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Abstract. Carboxylesterases hydrolyze esters of
short-chain fatty acids and have roles in animals
ranging from signal transduction to xenobiotic de-
toxification. In plants, however, little is known of
their roles. We have systematically mined the genome
from the model plant Arabidopsis thaliana for carb-
oxylesterase genes and studied their distribution in
the genome and expression profile across a range of
tissues. Twenty carboxylesterase genes (4tCXFE) were
identified. The AtCXE family shares conserved se-
quence motifs and secondary structure characteristics
with carboxylesterases and other members of the
larger o/B hydrolase fold superfamily of enzymes.
Phylogenetic analysis of the 4tCXE genes together
with other plant carboxylesterases distinguishes seven
distinct clades, with an Arabidopsis thaliana gene
represented in six of the seven clades. The AtCXE
genes are widely distributed across the genome (pre-
sent in four of five chromosomes), with the exception
of three clusters of tandemly duplicated genes. Of the
interchromosomal duplication events, two have been
mediated through newly identified partial chromo-
somal duplication events that also include other genes
surrounding the AtCXE loci. Eighteen of the 20 A¢-
CXE genes are expressed over a broad range of tis-
sues, while the remaining 2 (unrelated) genes are
expressed only in the flowers and siliques. Finally,
hypotheses for the functional roles of the AtCXE
family members are presented based on the phylo-
genetic relationships with other plant carboxylest-
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erases of known function, their expression profile,
and knowledge of likely esterase substrates found in
plants.
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Introduction

Carboxylesterases (EC 3.1.1.1) are a large family of
enzymes that hydrolyze esters of short-chain fatty
acids. Structurally carboxylesterases belong to the
/P hydrolase fold superfamily of proteins (Ollis et al.
1992). Members of the o/f hydrolase superfamily
contain a conserved structural core consisting of eight
B-strands, with connecting a-helices and loops inter-
spersed within and around the eight-B-strand core.
The main feature of carboxylesterases is the con-
served catalytic triad. The active site is made up of a
serine (surrounded by the conserved consensus se-
quence G—X-S-X-@G), a glutamate (or less frequently
an aspartate), and a histidine (Ollis et al. 1992; Oa-
keshott et al. 1999). These residues are dispersed
throughout the primary amino acid sequence but
come together in the tertiary structure to form a
charge relay system, creating a nucleophilic serine
that can attack the substrate. Another structural
motif of importance is the oxyanion hole, which is
involved in stabilizing the substrate-enzyme inter-
mediate during hydrolysis. The oxyanion hole is
created by three small amino acids: two glycine resi-
dues typically located between B-strand 3 and a-helix
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1 and the third located immediately following the
catalytic serine residue (Ollis et al. 1992).

Carboxylesterases have a broad range of functions
including neurotransmission in animals (Taylor and
Radic 1994), pheromone degradation in moths (Vogt
et al. 1985), reproductive fitness in flies (Oakeshott
et al. 1987), degradation of xenobiotics in mamma-
lian livers (reviewed by Satoh and Hosokawa 1998),
insecticide resistance in insects (Hemingway 2000),
and xenobiotic detoxification in microbes (Turner
et al. 2002). Some carboxylesterases are highly spe-
cific, acting on only a particular substrate at very high
rates (e.g., acetylcholine [Sussman et al. 1991]), while
others are able to hydrolyze a broad range of sub-
strates (e.g., Oakeshott et al. 1999).

While the carboxylesterases have been intensively
studied in animals (Satoh and Hosokawa 1998;
Oakeshott et al. 1999), they have not been well
characterized in plants. Their use as isoenzyme
markers has demonstrated that multiple carboxy-
lesterases are present in many plants and that they are
expressed in many tissues, including leaves, fruit, and
roots (e.g., apple [Manganaris and Alston 1992];
barley [Kahler and Allard 1970], cherry [Boskovic and
Tobutt 1998], maize, [MacDonald and Brewbaker
1974], pear [Fachinello et al. 2000], tomato [Tanksley
and Rick 1980], and yams [Dansi et al. 2000]). These
isoenzymes studies have also allowed estimation of
the number of loci that encode carboxylesterases: 4
loci in apple (Manganaris and Alston 1992), 10 loci
from barley (Kahler and Allard 1970), 9 loci in cherry
(Boskovic and Tobutt 1998), and 10 loci each from
maize (MacDonald and Brewbaker 1974) and tomato
(Tanksley and Rick 1980). Despite this work, there
are few reports indicating a physiological role for
these enzymes.

Five carboxylesterase genes have been isolated
from plants. They all share conserved structural
motifs and the catalytic triad characteristic for the
carboxylesterase family. Four of these genes have a
role in plant—pathogen interactions. In Nicotiana
tabacum, hsr203J is induced during the hypersensitive
response to attempted infection by the bacterium,
Ralstonia solanacearum (Pontier et al. 1994). Anti-
sense experiments in N. tabacum demonstrate a role
for hsr203J in suppressing programmed cell death
associated with the hypersensitive response during
pathogen attack (Tronchet et al. 2001). A Lycopers-
icon esculentum ortholog of the hsr203J gene, Le-
hsr203J, is also upregulated in response to a
pathogen, in this case the AVRY peptide from the
fungus Cladosporium fulvum (Pontier et al. 1998). In
addition, inoculation of Pisum sativum with the fun-
gus Mycosphaerella pinodes causes an increase in the
expression of the Asr203J ortholog, E86 (Ichinose et
al. 2001). PepEST from Capsicum annuum is another
carboxylesterase involved in plant—pathogen interac-

tions; however, it is not orthologous to the three
hsr203J genes (Kim et al. 2001). Increased expression
of PepEST is observed during infection of pepper
plants with the necrotrophic pathogen, Colletotri-
chum gloeosporioides (Kim et al. 2001). Application
of recombinantly produced PepEST onto C. annuum
fruit was found to confer a weak level of resistance to
pathogen attack (Kim et al. 2001). The fifth plant
carboxylesterase gene PrM (C3, has been isolated from
Pinus radiata (Walden et al. 1999). It is expressed in
male reproductive structures but, as yet, has no
known physiological role.

