGTGTGGGCCCTTGGGGG@TGACAGTGCA
-261 CTGAGGTTAGAGTCCTGCAAGGGTGAACCCTTATGTAACAAGTAGTTGGGCAAGTTTACAGCTCTCTGTAATCTGACAGTAGAG
=177 TCCAGACTGGTTTGATGAAAGAGGGTAAACTGTGGGTGGGICGTGGCCTGAGGCCCCACTAGAAGCCCAGGGAGATCTGAGGAA

-94 AGGGAGGGCTTTTCTGATCTCTCCCAATTAGAGGATTAGGCA ATTGGCAGEGICAGGGLGIGTAACTCTGGGLEGGGETGGGCTC

-1 CAGGGCTGGA

+72 I TGAGTCCTTCTGAAATCAAATATOEOGGGCACTTTITGAAA
+157 TCCTTGTTCTGGG@QAGGTGG@@AGAT@EAGAAAGGCAAAGACACAACAGWC

Figure 4. Positions of Cstm the regmn of 726 bp (-512 to + 214) around the TSS of the CES1A1 gene; Poslnons of CpGs are shown in boxes. A
broken arrowthh abox indicates TSS ( + 1). Exon 1 is shown in a shaded box. A part of the CpG island is ung erhned with a heavy line. ATG is
underlined with a thin line.
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5-aza-dC for 3 days, hypomethylated DNA’ leecules from the kidney, the. regxon downstream of the TSS
for the region accounted for approximately 30% of was methyla;ed compared with that obtained from
the total molecules that were obtained from HEK293 the liver, although the difference in methylaﬂon levels
cells treated with 5-aza-dC. In the genome obtained between the kidney and liver was less clear than that
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between the cell lines (Figure 6). There was little dif-
ference in the methylation among individual liver or
kidney specimens.

Acuvity of the hydrolysis of p—nitrophenyl acetate
(PNPA)

As the results of the activity caused by single or com-
bined treatment: with 5-aza-dC and TSA to HBK293
cells, the values {nmol 107 cells min'} of control,
TSA, 5-aza-dC, and TSA: + 5-aza-dC were 1.67+0:425
(1. Oﬂ-fold) 1 98:1!.377 (1 18‘fold}, 2.10+0.0528 (1. 26~
fold), and 2.21£0.680 (1.32:fold) (mean + SD), respec-
uvely. But: stausucally sxgmﬁcant differences were not
inghedata

’ ‘ity and mRNA expression level caused by
smgie o cambmed treatment with 5-aza-dC and TSA to
HEK293 cells was 0.789.

Discussion

' ed: to hmtone modiﬁca—

with a histone deacetylase mhxbxtm: generaﬂy
cause active expression is related to histone methyla-
tion as described below (Peters et al; 2002; Zegerman

etal. 21}02) According to Kondo et al. (2003), methyla- -

tmn on lymngﬁ {Lys<9) in histone: Hscauses asrepres-'

and Lys-9 ﬂiy]atxon dramatically, incréased 1ys<9
acetylation slightly and Lys-4 methylation moderately,
and reactivated gene expression‘(Kondo et al. 2003).
Consistent with these findings obtained by treatment

CESIA1 gene regulatiori by DNA methylation 125

with 5-aza-dC, our results showed: that treatment
with 5-aza-dC allows HEK293 cells to activate CES1Al
gene expression (Figure 1). Combined treatment
with 5-aza-dC.and TSA decreased DNA methylation
and Lys-9 methylation and increased Lys-9 acetyla-
tion markedly and Lys-4 methylation, while single
treatment with TSA increased Lys-9 acetylation and
had no effect:on-Lys-9 or Lys-4 methylation (Kondo
et al. 2003). The acetylation level of Lys-9 in the case
of combined treatment was higher than that in the
case of tréeatment with 5-aza-dC alone. Consequently,
a high expression f the gene was observed. In
agreement with these findings ahout combined treat-
ment, the results showed that the level of CES1Al
gene expressmn. mdnced‘ by combined: treatment
‘was: approximately. three
times hxgher than that. induced’ by treatment with
5-aza-dC alone in HEK293 cells (Figure 1) The results
of bisulfite sequencing showed that the region around
the TSS of the. CES1Al gene is entirely methylated jn
HEK293 cells and: ’mely_unmethylatedmﬂesz

on »DNA .methyiaﬁq'n
reflect the fact that’ap

d~ $ ome 15 bp upstream of
at DNA methylation m the

addition, Appanah et aL (2007) -pro-
i,pmmoter—prommal

of the TSS explam why the expre ’“on levels of the
CESIAI geiie in the human kidney and liver are dif-
ferent. In the ggnome obtained from the kidney, the
region downstredim of the TSS was methylated com-
pared with that obtained from the liver (Figure 6).
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When the amplified region of726bp was segregated
into three regions (I-I11), there was no apparent dif:
ference between methylation:inregionIin the kidney
and that in region I in the liver. In'region I, CpGs in
the kidney were slightly methylated compared with
those in the liver. In region III, which is included in the
CpG island-of the gene, CpGs in the kidney were more
methylated than those in the liver. Hence; miethylation
in region III plays an important role in the difference
between CESIA1 gene expression: in the kidney and
thatin the liver, and methylation in region I may also
have a minor role in that difference. It was previously
suggested that methylated and inactive promoters are
occupied by nucleosomes in the silericed state of the
MLH1 gene (Lin et ak 2007). Nucleosomal-occupancy
is involved in methyl-binding proteins (Li et al. 2007).
Inn such' a mechanisim, CES1A1 gene expression may
also-be repressed possibly by riiethylation in the pro-
moter region, particularly at position <24 immediately
upstream of the TSS. There was partial discordance of
the methylation pattern between celllines and tissues.
To explain this phenomenen, we focused:on three
points. First; the tissues consist of several kinds of
cells; whereas the cell lines consist.of almost one kind
of cell: The hypermethylated clones were observed in
the genomes obtained from all liver tissues at almost
the same rate. There is a possxbﬂﬁy that the hyper—
methylated clones were obtai m:he

