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ABSTRACT: Carboxylesterases (CXEs) are widely distributed in plants, where they have been implicated
in roles that include plant defense, plant development, and secondary metabolism. We have cloned,
overexpressed, purified, and crystallized a carboxylesterase from the kiwifruit spetiisliia eriantha
(AeCXE1). The structure of AeCXE1 was determined by X-ray crystallography at 1.4 A resolution. The
crystal structure revealed that AeCXEL1 is a member obtitehydrolase fold superfamily, most closely
related structurally to the hormone-sensitive lipase subgroup. The active site of the enzyme, located in an
11 A deep hydrophobic gorge, contains the conserved catalytic triad residues Ser169, Asp276, and His306.
Kinetic analysis using artificial ester substrates showed that the enzyme can hydrolyze a range of
carboxylester substrates with acyl groups ranging from C2 to C16, with a preference for butyryl moieties.
This preference was supported by the discovery of a three-carbon acyl adduct bound to the active site
Serl69 in the native structure. AeCXE1 was also found to be inhibited by organophosphates, with paraoxon
(ICs0 = 1.1 uM) a more potent inhibitor than dimethylchlorophosphate (DMCRp EE 9.2 uM). The
structure of AeCXE1 with paraoxon bound was determined at 2.3 A resolution and revealed that the
inhibitor binds covalently to the catalytic serine residue, with virtually no change in the structure of the
enzyme. The structural information for AeCXEL1 provides a basis for addressing the wider functional
roles of carboxylesterases in plants.

Carboxylesterases (EC 3.1.1.1) are found in all kingdoms are less well characterized than their animal and microbial
of life. These enzymes catalyze the hydrolysis of carboxylic counterparts, and in most cases, physiological roles have not
esters into their corresponding alcohols and carboxylic acids.yet been assigned. Multiple carboxylesterase isoenzymes are
A large number of carboxylesterases from animals and expressed in many plant tissues, including fruit, leaves, and
microbes have been cloned, characterized, and shown to beoots 8—10). Biochemical studies have shown that these
involved in a broad range of functions, including the enzymes can hydrolyze a wide range of esters that are
processing or degradation of neurotransmitt&yshi(ormones potentially involved in processes such as plant development,
(2), and xenobiotics 3—5). Substrate specificities vary detoxification, plant defense, and secondary metabolldm (
widely, with some enzymes displaying highly specific 14). Interestingly, some plant carboxylesterases have evolved
activity toward particular substrates [e.g., acetylcholinesterasenew activities. In legumes, at least two carboxylesterases
(6)], whereas others have activity against a broad range of have attained additional dehydratase activity and are involved
substrates). in isoflavone biosynthesidp). In rice, a putative carboxyl-

Although carboxylesterases are thought to participate in esterase has Io;t carquyle_sterase activity and functions as
a broad range of plant processes, the plant carboxylesterases receptor for gibberellic acidl6).

A family of 20 plant carboxylesterases has recently been
t This work was supported by funding from the New Economy identified from theArabidopsis thalianggenome (AtCXE+
Research Fund of New Zealand. S.D.G.M. was the recipient of a Bright 20) and their tissue expression examined, showing that most
Futures Enterprise Scholarship from the Foundation for Research, are expressed throughout the plah®)( Multiple-sequence
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* Atomic coordinates have been deposited in the Protein Data Bank alignment identified sequence motifs consistent with these

as entries 207r (native AeCXE1) and 207v (paraoxon complex of Putative carboxylesterases being members of dtg-
AeCXE1). hydrolase fold superfamilyl{7—19), to which all animal and
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presentation of the nucleophile to the substrate and positions Crystallization conditions were identified using a Cartesian

the enzyme-substrate intermediate within hydrogen bonding
distance of an “oxyanion hole”, leading to the stabilization
of the transition state2().