Given the variety of physiological roles attributed
to carboxylesterases identified from animals and mi-
crobes, a wider number of roles for carboxylesterases
in plants outside those identified to date is likely. As a
prelude to determining their function in plants, here
we describe the carboxylesterase gene family from the
model plant, Arabidopsis thaliana (L.) Heynh (Ara-
bidopsis). We characterize the 20 Arabidopsis carb-
oxylesterase (AtCXE) genes, detailing their
phylogenetic associations, genomic organization, and
broad tissue expression patterns.

Materials and Methods

Bioinformatics. Five previously published plant carboxylesterase
genes were retrieved from GenBank and used to identify the A¢-
CXE genes in the Arabidopsis genome (The Arabidopsis Genome
Initiative 2000) at the TAIR web site (Huala et al. 2001) by key
word and iterative TBLASTN searches (Altschul et al. 1997). An
arbitrary expect score cutoff of <e¢™°° was used to classify A/CXE
genes. Additional carboxylesterases from the Oryza sativa, Sac-
charomyces cerevisiae, and Synechocystis sp. PCC 6803 genomes
were searched for using sequences deposited in GenBank. The
search for AtCXE genes was conducted during March 2002, while
the search for O. sativa, S. cerevisiae, and Synechocystis carboxy-
lesterase genes was conducted in May 2002.

A multiple sequence alignment of the predicted ArCXFE peptides
was created with CLUSTALX (v1.81) using the default settings
(Thompson et al. 1997). The following 33 GenBank protein se-
quence accessions were also included in the CLUSTALX align-
ment: Arabidopsis thaliana (see Table 1 for the 20 AtCXE
accessions); Capsicum annuum (AAF77578.1, PepEST); Lycopers-
icon esculentum (BAA74434.1, Lehsr203J); Nicotiana tabacum
(AAF62404.1, hsr203J): Oryza sativa (BAB44070.1. OsCXE];
BAB44069.1, OsCXE2; CAD40857.1, OsCXE3; BAB44059.1, Os-
CXE4; BAB90534.1, OsCXES): Pinus radiata (AAD04946.2,
PrMC3): Pisum sativum (BAA85654.1. E86); Saccharomyces cere-
visiae (NP_010716.1, ScCXEL; NP_011779.1, ScCXE2); and Syn-
echocystis sp. PCC 6803 (NP_440291.1, SynCXELl). Shading of the
conserved amino acids was conducted using GeneDoc (v2.6.002
[Nicholas and Nicholas 1997]).

Phylogenetic analysis was carried out using the PHYLIP soft-
ware package (Felsenstein 1993). Terminal gaps in the peptide
alignment produced using CLUSTALX (above) were removed
prior to running the analysis, while the internal alignment gaps
were left and analysis conducted scoring gaps as characters or as
missing characters. Distances were calculated using the Dayhoff
matrix (PROTDIST), and the neighbor joining method was used to
create the tree (NEIGHBOR). Parsimony trees were constructed
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Table 1. Summary of 4tCXE family members
Gene code Gene name  Genome location Predicted cDNA Predicted peptide Protein accession

Gene name (AGI) (TAIR) (TAIR) EST available? size (bases) size (amino acids) (GenBank)
AtCXE] Atl1gl9190 T29M8.6 6623876-6624977  Yes 957 318 NP_173353.1
AtCXE2 Atlgd7480 F16N3.25 17003910-17005764  Yes (full) 945% 314 NP_564507.1
AtCXE3 Atlg49640 F14J22.12 17963260-17964206 No 948 315 NP_175387.1
AtCXE4 Atlgd9650 F14J22.6 17964814-17966108  Yes (full) 1125 374 NP_564552.1
AtCXES At1g49660 F14J22.11 17966340-17967298  Yes 960 319 NP_175389.1
AtCXE6 Atlg68620 F24J5.14 25417868-25419040 Yes 1011 336 NP_564936.1
AtCXE7 At2g03550 T4MS8.1 1076032-1077079  No 939 312 NP_178453.1
AtCXES At2g45600 F17K2.13 18738128-18739492  Yes (full) 990 329 NP_566047.1
AtCXE9 At2g45610 F17K2.14 18740004-18741126  Yes 975 324 NP_182085.1
AtCXEIO0  At3g05120 TI2HI1.8 1430587-1432295  Yes 1038° 345 NP_187163.1
AtCXEIl  At3g27320 FI12K2.10 10091534-10093618  Yes 1383° 460 NP_180300.1
AtCXEI2  At3g48690 T8P19.200  18046146-18047120 Yes 975 424 NP_190438.1
AtCXEI3  At3gd48700 T8P19.210 18047784-18048774 Yes 990 329 NP_190439.1
AtCXEl4  At3g63010 T20010.110 23298676-23299956 Yes 1077° 358 NP_191860.1
AtCXEI5  At5g06570 FI15M7.10 2008074-2011012  Yes 990¢ 329 NP_196275.1
AtCXEI6  At5g14310 F18022.100 4615319-4617616  Yes (full) 1341°¢ 446 NP_568298.1
AtCXEI7  At5gl6080 FIN13.220 5252316-5253615  Yes (full) 1035 344 NP_197112.1
AtCXEIS  At5g23530 MQMI1.21 7909049-7910178  Yes (full) 1008 335 NP_197744.1
AtCXEI9  At5g27320 F21A20.30 9585748-9587992  Yes 1075° 344 NP_198084.1
AtCXE20  At5g62180 MTGI10.6 24692772-24693756  Yes 984 327 NP_201024.1

AGI, The Arabidopsis Genome Initiative. AGI code designates
chromosome location in the first digit following the “At.” TAIR,
The Arabidopsis Information Resource (www.arabidopsis.org).
Full indicates that a full-length cDNA is available. EST and cDNA

using PROTPARS implemented in PHYLIP. Bootstrap analysis
was conducted using 1000 bootstrap replicates (Felsenstein 1993).
TreeView (v.1.6.6) was used to display resulting trees (Page 1996).