; ility that
a cell line is parually dxfﬁerem from: 8 ;mnmal tissue

methylation: pattetn can change
et al 2008), the ages of ;

:Since: CESs catalyse th
performed enzyme assa g PINPA; .
JEK293: ce]ie, the acuvny of
hydmlysxs of PNPA was: !ncreaseﬂ aﬁpmximately 25%

more time after transcription o obsw ' B
caused by single or combinéd treatment with 5-aza-dC

and TSAmay be necessary, but aftertranscriptionhow. .

fast functional CESs'are generated is:uinknown. It is
known that the half-life of a rat liver CES isozyme is 42 h
(Heymann et al. 1979). Although the half-
protemi unknown, the findin

b en the.activity
of: hydrolysm caused by treatment with: 5-aza-dC to
HEK293 cells and-the activity of hydrolysis of HuH-7
cells: ;

‘The present study provides mformatmn on the
metabolism and. disposition of prodrugs associated
with CES1A1; For example; CES1Al converts oseltami-
vit, an inhibitor of viral neuraminidase; into the active
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metabolite Ro 64-0802, oseltamivir carboxylate;in. the
human liver (Shi et al. 2006). Oseltamivir can cross the
blood-brain barrier (BBB), and its brain penétration a_t
the BBB is limited by P-glycoprotein (P-gp) {Morimoto
et al. 2008; Ose et al. 2008). The degree of penetration
of Ro 64-0802 at the BBB is lower than that of oseltami-
vir, Accordmg to Ose et al. (2009), Ro 64 0802 in the

tela”tienship between *abno:m b
and oseltamivir medication has
but the relaﬁonship femains unclea
revealed that expression level of the b !
in the liver of children is lower than that in
of adults and that liver microsomal samples pooIed
from children showed approximately 15%
ity of the samples pooled from adults in hydrolysing
oseltamivir. Hence, there is a possibility that the differ-
ence in CESIA] gene expression bctw '

ence in DNA methylation leve
the TSS.
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This review covers current developments in molecular-based studies of the structure and function of car-
boxylesterases. To allay the confusion of the classic classification of carboxylesterase isozymes, we propose a
novel nomenclature and classification of mammalian carboxylesterases on the basis of molecular properties.
Mechanisms of the regulation of the gene expression of carboxylesterases by xenobiotics, and the involvement of
carboxylesterase in drug metabolism are also described. The novel biomarker for organophosphate pesticide ex-
posure developed here is much more useful and reliable than cholinesterase inhibition. © Pesticide Science So-

ciety of Japan
Keywords:

1. Introduction

The present review highlights the importance of structure in
delineating overall function, substrate specificity, regulation
and localization of carboxylesterases (CEs). Structural con-
siderations emerge from the genes encoding the family of en-
zymes. Sequence homology typically yields insights into the
evolutionary relationship between the members and the con-
served and divergent areas of sequence. Diversity in the struc-
ture and ultimately function and cellular localization of the
gene product is achieved through gene doubling and diver-
gence, alternative mRNA processing, and post-translational
modification.

The acetylcholinesterases (AChE) and CEs belong to a pro-
tein superfamily termed the a,f-hydrolase-fold family” in
which members may have highly specialized functions, as is
the case for AChE and juvenile hormone esterase. These
members show a high degree of selectivity for a neurotrans-
mitter or a hormone, respectively. Namely, other members of
the family, such as butyrylcholinesterase (BuChE) or the wide
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E-mail: tetsuo.satoh@cnc.jp; satoh@hab.or.jp
Published online July 15, 2010
© Pesticide Science Society of Japan

carboxylesterase, genetic polymorphism, molecular structure, classification, novel biomarker.

variety of CEs found in tissues and plants, show greater activ-
ity in substrates with which they catalyze. Hence, they serve a
protective and clearing function for foreign substrates en-
countered through the diet or other routes of exposure. This
family of enzymes also shows great differences in the cells in
which they are expressed; some are found in multiple cell
types, whereas others show highly selective expression.

Finally, within the cell itseif, we observed distinctive local-
izations; some of the enzymes are destined for export into the
plasma, whereas others are associated with the cell membrane
with its catalytic function directed extracellularly. Others may
be retained within subcellular organelles, such as the endo-
plasmic reticulum (ER), whereas still others are found in the
cytoplasm. ’

Unlike the serine superfamily, it is clear that paraoxonases
are not serine or cysteine esterases, although we know less
about the structure of paraoxonases. Rather, they belong to a
discrete family of esterases, most likely those in which a diva-
lent metal is required for catalysis. Considerable progress has
been made recently in their purification and structural eluci-
dation. Importantly, inroads also have been made in detecting
natural substrates for paraoxonases, and lactones emerge as a
prime candidate across several species.