GenomePixelizer (January 7, 2002) was used to create a ge-
nomic map of the AtCXE gene family (Kozik et al. 2002). The
coordinates for the AtCXE family and the Arabidopsis matrix file
were obtained from information included with the program. Re-
lationships among the AtCXE family members were analyzed at a
40% and greater amino acid identity threshold.

Gene Expression Characterization. Tissue for RT-PCR analysis
was collected from Arabidopsis ecotype Columbia. Plants were
grown in soil under glasshouse conditions at 18-25°C under 14 h of
daylight. Genomic DNA was extracted from 200 mg of rosette
leaves (~4 weeks old) using the protocol described by Li and Chory
(1998). RNA was extracted from various tissues (young root—
roots from six-true leaf-stage plants; mature root—roots from
bolted plants; two-, four-, and six-leaf seedlings—aerial parts from
two-, four-, or six-true leaf-stage plants; leaf—rosette leaves from
bolted plants; stem—stem from bolted plants with petioles and
floral structures removed; flower bud—inflorescence apex; flower;
young siliques—flat green siliques; mature siliques—green siliques
filled with seed) and pooled from ~10 plants using the following
protocol. Tissue (200-500 mg) was ground under liquid N,. Phenol
(250 ul) plus 250 pl of RNA extraction buffer (100 mM LiCl, 100
mM Tris-HCI, pH 8, 10 mM EDTA, pH 8, and 1% SDS [w/V] final
concentration) was preheated to 80°C before being mixed for 30 s
with ground tissue. Chloroform (250 pl) was added to the tissue
extraction solution, vortexed, and then spun at 20,000g for 5 min at
4°C. RNA was precipitated from the supernatant with 1 vol of 4 M
LiCl overnight on ice before being spun at 20,000g for 10 min at
4°C. The pellet was resuspended in 500 pl of 2 M LiCl for 30 min
on ice and then spun at 20,000g for 5 min at 4°C. The RNA pellet
was then resuspended in 100 pl of 1% L-Sarcosyl and extracted
once with phenol:chloroform:isoamyl alcohol (25:24:1). RNA in
the supernatant was precipitated with 0.1 vol of 3 M sodium ace-
tate, pH 4.8, and 2.5 vol of 95% ethanol, washed in 70% ethanol,
dried, and then resuspend in 20 pl of DEPC-treated water.

sequence information is available from the GO annotations within
TAIR (www.arabidopsis.org/tools/bulk/go/index.html). Super-
scripts a to d indicate the presence of an intron; genes sharing
conserved intron sites also share the same superscript letter.

Contaminating genomic DNA was removed from total RNA by
digestion with DNasel (Invitrogen) following the manufacturer’s
protocol. First-strand cDNA was synthesized from 1 pg of total
RNA primed with 100 pmol R,R;dTs (5-ATCGATGGTCGA-
CGCATGCGGATCCAAAGCTTGAATTCGAGCTCT,s-3") and
250 ng random hexamers (Promega) following manufacturer’s in-
structions for Superscript 11 Reverse Transcriptase (Invitrogen). A
negative control for each tissue analyzed was performed as above,
with water used in place of the reverse transcriptase enzyme.

Gene specific PCR primers were designed to encompass most of
the predicted coding region for each 4tCXE gene (see Table 2 for
details). PCR experiments were performed a minimum of two times
on RNA preparations from two independent tissue samples. PCR
amplification reactions were performed in 25-pl volumes containing
0.2 mM dNTPs, 0.6 pM of each primer pair, 1.5 mM MgCl,, 1x
Tagq buffer (Invitrogen), and 1 unit of Tag DNA polymerase (In-
vitrogen), plus 2 pl of genomic DNA (~10 ng) or cDNA (equiva-
lent to 10 ng of total RNA) as template. The PCR cycling program
had an initial denaturation step of 94°C for 2 min, followed by 30
cycles of 94°C for 30 s, 56°C for 30 s, and 72°C for 3 min. The
program ended with a final extension cycle of 72°C for 5 min.
Control PCR reactions with the control “cDNA” templates (i.e.,
no reverse transcriptase added during cDNA synthesis) were per-
formed as described above. Resulting products were resolved on
1.2% agarose gels. Predicted PCR product sizes for each gene are
listed in Table 2.

The identity of a selection of amplified gene products, generated
using the AtCXE primer pairs above, was verified by DNA se-
quencing. Genomic DNA was amplified for eight 4t«CXE genes
(AtCXE2, 10, 11, 14, 15, 16, 19, and 20) using the primers described
above. PCR products from these reactions were purified using
QIAquick PCR Purification Columns (Qiagen). DNA sequencing
reactions were carried out using Dynamic ET Sequencing Dye
(Amersham Biosciences) according to manufacturer’s instructions.
Primers used to sequence purified PCR products were as follows
(primers are written in a 5’-to-3” direction, primer names corre-
spond to the AGI gene code presented in Table 1): Atlg47480.2f
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TTGTCAATCAGGCTAACGTC, At3g05120.2f CTTGTGCTT
ATGATGATGGT, At3g27320.2f AGGTGAGGTGAAGAAAT
CAG, At3g63010.2f GTCAACCTTAACGAATGCAA, AtS-
206570.2f CTGGTTTGAAGATGGAACAG, At5g14310.2f TGT
TCAAGGACAGATTGTGG, At5g27320.2f GTTAATCTTATT
GAGAGCAAG, and At5g62180.2f ATCTCCTTCGTACCGAT
TAG.