The expression profiles of gene expression encoding es-
terases are highly regulated during development by nutrition
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status, hormonal factors, and xenobiotics. Although the con-
sequences of regulating esterases by drugs and chemicals
have been intensively studied, relatively little is known about
the mechanisms by which esterases are regulated by physio-
logical factors. This regulation has several potential conse-
quences for the pharmacological and toxicological actions of
drugs and chemicals in humans and animals in different de-
velopmental stages and nutritional states,

2. Mammalian CEs

Carboxylesterases (EC 3.1.1.1) are members of an a,f-hydro-
lase-fold family and are found in various mammalian
species.”* These enzymes efficiently catalyze the hydrolysis
of a variety of ester- and amide-containing chemicals as well
as drugs and chemicals to the respective free acids. They are
also involved in the detoxification or metabolic activation of
various drugs, pesticides, environmental toxicants and car-
cinogens. Carboxylesterases catalyze the hydrolysis of en-
dogenous compounds, such as short- and long-chain acyl-
glycerols, long-chain acyl-carnitine, and long-chain acyl-CoA
esters.>1*2) We have reviewed the charactenistics of CEs in
relation to the metabolism of xenobiotics. -2 Multiple
isozymes of hepatic microsomal CE exist in various animal
species?”® and some of these isozymes are involved in the
metabolic activation of certain carcinogens, as well as being
associated with hepatocarcinogenesis.!” It has been suggested
that CEs can be classified into five major groups, CESI to
CESS, according to the homology of the amino acid se-
quence,*% and the majority of CEs that have been identi-
fied to belong to the CES| or CES2 family.

Striking species differences have also been shown;**® for
example, Inoue ef al>" showed that esterase activity in the
dog intestine is very weak and produced no appreciable active
band in disk electrophoresis coupled with the staining of es-
terase activity. On the other hand, esterase activities were ob-
served in the intestines of other species (human,2*03!
rat,"’-‘“ mom’zl) guinea pig,’” rabhit,“’ doglo.ill and
monkey®®) and were found to produce a few active bands in
an electrophoretic assay.

1t is thought that CEs are one of the major determinants of
the pharmacokinetics and pharmacodynamics of ester drugs
or ester prodrugs. Since the pharmacological data on ester
prodrugs obtained from preclinical experiments are generally
used as references for human studies, it is important to clarify
the biochemical properties of each CE isozyme, including
substrate specificity, tissue distribution, and transcriptional
regulation.

This review addresses the significant differences in the mo-
lecular structure and function of recently identified CEs, and
proposes a novel nomenclature for mammalian CE isozymes
based on the nucleotide sequences of the genes encoding the
individual isozymes. In addition, the different structure-activ-
ity relationships of substrates with each CE family and the ge-
netic polymorphism of CE genes are also described.

3. Novel Classification and Nomenclature of
Mammalian CEs

According to the classification of esterase by Aldridge,*® the
serine superfamily of esterase, i.e.,, AChE, BuChE and CE,
falls into the B-esterase group. CE isozymes were initially
classified by their substrate specificities and isoelectric point;
however, this classification is ambiguous in overlapping sub-
strate specificities. A single esterolytic reaction is frequently
mediated by several kinds of enzyme. Recent studies on es-
terases, as on other enzymes concerned with xenobiotic me-
tabolism, have afforded evidence of multiple forms.

It seems almost impossible to classify these CE isozymes
based on their substrate specificity along the lines of the Inter-
national Union of Biochemistry (I.UB.) classification, be-
cause the individual hydrolases exhibit properties of CE, li-
pase or both. Mentlein er al.'® proposed classifying these hy-
drolases as “unidentified CEs” (EC 3.1.99.1 to 3.1.99.x).
Based on the high homology and similarity of the amino acid
sequence alignment of the encoding genes, we tried to clas-
sify CE isozymes into five families: CES 1, CES 2, CES 3,
CES4 and CES 5 (Fig. 1).

The CES | family includes the major form of CE isozymes
(more than 60% homology with human CES). Thus, they
could be divided into cight subfamilies: CES1A, CESIB,
CESIC, CESID, CES!E, CESIF, CES1G, CES1H. Most of
the CES1 families, except CESIG, are mainly expressed in
the liver. The CES 1A subfamily includes the major forms of
human CEs,'%"%336-3% 454 the major isoforms of rat,” dog,'”
rabbit®” and mouse* CE. The CESIB subfamily includes the
major isoforms of rat,” mouse®® and hamster*” CE, and
CESIC includes the major isoforms of dog,'®!” cat™ and
human®® CE. The CES IH subfamily includes RLI
(CESIH4), mouse ES 4 (CESIHI) and hydrolase B
(CES1H3) and C (CES1H2), which catalyze long-chain acyl-
CoA hydrolysis.**%'3% Members of the CES |G family are
not retained in ER, which are secreted into the blood from the
liver,** and these families are all secretary-type CEs. It is in-
teresting that the CESIG family is found in only rats and
mice, but not humans, and they are all secretary types of
CESs. Although a high level of CES1 activity is detected in
the blood of rats and mice, no activity is detected in human
blood.

In contrast, the CES2 family is mainly expressed in the
small intestine. It includes human intestinal CE
(CES2A1),4%4) rat CES2 (CES2A10),%? rat intestinal CE
RLA4 (rCES2) (CES2A6),*” rabbit form 2*® and hamster AT51
(CES2A11).4” CES3 includes ES-male (CES3A2) and human
CES3 (CES3A1).** Human CES3 (CES3Al) has about
40% amino acid sequence identity with both CEA1Al and
CES2A!, and is expressed in the liver and gastrointestinal
tract at an extremely low level in comparison with CES1A1
and CES2A1.9

The CES4 family includes CE-like urinary excreted protein
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Fig. 1. Phylogenic tree and nomenclature of CE families. Carboxylesierase isozymes are classified into five families, CES), CES2, CES3,
CES4 and CESS. Each family is also divided into subfamilies.

(CAUXIN) (CES4A2), which is excreted as a major urinary  are similar to the results of phylogenic analysis (Fig. 1).
protein in cat urine.’® The CES 5 family includes 46.5-kDa

CE isozymes,”" which have a different structure from the 4. Structure and fatalytic Mechanism of CE
structures of isozymes in other CE families. Esterase (ES) Sozymes

46.5-kDa from mouse liver’” and amide hydrolase from mon- It has been shown that several proteins in the ER lumen have
key liver'® probably belong to this family. These groupings  a common carboxy-terminal sequence, KDEL-COOH, and
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that the structural motif is essential for retention of the protein
on the luminal side of the ER through the KDEL receptor
bound to the ER membrane.*** Ozols* and Korza and
Ozols* established the primary structures of two microsomal
esterases purified from rabbit liver and designated them 60-
kDa esterase forms 1 and form 2, respectively. These two
forms of CE have a consensus sequence for the ER retention
tetra-peptide (HTEL or HIEL in the one-letter code) that is
recognized on the luminal side of the KDEL receptor. The
HXEL-COOH motif is also essential for retention of the pro-
tein on the luminal side of the ER through the KDEL receptor
bound to ER membrane.”-** Robbi ef al.3” reported cDNA
cloning of rat liver CES1B4 (ES-10), and that was the first re-
port to show that cDNA of liver CarbE has the consensus se-
quence of the ER retention tetrapeptide (HVEL-COOH).
Later, Robbi and Beaufay*® isolated a cDNA clone of an-
other rat liver CES1D2 (ES-3, egasyn), which encoded the
consensus sequence of the ER retention tetrapeptide (HTEL-
COOH). The other clone, encoded egasyn, is an accessory
protein of S-glucuronidase in liver microsomes.*” Egasyn is
identical to CE, and it binds B-glucuronidase via its CE active
site. In rats and mice, the carboxyl terminal amino acid se-
quence of clone rat CES-60KDa (CES1Gl) and mouse

/‘ﬁl

G
H

F:i):—c‘q -rm% Ser

o

Nucleophilic "‘—°—'~’?R

Attack

Tetrahedral
Intermediate

Es-N (CES1G2) is HTEHK-COOH, which can not bind to
KDEL receptor, and these isozymes are secreted into blood.?®
Carboxylesterases have a signal peptide of 17 to 22 amino
acid residues near the N-terminal, including hydrophobic
amino acid. In the CES! family, exon 1 encodes a signal pep-
tide. & | the CES1 family, a buiky aromatic residue (Trp)
followed by a small neutral residue (Gly) directly precede the
cleavage site.? Carboxylesterases have four Cys residues that
may be involved in specific disulfide bonds. Among them,
Cys98 is the most highly conserved residue in many CE
isozymes. Cygler et al." reported the important alignment of
a collection of related amino acid sequences of esterase, li-
pase and related proteins based on X-ray structures of Tor-
pedo californicaAChE and Geotrichum candidum lipase.
According to the literature, Ser203, Glu336 and Hisd50
form a catalytic triad, and Gly124-Gly125 may be part of an
oxyanion hole (Fig. 2). These residues are also highly con-
served among CE isozymes. Site-specific mutation of Ser203
to Thr203, Glu336 to Ala336, or His450 to Ala 450 greatly
reduced the CE activity towards substrates; therefore, this mu-
tagenesis confirmed the role of Glu336 and His450 in form-
ing a putative charge relay system with active site Ser203.2%
Frey et al.% reported that the formation of low barrier hy-

vy
H—N G¥
Tetrahedral W—Oj‘i:j: P
. ‘H—N_ Gy
intermediate

Fig. 2. Proposed mechanism of action of CE. Conformation of the Ser-His-Glu catalytic triad in CE.
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drogen bonds between His and Asp (Glu for CE) facilitates
nucleophilic attack by the 8-OH group of Ser on the acyl car-
bonyl group of peptide in chymotrypsin. The catalytic triad in
the tetrahedral addition intermediate is stabilized by low bar-
rier hydrogen bonds. According to their theory, we speculated
that the low barrier hydrogen bond between Glu336 and His
450 facilitates nucleophilic attack by the S-OH group of
Ser203 on the carbonyl group of the substrate in CE (Fig. 2).

The mechanism of CE could thus be divided into the fol-
lowing steps: 1) The enzyme substrate complex form, posi-
tioning the substrate in the correct orientation for reaction. 2)
Hydrolysis of the ester bond starts with an attack by the oxy-
gen atom of the hydroxy group of Ser203 on the carbony! car-
bon atom of the ester bond. 3) The hydrogen bonds between
the negatively charged oxygen of the tetrahedral intermediate
and the N-H group of Gly123 and Gly124 stabilize the nega-
tively charged oxygen (O™). This configuration, in which neg-
atively charged carboxyl oxygen is hydrogen bonded to two
N-H groups, is called an oxyanion hole.