Results and Discussion

Identification of the AtCXE Gene Family in
Arabidopsis

The nomenclature for carboxylesterases has been a
source of detailed discussion (e.g., Eeiner et al. 1989).
Most previous reports have used functional criteria to
classify the carboxylesterases. In the absence of any
biochemical or physiological data, we have defined
the Arabidopsis carboxylesterase family as a group of
phylogenetically related sequences and use the ab-
breviation AtCXE.

Mining the complete Arabidopsis genome (The
Arabidopsis Genome Initiative 2000) reveals 20
carboxylesterase genes (4tCXE1-20). A summary of
the features and identifiers for the ArCXE gene
family is provided in Table 1. Numbering of the
AtCXE family is based on the ordering of the pro-
tein identifier code assigned by The Arabidopsis
Genome Initiative (AGI [see Schoof et al. 2002]).
The AtCXE family has an average amino acid
identity of 34.1% and ranges from 22.8 to 86.0%
identity.

The 20 AtCXE genes were identified through a
combination of key word searches and manual iter-
ative TBLASTN searches, starting with the previ-
ously published plant carboxylesterases. The
Carbohydrate-Active Enzymes web page (CAZy;
http://afmb.cnrs-mrs.fr/~cazy/CAZY /index.html)
contains a list of esterases from a variety of organ-
isms, including Arabidopsis. This on-line resource is
dedicated to describing ‘“‘the families of structurally-
related catalytic and carbohydrate-binding modules
(or functional domains) of enzymes that degrade,
modify, or create glycosidic bonds.”” The list of A¢-
CXE genes found from our BLAST search was sim-
ilar to the list in CAZy (family 10). Four additional
Arabidopsis genes were predicted to be carboxylest-
erases in CAZy, which have not been included in our
analysis (AGI protein code: At1g26120, At3g02410,
At5g15860, and At5g36210). Three of these genes
(At1g26120, At3g02410, At5g15860) are closely re-
lated to each other and contain a catalytic triad.
However, they are divergent from the 20 AtCXE
genes and other plant carboxylesterases and lack se-
quence conservation surrounding the motif known as
the oxyanion hole (contains a TGG motif rather than
the HGG motif seen for AtCXE and the other plant
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carboxylesterases). Interestingly, these three genes
(At1g26120, At3g02410, and At5g15860) possess a
large number of introns (10, 8, and 9 introns, re-
spectively) with many shared intron positions. The
genes Atlg26120, At3g02410, and At5gl5860 are
postulated to be lipases based on the automated an-
notation within the MIPS Arabidopsis thaliana Da-
tabase (MatDB [Schoof et al. 2002]). The fourth gene,
At5g63210, is likely to be a carboxypeptidase based
on BLASTP analysis. It contains a unique exon/
intron structure (18 introns) and a significantly longer
predicted peptide sequence (678 amino acids).

Annotation of the exon/intron boundaries for the
20 AtCXFE genes from MAtDB was compared with
available expressed sequence tag (EST) information
(see Table 1). MAtDB annotations were correct in all
but one instance. Exon 2 of AtCXEI6 (At5g14310)
begins at base 1791 rather than base 1812. The new
cDNA sequence includes ATGTGTTCTTCTCG
GGGTGAG at the 5" end of exon 2. This correction
is based on EST information from GenBank Acces-
sions AV550947 and H76498 (original clone names
are RZ119f03R and 196M16T7, respectively).

Based on alignment with available EST informa-
tion, 13 of the 20 AtCXE genes have no introns. The
remaining seven AtCXE genes contain a single intron
(Table 1). One intron site is shared by AtCXEI0, 14,
and /9 and is located between bases 39/40 of the
predicted cDNA sequence (A of the translation start
codon ATG = 1). A second intron site is shared by
AtCXEI1I and 16. The intron is located between bases
845/846 for AtCXEII and 800/801 for AtCXE16. The
precise cDNA location is not conserved due to
insertion/deletion events within AtCXEIl and I6.
Alignment of the translated cDNA sequences for
AtCXEI1I and 16 reveals a high degree of amino acid
conservation surrounding the intron splice site: 18 of
20 amino acids are conserved upstream from the
“intron splice site’” position and 19 of 20 amino acids
downstream of the “intron splice site” position are
conserved. The remaining two genes (AtCXE2 and
AtCXEI5) possess unique intron sites. Intron posi-
tions for AtCXE2 and 15 are located between bases
351/352 and 683/684, respectively.

Sequence Alignment of the AtCXE Family

An alignment of the predicted amino acid sequences
for the 20 AtCXE genes is presented in Fig. 1. The
alignment also includes 10 other plant carboxylest-
erases (full length) found in GenBank as of May
2002. The sequence alignment reveals amino acid
motifs and secondary structural features character-
istic in members of the o/f hydrolase fold super-
family and more particularly of carboxylesterases

(Fig. 1).
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Carboxylesterases contain a catalytic triad that is
made up of a nucleophilic serine, an acidic residue
(aspartate or glutamate), and a histidine (Ollis et al.
1992). These active-site residues are found dispersed
within the primary peptide sequence but are posi-
tioned adjacent to one another in the tertiary struc-
ture (Ollis et al. 1992). Within the basic core structure
of the a/p hydrolase fold, the catalytic serine is lo-
cated in the loop immediately after B-strand 5, the
acidic residue (i.e., aspartate or glutamate) follows B-
strand 7, and the histidine trails the final B-strand
(Ollis et al. 1992). Juxtaposition of all three active-site
residues within the folded protein is necessary for
activation of the catalytic serine. Activation of the
serine occurs through a charge relay system where the
acidic residue draws a proton from the histidine,
which in turn draws a proton from serine to create a
nucleophilic serine (Oilis et al. 1992).

The plant carboxylesterases analyzed here are
predicted to share the core o/ hydrolase fold posi-
tions for the catalytic triad (i.e., serine, acidic residue,
and histidine), as shown in Fig. 1. The predicted
serine and acidic residues are both highly conserved
in our alignment. The acidic residue for most of the
plant carboxylesterases is an aspartate. All but one
AtCXE contain an aspartate in the active site. The
active-site acid residue for AtCXE15 is a glutamate.
In contrast, the acidic residue in animal kingdom
carboxylesterases is typically a glutamate (Cygler
et al. 1993).

The position of the histidine is not completely
conserved in plants with regard to the aligned amino
acid sequences. The predicted active site histidine of
AtCXEI10, 14, and 19 is found further C-terminal in
the peptide alignment (Fig. 1). Manipulation of the
multiple alignment parameters in CLUSTALX
(v1.81) did not improve the alignment. It remains to
be determined if these enzymes (AtCXE10, 14, and
19) have carboxylesterase activity. An active-site
histidine cannot be found for OsCXE2 within the
expected region (Fig. 1). Since a histidine forms an
essential portion of the catalytic site, OsCXE2 may
not possess carboxylesterase activity. Another possi-
bility for the apparent loss of the active-site histidine
is that the primary sequence order for the OsCXE2
catalytic triad residues may differ from the model,
and therefore the OsCXE2 histidine would be located
elsewhere in the primary amino acid sequence. Prec-
edence for variations in the primary sequence order
for the catalytic triad residues within the o/f hy-
drolase superfamily can be found for trypsin, papain,
and subtilisin (Ollis et al. 1992). Rearrangement of
the catalytic triad order would, however, be highly
unusual for a carboxylesterase.

The catalytic serine residue for members of the o/
hydrolase fold superfamily is surrounded by the
characteristic pentapeptide motif G-X-S—X-G. This

motif extends the serine into the center of the active
site through a tight bend directly after the fifth B-
strand and is often referred to as the nucleophilic
elbow (Ollis et al. 1992). The G—-X-S-X-G penta-
peptide motif is completely conserved within the
carboxylesterases from Arabidopsis and the other
plant carboxylesterases (Fig. 1). Serine is an inter-
esting amino acid because it is encoded by six codons
split into two codon groups, AGY (where Y = T or
C)and TCN (N = A, T, C, or G). Two mutations are
required to switch from one group to the other.
Therefore, unless both mutations occur simultane-
ously, the intermediate protein does not contain a
serine at this position and is likely to be nonfunc-
tional. Examination of the codon usage of the active-
site serine for the AtCXE genes reveals a nearly ex-
clusive use of the AGY serine. AtCXEI1S5 is the only
exception to this, using the TCN serine codon group.
Animal esterases predominantly use the TCN serine
codon group (Petersen and Drablos 1996).

The oxyanion hole is another important structural
feature of the carboxylesterase family. This structure
is involved in stabilizing the substrate—enzyme tetra-
hedral intermediate during hydrolysis through inter-
actions between the oxyanion produced in the
intermediate with three backbone nitrogen atoms
(Ollis et al. 1992). A portion of the oxyanion hole is
made up of nitrogens from two adjacent glycine res-
idues located between B-strand 3 and o-helix 1 con-
tained within a conserved HGG box motif shared
across all but one of the plant carboxylesterase genes
examined. The fourth residue after each HGG is ei-
ther a glycine, a serine, or an alanine (Fig. 1). A
notable exception to the conservation of the HGG
motif is found in AtCXE9, which has a HSG motif. It
is interesting to speculate whether this change (i.e.,
substitution of an aliphatic amino acid for a hy-
droxylated residue) affects the catalytic ability of this
putative carboxylesterase. The remaining backbone
nitrogen involved in the oxyanion interaction comes
from the residue following the active-site serine and is
often an alanine in the plant carboxylesterases (Fig. 1).

Phylogenetic Analysis of the AtCXE Gene Family

Phylogenetic analysis of the plant carboxylesterases
has been conducted using the alignment presented in
Fig. 1 (see Fig. 2). This distance-based tree revealed
seven clades, numbered arbitrarily in an anticlock-
wise manner. The groupings are well supported by
bootstrap analysis, with five showing bootstrap val-
ues of 95% or greater. The AtCXE genes are repre-
sented in six of the seven groups (clades I-VI). The
five OsCXE genes are found in three clades (I, 11, and
V). One clade (VII) does not contain any Arabidopsis
or O. sativa genes. The single Synechocystis and two
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S. cerevisiae carboxylesterases have been used as an
outgroup for this analysis. The assignment of the
carboxylesterase genes to the seven groups from trees
built using data obtained from parsimony analysis
was the same as for distance analysis (data not
shown).

The largest group is clade I1I, possessing 40% (8 of
20) of the AtCXE genes (AtCXEI, 2,3,4,5,7,12,13)
and OsCXE3. Given the degree of sequence conser-
vation and short branch lengths, it seems likely that
subgroups within clade III have recently undergone
an expansion/duplication (e.g., AtCXE3, 4, 5 and
AtCXEL, 7, 12, 13).

Three clades (II, 1V, and V) contain four taxa
each. Clade II contains three Arabidopsis genes (At-
CXES, 9, and 20) and a carboxylesterase from C.
annuum (Pep EST) that is involved in plant—pathogen
interactions. Clade IV consists entirely of AtCXE
genes (10, 14, 18, and 19). Clade V shows an inter-
esting grouping with three of the five O. sativa genes
(OsCXEIL, 2, and 4) and AtCXEI5. An O. sativa gene
is also found in each of clade I (OsCXE5) and clade
III (OsCXE3). Given that the publicly available O.
sativa genome sequence is not yet complete, further
0. sativa genes may be found that associate with the
other clades.