In the general acid-catalyzed step, the ester bond breaks,
and the leaving group picks up a proton from the imidazolium
ion of His,,. The acyl portion of the original ester bond re-
mains bound to the enzyme as an acyl-enzyme intermediate.
The alcohol component (R'-OH) diffuses away, completing
the acylation stage of the hydrolytic reaction. 4) A water mol-
ecule attacks the acyl-enzyme intermediate to give a second
tetrahedral intermediate. 5) His,g, then donates the proton to
the oxygen atom of Ser203, which then releases the acid com-
ponent of the substrate. The acid component diffuses away
and the enzyme is ready for catalysis.

The tetrahedral transition state is stabilized by the forma-
tion of low barrier hydrogen bonds between His450 and
Glu336. This low barrier hydrogen bond-facilitated mecha-
nism includes weak hydrogen bonds between the oxyanion
(07) and peptide N-H bonds contributed by Glyl123 and
Gly124, which stabilize the tetrahedral adduct on the sub-
strate side of the transition state (Fig. 2). Formation of the
acyl-enzyme complex in the next step requires removal of a
proton from His,g,, so that the tetrahedral intermediate is dis-
rupted in the acyl-enzyme intermediate. When the unbound
portion of the alcohol group of the first product of the sub-
strate has diffused away, a second step which the deacylation
step is essentially the reverse of the acylation step occurs,
with a water molecule substituting for the alcohol group of
the original substrate.

It is of interest that the sequences required for the hy-
drolytic capability at the catalytic triad (Glu, His, Ser) of CE,
AChE, BuChE, and cholesterol esterase are highly conserved.
This is a common structure of a,B-hydrolase-fold families,
which are responsible for the hydrolysis of endogenous and
exogenous compounds. Furthermore, these elements are
strongly conserved among orthologous CEs of the mouse, rat,
rabbit, monkey and human.

A three-dimensional model of human CE has been pro-

posed on the basis of crystal structure coordinates of AChE
and overlapping active sites with pancreatic lipase and CE.%"
The modeled structure shares the overall folding and topology
of the proteins identified in the recently published crystal
structures of the rabbit® and human CE.%¢" (Car-
boxylesterase has a three-dimensional a,B-hydrolase-fold
structure, which is a structural feature of all lipases.®® In gen-
eral, the structure of CE may be viewed as a central catalytic
domain surrounded by a,8 and regulatory domains.55¢7®) n
essence, the @,fB-hydrolase-fold consists of a central B-sheet
surrounded by a variable number of B-helices and accommo-
dates a catalytic triad composed of Ser, His and a carboxylic
acid, This suggests that the catalytic function of these proteins
is conserved across species.

The catalytic triad is located at the bottom from about a 25
A deep active site, approximately in the center of the mole-
cule, and is composed of a large flexible pocket on one side of
Ser203 and a small rigid pocket on the opposite side.5” The
orientation and location of the active site provide an ideal hy-
drophobic environment for the hydrolysis of a wide variety of
hydrophobic substrates.5” The small rigid active site pocket is
adjacent to the oxyanion hole formed by Gly123-124 and is
lined by several hydrophobic residues.®”

Short acyl chains would be easily accommodated within
the small rigid pocket. The larger flexible active site pocket is
lined by several non-polar residues and could accommodate
larger or polycyclic molecules, such as cholesterol. The large
pocket is adjacent to a side door secondary pore that would
permit small molecules (substrates and reaction products) to
enter and exit the active site.”” Longer acyl chains may be
oriented for catalysis in such a way that they extend through
the side door. Indeed, the presence of a hydrophobic residue at
position 423 in mouse CES1B2 and 425 in human CES1Al is
necessary for efficient hydrolysis of hydrophobic substrates,
as a mutation of Met 423 of the related rat lung CE (CES1B4)
to Ile increased CE activity towards a more hydrophobic sub-
strate without affecting activity towards short-chain esters.®

Most CE isozymes are glycoproteins, and the carbohydrate
chain is required for the enzyme activity of CEs,32426293468)
Human CES2A1 contains a glycosylation site at two different
positions (Asn103 and Asn267), while CES1A1 contains only
one glycosylation site at Asn79. This glycosylation site is
modified by a carbohydrate chain with first N-acetylgiu-
cosamine and terminal sialic acid and appears to be involved
in the stabilization of the CES1A1 trimer by packing into the
adjacent monomer in its crystal structure.®”

According to the X-ray crystal structure of human CESI,
this residue lines the flexible pocket adjacent to the side
door.?” Given the wide range of substrates that CEs are
known to hydrolyze, the large flexible pocket confers the abil-
ity to hydrolyze many structurally distinct compounds,
whereas the rigid pocket is much more selective with regard
to the substrates that may be accommodated.

—151—



Vol. 35, No. 3, 218-228 (2010)

Structure and function of carboxylesterase 223

5. Gene Structure and Regulation of CE Isozymes

Both the murine? and human'>$" CES1 genes span about 30
kb and contain 14 small exons. Recently, sequencing of the
mouse and human genomes has been completed, enabling de-
tailed sequence comparisons. Previously published sequences
of individual exons, splice junctions, size of the introns and
restriction sites within the murine and human CE genes are
consistent with their respective genes sequenced by the mouse
and human genome projects. Therefore, the organization of
the CE gene is evolutionarily conserved in mice and humans.
Previous studies have mapped the human CE gene to chromo-
some 16 at 16q13—922.1.*® This region is syntenic to a re-
gion of mouse chromosome 8 at 8CS5. The murine CE Es22%
and Es-N’ have been previously mapped to chromosome 8.
The completion of the mouse genome sequencing project un-
ambiguously demonstrated that the murine CE gene was lo-
cated on the minus strand of chromosome 8 at 8CS in a clus-
ter of six CE genes that span 260.6 kb. These six CE genes are
presumed to have originated from repeated gene duplications
of a common ancestral gene that encoded a CE,*" and subse-
quent evolutionary divergence may occur.

Recently, we have identified a mouse liver microsomal
acylcamitine hydrolase, mCES2, as a member of the CES2
family.*? It has been revealed that this enzyme is significantly
induced by di(2-cthylhexyl)phthalate (DEHP) and shows
medium- and long-chain acylcarnitine hydrolase activity*™' In
addition, we have found that mCES2 is expressed in various
tissues with higher levels of expression in the liver, kidney
and small intestine. Subsequently, it was shown that three
transcription factors, specificity protein (Sp) 1, Sp3 and up-
stream stimulatory factor 1, could bind to the promoter region
of the mCES2 gene, leading to synergistic transactivation of
the promoter.2" Although this mechanism may explain the
ubiquitous tissue expression profiles of mCES2, it is unlikely
to contribute to the higher levels of mCES2 expression in the
- liver, kidney and small intestine; therefore, it is thought that
another mechanism controls this tissue-specific transcription
of the mCES2 gene.?!

More recently, we have shown that hepatocyte nuclear fac-
tor-4 alpha (HNF-4a) can strongly enhance mCES2 gene
transcription and that the involvement of HNF-4a accounts
for the high expression level of mCES2 in the liver.”” These
findings are notable when the physiological roles of mCES2
are studied, since HNF-4a is involved in various hepatic func-
tions, such as glucose, cholesterol and drug metabolism. In
addition, we found that bile acid can repress mCES2 gene
transcription by repressing HNF-4q-mediated transactiva-
tion.”

In 2008, we isolated and characterized two genes encoding
the human CES1A1 (AB119997) and CES1A2 (AB119998),
and cloned and sequenced the 5° flanking region of each gene
in order to elucidate the structure of the promoter™ (Fig. 3).

It is noteworthy that both the CES1A1 and CES1A2 genes

cEEP  Sp1  NRYCEP ? St
- — atber —{ G — oobn-—
TATA less promoter ? CES 1A1 geno
Sp1 NF-YCBP
G box ——] CEANT bax
TATA less promoter CES 1A2 geno

HiHHHHH—HHHHHHH

CES1A2 CES1A1
CES1A3(Psoud gene) CES1A1

Fig. 3. Structure of the 5’ flanking region of CESIAl and
CES1A2 genes. Spl and C/EBPa could bind to each responsive ele-
ment of the CES!A1 promoter but Spl and C/EBP could not bind to
the 5’ flanking region of the CES1A2 promoter. NF-Y, nuclear factor
Y; CBF, CCAAT-binding factor

are located on chromosome 16q13—q22 with a tail-to-tail
structure. Comparison of the nucleotide sequences of
CES1ALl and CES 1A2 genes revealed about 98% homology
in 30 Kbp. There are only six nucleotide differences, resulting
in four amino acid differences in the open reading frame, and
all of the differences exist in exon 1.

Gene duplication has generally been viewed as a necessary
source of material for the origin of evolutionary novelties, and
duplicate genes evolve new functions. The majority of gene
duplicates are silenced within a few million years, with the
small number of survivors subsequently being subjected to
strong purifying selection. Although duplicate genes may

* only rarely evolve new functions, the stochastic silencing of

such genes may play a significant role in the passive origin of
new species. Since exon 1 of the CES1 gene encodes a signal
peptide region, intracellular localization of the CESI gene
product was preliminarily investigated using a signal pep-
tide/EYFP-ER chimera protein-expressing system. It was in-
tercsting that the CES1A1 signal peptide/EYFP-ER chimera
protein was localized to the endoplasmic reticulum, whereas
the CESIA2 signal peptide/EYFP-ER chimera protein was
distributed in the ER and cytosol.

On the other hand, CES1A2 mRNA was found to be ex-
pressed only in the human adult liver, although CESIAL is
expressed in both the human adult and fetal liver.”? These re-
sults suggested that CES1A] and CES1A2 have different in-
tracellular localizations and different expression profiles in
liver differentiation. We therefore investigated the transcrip-
tional regulation of these two CE genes. Reporter gene assays
and electrophoretic mobility shift assays demonstrated that
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Table 1. Tissue-specific expression profile of CES! and
CES2 isozymes in mammals and humans,

Species  Isozyme Liver Small intestine Kidney Lung
Mouse CESI +++ - + 4+ +++
CES2 +++ +++ +++ -
Rat CES] +++ - +4+ 4+
CES2 -~ +++4 - -
Hamster  CES| +++ - +++ NT
CES2 +++ +++ - NT
Guinea Pig  CESI +4+ +++ ++ NT
CES2 - + - NT
Beagle CES! +++ - NT 4+
CES2 ++ - NT +
Monkey  CESI +++ ++ - NT
CES2 + +++ + NT
Human CESI +++ - +4++
CES2 + +++ +++ -

—, undetectable, +, weakly expressed, ++, moderately expressed,
+++, strongly expressed, NT, not tested.