Three plant taxa have representative carboxylest-
erases in each of clades I, VI, and VII. AtCXEI] and
16 plus OsCXE5 make up clade I. An insertion of
approximately 60 amino acids located between [-
strands 2 and 3 and a second insertion (~30 amino
acids) positioned between a-helix 2 and B-strand 5 is
characteristic for the 4tCXE genes in this clade (refer

in the legend to Fig. 1.

to Fig. 1). Clade VI consists of two genes from Ara-
bidopsis (AtCXE6 and 17) and a single gene from P.
radiata (PrMC3). PrMC3 (from clade VI) was iden-
tified in a screen for genes specifically expressed in the
male cone; however, no functional data are available
for PriMC3 (Walden et al. 1999). Further character-
ization of PrMC3 is required to test an involvement
with male reproduction. Clade VII is made up of
three highly similar genes from N. tabacum (Nth-
sr203J), L. esculentum (Lehsr203J), and P. sativum
(E86). There are no AtCXE genes present in this
clade. All of the genes in clade VII have been asso-
ciated with plant—pathogen interactions (Pontier et
al. 1994, 1998; Ichinose et al. 2001). The split between
clades VII and VI has bootstrap support of only 52%.
These clades may in fact represent a single grouping.
The deep branching pattern suggests that these clades
(VI and VII) either diverged a long time ago or have
elevated rates of evolution. Another gene associated
with plant—pathogen interactions is PepEST (clade
I1) from C. annuum, which is phylogenetically distinct
from the hsr203J genes from N. tabacum, L. escu-
lentum, and P. sativum (clade VII). The clade II
Arabidopsis genes (AtCXES, 9, and 20) are closely
related to PepEST, suggesting that they may also be
involved in plant—pathogen interactions (see later for
further discussion).

From the phylogenetic analysis, predictions can be
made concerning which 4tCXE genes duplicated to
expand the six clades with Arabidopsis representa-
tives. For example, duplications of an AtCXE2-like
ancestor have given rise to two distinct subgroups
within clade III, with one subgroup containing
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AtCXE3, 4, and 5 and the second containing At-
CXElL, 7, 12, and 13. In clade IV, an AtCXE8-like
ancestor appears to have undergone duplications to
give rise to AtCXEI0, 14, 19.

Genomic Arrangement of the AtCXE Gene Family

The software program GenomePixelizer was used to
map the AtCXE gene family and their relationships
onto the five Arabidopsis chromosomes (Kozik et al.
2002). This analysis allows classification of the du-
plication events into tandem, intrachromosomal, or
interchromosomal events. The structure of the pre-
dicted gene duplications within the 4¢tCXE family is
illustrated in Fig. 3. The 20 AtCXE genes are dis-
tributed across chromosomes I, II, III, and V, but are
absent from chromosome IV. From Fig. 3, the A¢-
CXE genes cluster into approximately five broad
groups, plus two orphan genes (AtCXE15 and 18).
The groups presented in Fig. 3 are as follows: Az-
CXEIl and 16 (clade I); AtCXES, 9, and 20 (clade
Il); and AtCXFE1l, 2, 3,4, 5, 7, 12, and 13 (clade I11);
AtCXEI0, 14, and 19 (clade 1V); and AtCXE6 and 17
(clade VI). Additionally, tandem duplication events
have occurred for AtCXE3, 4, and 5 (clade III); A¢-
CXFEI2 and 13 (clade 111); and AtCXES and 9 (clade
I1). Only A:tCXEI8 (clade 1V) did not follow the
grouping as determined from the phylogenetic anal-
ysis (see Fig. 2), being represented as an orphan gene
in the GenomePixelizer analysis (Fig. 3).

In the AtCXE family only three tandem duplica-
tions can be identified. These include 7 of the 20
genes: AtCXE3, 4, and 5 (clade I11); AtCXES8 and 9
(clade II); and AtCXEI2 and 13 (clade III). The ori-

28 30 Mbp Fig. 3. Genomic organization of
the AtCXE genes as analyzed using
GenomePixelizer (Kozik et al.
2002). Thin black lines join genes
that have a 240% predicted amino
acid sequence identity. Related
AtCXE genes that show 250% pre-
dicted amino acid sequence identity
are as follows: 7 with 3, 4, and 5
(50-60%); 1 with 7 (60-70%); 10
with 14 (60-70%); 14 with 19 (70—
80%); 11 with 16 (70-80%); 12 with
13 (70-80%); 3 with 4 (70-80%); 3
with 5 (70-80%); 4 with 5 (70—
80%); and 10 with 19 (80-90%).
AtCXE members belonging to the
same gene cluster are outlined by
the same shape. The five Arabid-
opsis chromosomes are labeled -V,
with the 4tCXE genes represented
as small black boxes along the
chromosomes. Arrows denote gene
orientation along the chromosome.

entation of the genes within each tandemly duplicated
cluster is maintained. Clusters of tandemly duplicated
genes have been observed for other gene families
within the Arabidopsis genome (e.g., Richly et al.
2002). However, the majority of predicted duplica-
tion events of AtCXE genes are not tandem, either
occurring within (over a large distance) or between
chromosomes. In other organisms many of the du-
plication events for carboxylesterases are tandem.
For example, in Drosophila most of the genes are
arranged in clusters (Oakeshott et al. 1999). The
D. melanogatser a-esterase cluster is made up of 10
active esterases plus one pseudogene spanning a
60-kb chromosomal region (Russell et al. 1996).
Tandem duplication has also been identified as the
manner of expansion for the B-esterase cluster, which
contains two genes in D. melanogaster and three in
related taxa (Oakeshott et al. 1995). Similarly for
Caenorhabditis elegans, 29 of the 49 carboxylesterases
map to just six chromosomal loci (Oakeshott et al.
1999). In the mosquito, Anopheles gambiae, clustering
of esterases is even more pronounced. Only 16 of the
51 carboxylesterase genes are found as singletons, the
rest being represented in clusters, with one cluster
containing 23 carboxylesterase genes (Ranson et al.
2002). The pattern of nontandem duplication found
in Arabidopsis implies one of two possibilities: that
the duplications themselves were interchromosomal
in the first instance or that the original duplications
events were tandem but over time the tandem arrays
have been broken up by rounds of genome duplica-
tion with subsequent loss and rearrangement. While
the details of the genome duplication history for
Arabidopsis are still under debate, it is clear that
Arabidopsis has undergone more than one round of



ATCXE?
- OsCXES
AtCXElL
AtCXE16

PsE86
Nthsr203T VI

[ Lehsr203J
-PrMc3

i AtCXE6
ATCXEL7

- AtCXE1S
_OsCXEl

— | OsCXE2
[ OsCXE4
~AtCXE18
—- AtCXE14
ATCXEIO
[ ATCXE19
— OsCXE3

—AtCXE2
AtCXE12

ATCXEL3
AtCXE7
AtCXEL
ATCXE3
L&AfCXE‘f

ATCXES
ScCXE1

[ ScCXE2
SynCXE1

acrz TN

whole-genome duplication, with many smaller-scale
translocation events occurring over its history (Ku
et al. 2000; Blanc et al. 2000; Vision et al. 2000; The
Arabidopsis Genome Initiative 2000; Simillion et al.
2002).

To gain insight into how the AtCXE family may
have expanded, the ArCXE gene positions were
mapped to published duplication events within the
Arabidopsis genome (The Arabidopsis Genome Ini-
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Fig. 4. Expression pattern of the ACXE family examined by RT-
PCR. The tissues from which RNA was derived are presented
along the rop of the diagram. Control reactions were as follows:
water, water template as a negative control for PCR; and gDNA,
genomic DNA template as a positive control for PCR. The third
control reaction used primers specific to actin (4CT2), as this gene
is constitutively expressed across all tissues and developmental
stages (bottom of figure). Amplified product sizes correspond to
those predicted from the gene sequences (see Table 2). The tree to
the left of the expression data is the same as from Fig. 2 but is
represented here as a rectangular cladogram drawn using ScCCXEI,
ScCXE2, and SynCXEI as the outgroup. Gray shading and roman
numerals correspond to plant carboxylesterase clades identified in
Fig. 2. Species and carboxylesterase name abbreviations are pre-
sented in the figure legend to Fig. 1.

tiative 2000). Approximately 60% of the Arabidopsis
genome is found within 24 large duplications, with
17% of the genes found in tandem arrays (The
Arabidopsis Genome Initiative 2000). Chromosomal
duplications within the AtCXE gene family do not
correspond to the known major chromosomal
duplications across the Arabidopsis genome reported
by The Arabidopsis Genome Initiative (2000; data
not shown). Although the ArCXE genes do not map
to previously reported Arabidopsis chromosomal
duplication sites, it is possible that smaller chromo-
somal duplication events have occurred that were not
detected in these previous reports. Inspection of 10
genes on either side of each AtCXE locus was per-
formed to identify potential small chromosomal du-
plication events. The genes flanking the ArCXE loci
were compared at a 30% amino acid identity thresh-
old. Two small duplications were identified that in-
cluded AtCXE genes. A conserved block of three
genes is shared around ArCXEII (on chromosome
III) and AtCXEI6 (on chromosome V). The shared
pairs of genes are At3g27255 and At5gl4270,
At3g27270 and At5g14280, and At3g27280 and
At5g14300 on chromosomes III and V, respectively.
A second small duplicated region was also observed
around ArCXEI0 and 19, where an ordered group
of genes is shared. These shared gene pairs are
as follows: At3g05230 and At5g27430; At3g05200
and At5g27420; At3g05190 and At5g27410;
At3g05150 and At5g27360; and At3g05150 and
At5g27350, At5g27360. Genes At5g27350 and
At5g27360 appear to be the product of an additional
round of duplication. AtCXEI4 is grouped in clade
IV with AtCXEI0 and 9. However, the region sur-
rounding the AtCXEI4 locus does not share any of
the conserved surrounding genes found for the
AtCXEI0 and 19 loci. Together these observations
suggest that two small independent chromosomal
translocation events have occurred between chro-
mosomes III and V that were not detected in the
analysis performed by The Arabidopsis Genome
Initiative (2000).
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AtCXE Gene Expression Patterns

RT-PCR was used to investigate expression patterns
for the AtCXE genes over a range of tissues and de-
velopmental stages from Arabidopsis using PCR
primers designed to each individual AtCXE gene. All
amplified products were of a size predicted from the
AtCXE genes, and the DNA sequence from eight
chosen amplified genomic DNA products matched
with the expected AtCXE genes. The PCR conditions
used in this experiment were designed to detect the
presence or absence of expression and not for quan-
titative interpretations. However, faintly visible
bands are most likely due to genes being expressed at
a lower level than the more intense bands.

All 20 AtCXE genes are transcribed (Fig. 4).
Control reactions lacking reverse transcriptase were
conducted to demonstrate the absence of any con-
taminating genomic DNA for all of the original RNA
samples. Amplified products were never observed in
any of these control experiments. All tissue samples
tested were positive for expression of each AtCXE
gene, except where specifically mentioned. Samples
showing either trace amounts or no product were
confirmed by increasing the number of cycles from 30
to 40 (data not shown). Thirteen of the 20 AtCXE
genes are detected across all tissue samples analyzed:
AtCXEII and 16 (clade I); AtCXE20 (clade 11); At-
CXE2, 4,5, 6, and 12 (clade III); AtCXEI10, 14, 18,
and 79 (clade 1V); AtCXEI15 (clade V); and AtCXE6
(cladeVI). The following genes are not detected in
roots, being observed only in aerial portions of the
plant: 4tCXES and 9 (clade 11); AtCXE3, 7, and 13
(clade III); and AtCXEI7 (clade VI). The most
striking expression pattern is observed for AtCXE3
(clade IIT) and AtCXE9 (clade II). AtCXE3 and 9 are
only detected in flowers and siliques; however, At-
CXE9 was never observed in mature siliques, even
after 40 cycles of amplification (data not shown). The
only other genes not detected in all tissues were At-
CXEI and AtCXE13 (both from clade III). AtCXE]
is absent from the aerial parts of seedlings and from
leaves on bolted plants, while 4rCXEI3 is not ex-
pressed in leaf or stem tissue from bolted plants. The
overlapping pattern of expression shown by the At-
CXE genes suggests that the activity for some pro-
teins may be functionally redundant. However,
certain AtCXE genes with overlapping expression
patterns may be expressed in different cell types
within each tissue and possess different biological
functions.