Spl and C/EBPa could bind to each responsive element of
the CES1A| promoter but that Sp! and C/EBP could not bind
to the responsive element of the CES1A2 promoter (Fig. 3).

More recently Fukami ef al.”™ reported that the sequences
of downstream and upstream of the intron of the CES1A2
gene are identical to those of CES1Al and CES1A3 genes,
respectively. A CES1A1 variant, in which exon | is converted
to that of the CES1A3 gene (transcript is CES1A2), has re-
cently been identified. It was found that the CES1A2 gene is a
variant of the CESIA3 pseudogene (Fig. 3). The expression
level of CESIA1 mRNA is much higher than that of CES1A2
mRNA in the liver.”? Since CES1AL is highly variable in the
individual liver,”® it was thought that these results provided
information on the individual variation of human CESI.

As shown in Table 1, human CES1 and CES2 were highly
expressed in the liver and lung, and the small intestine and
kidney, respectively. Knowledge of these substrate structure-
activity relationships and the tissue distribution of CE
isozymes is critical for predicting the pharmacokinetics and
pharmacodynamics of pesticides.

6. Possible Role of CE Isozymes in Drug
Metabolism

Drug-metabolizing enzymes that are present predominantly in
the liver are involved in the biotransformation of both endoge-
nous and exogenous compounds to polar products to facilitate
their elimination. These reactions are categorized into phase |
and phase 2 reactions. CE show ubiquitous tissue expression
profiles with the highest levels of CE activity present in liver

microsomes in many mammals.'$'" 2052475 CEg are cate-
gorized as phase | drug-metabolizing enzymes that can hy-
drolyze a variety of ester-containing drugs and prodrugs.
These include angiotensin-converting enzyme (ACE) in-
hibitors  (temocapril, cilazapril, quinapril, and imi-
dapril),?®¥®%8)  antitumor  drugs  (CPT-11  and
capecitabin),**!4*#2%6) and narcotics (cocaine, heroin and
meperidine).'"***" Thus, CEs are one of the most important
enzymes involved in prodrug activation, notably with respect
to tissue distribution, up-regulation in tumor cells and
turnover rates,

We have shown that there are some differences between
these families in terms of substrate specificity, tissue distribu-
tion, immunological properties, and gene regulation.” Analy-
sis of substrate structure versus catalytic efficiency for the
ester or carbamate substrates has revealed that a different
family of CEs recognizes different structural features of the
substrate. For example, the preferential substrates for
CESIALl, a human CESI family isozyme, are thought to be
compounds esterified by small alcohols, while those for
CES2A1, a human CES2 family isozyme, are thought to be
compounds esterified by relatively large alcohols. CES1A1,
but not CES2A1, hydrolyzed the methyl ester of cocaine and
the ethyl esters of temocapril, meperidine, imidapril and os-
clmmivir_zo.ss,ao.som )

It was interesting that procainamide inhibited CES1-medi-
ated imidapril hydrolysis.”” Procainamide is also known as a
choline-binding pocket-specific inhibitor® and has been re-
ported to competitively inhibit human BuChE.*¥ Takai er
al®® reported that a local anesthetic, procaine, and the anti-
cholinergic drug oxybutynin with large alcohol substitutes are
substrates for CES2 but not CES1. Procainamide is also a
good substrate for CES2. Because the amino acid sequences
at the active site were highly conserved among CES1, CES2
and BuChE,?! it is reasonable to assume that procainamide
inhibits CES |- mediated imidapril hydrolysis.

In contrast to the specificity of CES1 for the methyl ester of
cocaine, only CES2 hydrolyzed the benzoyl ester of co-
caine.”® The benzoyl esters of cocaine, heroin and CPT-11
(irinotecan) bearing a small acyl moiety and a bulky alcohol
group are good substrates for the CES2 isozyme. Irinotecan is
one of the most useful anti-tumor drugs. It was interesting
that BuChE hydrolyzed the benzoy! ester of cocaine, and also
hydrolyzed CPT-11, but not AChE.***® CPT-11 is a relatively
potent and selective inhibitor of human AChE that has proper-
ties of the acute cholinergic toxicity observed in some pa-
tients.>”

It has been suggested that although these two CE families
exhibit broad substrate specificity for ester, carbamate, or
amide hydrolysis, these CE isozymes exhibit distinct catalytic
efficiencies that correlate with the relative size of the sub-
strate substituents versus that of the enzyme active sites. Tis-
sue-specific expression of CES! and CES2 was examined by
Northern blots, RT-PCR and real-time PCR analysis.
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7. Genetic Polymorphism

Geshi ef al.® first reported that a single nucleotide polymor-
phism (SNP), —816A/C, of the CES1A2 gene is associated
with the responsiveness to an angiotensin-converting enzyme
(ACE) inhibitor, imidapril, whose activity is achieved by
CES] isozyme. Recently, we re-sequenced the CES1A2 pro-
moter region (~1kB) in 100 Japanese hypertensive patients.
Altogether, ten SNPs and one insertion/deletion (I/D) were
identified, among which six SNPs and one I/D residing be-
tween —47 and —32 were in almost complete linkage disequi-
librium (D"=1.00, r2=0.97).'" They consisted of a minor
and a major haplotype, the allele frequencies of which were
22% and 74%, respectively. The minor haplotype possessed
two putative Spl binding sites while the major haplotype did
not have any Sp! binding site. The minor haplotype had
higher transcription and Sp1 binding activities than the major
haplotype in vitro.