Combining phylogenetic and expression pattern
data has been a successful approach toward gaining
insight into the potential function of genes within a
gene family (e.g., MYB gene family [Stracke et al.
2001]). The expression data for the AtCXE genes
have been mapped onto the tree from Fig. 2 to pro-

duce Fig. 4. However, the broad overlapping patterns
of expression for the 4tCXE genes do not correlate
with groups identified in the phylogenetic analysis
(Fig. 4). For example in clade II, AtCXE20 is ex-
pressed across all tissues, AtCXES is not expressed in
the roots, and AtCXE9 is only expressed in the
flowers and siliques. In another example, genes within
clade III show wide variation in expression patterns:
AtCXE?2, 4, and 5 are detected in all tissue samples;
AtCXE7 and 13 are not expressed in the roots; and
AtCXE3 is only found in flowers and siliques. It
seems that flower/silique expression has evolved twice
within the AtCXE family, once in AtCXE3 (clade I1I)
and again in AtCXE9 (clade 11). Comparison of more
fine-scale expression patterns among the A:rCXE
genes will require more precise dissection of tissues or
reporter studies.

Recent reports suggest a correlation between the
physical linkage of genes and their coexpression
patterns (for examples see Boutanaev et al. 2002;
Caron et al. 2001; Cohen et al. 2000; Roy et al. 2002;
Spellman and Rubin 2002). An examination of the
closely linked AtCXE family members (i.e., AtCXE3,
4, and 5; AtCXES and 9; and AtCXEI2 and [3) and
their corresponding expression patterns does not
provide evidence for coregulation of these clustered
AtCXE genes. For example, in clade Il AtCXE9 is
expressed only in the flowers and siliques, whereas
AtCXES is detected in the aerial portions of the plant
(see Figs. 3 and 4).

Speculations on Function

Four of the plant carboxylesterases studied to date
have been implicated in plant—pathogen interactions.
Clade VII is entirely made up of hsr203J orthologs
(Fig. 3). The N. tabacum and L. esculentum hsr203J
orthologs are specifically expressed during the hy-
persensitive response (HR) after exposure to plant
pathogens (Pontier et al. 1994, 1998). Experiments
with the N. tabacum hsr203J and L. esculentum
hsr203J genes have shown that hsr203J expression is
tightly associated with tissues undergoing pro-
grammed cell death. Both HR (mediated by resist-
ance gene recognition of avirulence proteins) and
apoptosis (induced by heavy metals) resulted in in-
creased expression of Asr203J. Expression was not
altered by exposure to signaling molecules that are
induced as a downstream consequence of HR (e.g.,
H-0,, salicylic acid [Pontier et al. 1998]). While it is
true that AtCXE genes are not represented in clade
VII, a role associated with programmed cell death is
still possible for AtCXE6 or 17 if clades VI and VII
are the same group.

PepEST is a carboxylesterase gene that is also
upregulated during plant—pathogen interactions,



however, it is found in a separate clade (clade II)
from the hrs203J orthologs (Kim et al. 2001). A¢-
CXES8, 9, and 20 are also members of clade IT and
may also be involved in plant—pathogen interactions.
The mechanism for PepEST is not yet known, but
given the parallels between PepEST and the hsr203J
genes (i.e., upregulated during plant—pathogen inter-
actions), it is not unreasonable to suggest a similar
role for PepEST. The functional role for PrMC3 is
unknown. However, based on similarity to hsr203J
and its presence in the developing male cone, the
authors speculated a role for PrMC3 in programmed
cell death during developmental cell turnover (Wal-
den et al. 1999). Our phylogenetic analysis supports
its close relationship to the /sr203J homologs and
together with AtCXE6 and I7 support a hypothesis
for involvement of these genes in cell death.

Many other biological functions are possible for
members of the 41CXE family particularly based on
precedents from other systems. Hydrolysis of xeno-
biotics is an important role that carboxylesterases
perform in other organisms (e.g., Satoh and Hos-
okawa 1998). In other systems, carboxylesterases in-
volved in detoxification are often constitutively
expressed (Sandermann 1992). The constitutive ex-
pression of many of the 4tCXE genes is consistent
with such a role. For this function, expression in at
least the roots would also be expected.

Carboxylesterases are also known to be involved
in signaling pathways, often resetting the system by
hydrolyzing the signalling molecule: for example, sex
pheromones in moths (Vogt et al. 1985) and the
neural transmitter acetylcholine in animals (Taylor
and Radic 1994). Carboxylesterases may also have a
role to play in plant signaling pathways. An esterase
from L. esculentum has recently been identified that is
able to cleave the signaling molecule methyl jasmo-
nate (Stuhlfelder et al. 2002). While the partial amino
acid sequence for the methyl jasmonate cleaving en-
zyme suggests that it is not related to the AtCXE gene
family, a role in plant signaling pathways for carb-
oxylesterases seems possible. Other possible sub-
strates for plant carboxylesterases include esters
produced by plants to attract pollinators/seed dis-
persers and to deter herbivores (e.g., hexanoate, Z-3-
hexenyl acetate [Pichersky and Gershenzon 2002]).

While we have identified some possible roles for
Arabidopsis carboxylesterases, extensive biochemical
and physiological studies will be needed to determine
the exact functions they perform in plants. Arabid-
opsis, with its extensive repertoire of available genetic
resources, will be well suited to determine these roles.
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