Later, we studied the relationship between CES1A1 poly-
morphisms and CES activity in 45 human liver tissues.
Namely, six single nucleotide polymorphisms (SNPs),
—~75G/T, —46A/G, —39A/G, —21C/G, —20G/A, —2G/C and
one insertion/deletion (D), +71A/del were identified in the
promoter region of the CES1Al gene. The +71 A/del was
significantly associated with the conversion efficacy of CPT-
11 to SN38 and the level of immunoreactive CES1 protein in
the liver microsomes. The +71 A/del was not associated with
the CESIA] mRNA level in the liver, and an in vitro reporter
assay indicated that +71 A/de] does not affect transcription.

These results suggest that CES1A1+71 A/del may account, at -

least in part, for the individual differences in CE activity in
human liver microsomes. This polymorphism of CE genes
may be a good candidate for studying the pharmacogenetics
of the detoxification of drugs and chemicals, including pesti-
cides

8. Novel Biomarker of Organophosphate Exposure

The development of a sensitive biomarker which can detect
pesticide poisoning at any stage is very imporiant. In 1981,
Kikuchi ef al.'" reported that rat plasma B-glucuronidase
(BG) activity was increased 2h post-treatment with
organophosphorous pesticides (OPs). Subsequently, it was re-
ported that a complex of BG and egasyn, which is an acces-
sory protein of BG, exists in the liver microsomal membrane,
Egasyn was found to be a CEs isozyme.**® BG is loosely
bound to egasyn, and the complex is easily dissociated by OP
exposure. Subsequently, several studics reported that intake of
OP by the liver causes the release of BG into plasma.'" Fu-
jikawa et al.'"® reported that a single administration of Ops,
including O-ethyl O-4-nitrophenyl phenylphosphonothioate
(EPN), acephate and chlorpyrifos and bis(p-nitrophenyl)phos-
phate (BNPP) as a non-OP to rats led to a 100-fold increase in
plasma BG activity over the control, In human studies, Inayat-
Hussain et al.'® reported that plasma BG activity in a group

of chronically OP-exposed farmers was significantly in-
creased compared to that in non-OP-exposed controls. In
these cases, no significant difference in BuChE activity was
detected between the farmers and control groups. Recently,
Soltaninejad er al.'® observed a significant increase in blood
BG activity in patients severely intoxicated by OP exposure
compared to controls, In 2010, Ueyama et al.'® reported that
42 male adults were classified into two groups; the first group
consisted of 21 pesticide control operators (PCOs) who had
not sprayed OPs within 3 days prior to their health check
(PCO?1), while the second group was composed of 21 PCOs
who had sprayed OP insecticides within 3 days prior to their
health check (PCO2). According to the monitoring data,
plasma BG activity in the PCO2 group was higher than in
PCOL. In these cases, no significant decrcase in BuChE was
observed.

These findings suggested that blood BG can be a more sen-
sitive biomarker of OP exposure than the inhibition of AChE
and BuChE activities in humans. We concluded that the cross-
sectional studies in this paper are useful for monitoring OP
exposure in a population of pest control operators

9. Conclusions and Future Directions

Multiple CEs play an important role in the hydrolytic bio-
transformation of a vast number of structurally diverse drugs.
These enzymes are major determinants of the pharmacoki-
netic behavior of most therapeutic agents containing an ester
or amide bond. Several factors influence CE activity, either
directly or at the level of enzyme regulation. In the clinical
field, drug elimination is decreased and the incidence of drug-
drug interactions increases when two or more drugs compete
for hydrolysis by the same CE isozyme.

Exposure to chemicals or lipophilic drugs can result in the
induction of CE activity. Several drug-metabolizing enzymes,
such as cytochrome P450, UDPGT-glucuronosyltransferase
and sulfotransferase have been extensively studied to clarify
substrate specificity using molecular cloning and cell expres-
sion systems. Consequently, the novel findings obtained re-
veal that the substrate specificity of CE is, at least in part, ex-
plained by differences in the nucleotide sequences of the indi-
vidual CE isozymes.

It is clear that membrane-bound-type CE isozymes in mi-
crosomes are required to possess the KDEL tetrapeptide motif
at the carboxy terminal of the molecule. Mammalian CEs
have been found to have acyl glycerol, acyl-CoA, and acyl-
carnitine hydrolyzing activities in vitro; however, the physio-
logical roles of CE remain unclear. To clarify the substrate
specificity of each CE isozyme, we have begun to search for
the substrate recognition site of each isozyme.

In the present review, we described the substrate specificity
and tissue-specific expression profile of CE isozymes; there-
fore, the successful design of ester-containing drugs will be
greatly improved by further detailed analysis of the mecha-
nism of action and substrate recognition sites of CE isozymes
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in mammals,

In conclusion, the molecular-based information on CEs in
this review is useful to understand the multiplicity and sub-
strate specificity of the CE family associated with the efficacy,
side effects and toxicity of chemicals. -
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