No three-dimensional structural information for any plant
carboxylesterase is yet available. In view of their wide
distribution in plants and their likely importance in functions

HONEYBEE nanoliter dispensing robot (Genomic solutions)
with a 480-condition crystallization scree@lj. Crystals
were grown at room temperature in sitting drops by mixing
100 nL of the protein solution (9.8 mg/mL) with an equal
volume of reservoir solution. The best crystallization condi-
tion for AeCXE1 was 21% mPEG 5000 with 0.2 M malic/

such as plant development, defense against pathogens, an§OH (pH 5.5). Rod-shaped crystals formed withir2days

secondary metabolisml{, 13, 14), we have expressed,

and grew larger ovea 2 week period with the longest crystal

characterized, and crystallized the putative carboxylesterasegrowing to 0.4 mm. The crystals were monoclinic, in space

AeCXE1}! from kiwifruit (Actinidia erianthg. Here we
report the three-dimensional structure of AeCXE1 at 1.4 A
resolution, characterize its ability to hydrolyze a range of

group C2, with one molecule per asymmetric unit and the
following unit cell dimensions:a = 156.27 A,b = 53.78
A, c=4229 A, and3 = 102.55.

esters, and describe its complex with the organophosphate A mercury derivative was produced by soaking a crystal

inhibitor paraoxon at 2.3 A resolution.

MATERIALS AND METHODS

Cloning and Expressiomhe AeCXElgene was identified
from a kiwifruit (A. erianthaBenth.) EST database (unpub-
lished data). The entire AeCXE1 coding region was PCR-
amplified and subcloned into thg@anmHI—Hindlll sites of
the pQE30 expression vector (Qiagen, Valencia, CA) to
produce the overexpression construct b=R&CXEL. The
plasmid containing HisAeCXE1l was transformed into
Escherichia coliM15 cells for overexpression using the
QlAexpress system (Qiagen). Recombinantoli M15 cells
were grown at 37C to an ORy of 0.6—0.8, cooled to 20
°C on ice, induced with 1 mM isopropyi-p-1-thiogalac-
topyranoside, grown for a further 18 h at 2@, and

harvested by centrifugation. Cell pellets were resuspended;; 1 45 A was collected from the native crystal

in lysis buffer comprising 5 mM imidazole, 0.5 mM NacCl,

in a 10uL drop of reservoir solution supplemented with 0.25
mM ethylmercuric chloride at room temperature. The crystal
was then back-soaked in a 4Q drop of reservoir solution

to remove excess heavy metal reagent. A crystal of AeCXE1
in complex with its inhibitor paraoxon was obtained by
soaking the crystal in a kL drop of reservoir solution
supplemented with 0.185 mM paraoxorr fb h at room
temperature.

Data Collection.Prior to data collection, crystals were
briefly soaked in a cryoprotectant solution comprising 80%
(v/v) reservoir solution and 20% (v/v) glycerol and im-
mediately flash-frozen in liquid nitrogen. X-ray diffraction
data for the native and mercury derivative crystals were
collected at 100 K on beamlines 9-1 and 1-5, respectively,
at the Stanford Synchrotron Radiation Laboratory (Menlo
Park, CA), using ADSC Q 315 detectors. A native data set
while
multiwavelength anomalous diffraction data to 2.6 A resolu-

20 mM TAPS (pH 9.0), and 10% glycerol. The use of TAPS iqn were collected at three wavelengths (peak, inflection,
as a buffer was essential to prevent aggregation, and sampleg 4 remote) around the mercury edge from the mercury
prepared for crystallographic studies additionally contained ya iyative crystal. Data for the AeCXEbaraoxon complex
EDTA-free protease inhibitor cocktail tablets (Roche) as a crystal were collected at 110 K using a Rigaku RU-H3R
precaution against any possible proteolysis that might lead rotating anode X-ray generator equipped with osmic mirrors
to heterogeneity. The cells were disrupted using an Emulsi- 5,4 2 MAR 345 image plate detector. Diffraction data were

flex-CS high-pressure homogenizer (Avestin Inc.), and the .gjected to 2.3 A resolution with Cu & radiation Q=
resulting cell debris was removed by centrifugation at q g4qg A).

1570@. All data for the native and mercury derivative crystals were
_Protein Purificatio_n and CrystalIizationN-_'I'_erminaIIy processed using the Denzo/HKL packa® (while the data
Hise-tagged recombinant AeCXE1 was purified from the for the AeCXE1-paraoxon complex crystal were processed
supernatant by Ni affinity chromatography usma 5 mL  ysing MOSFLM @3). Details of the data collection and
HiTrap Chelating HP column (Amersham BiOSCienceS). processing statistics are given in Table 1.
Bound protein was eluted from the column using a linear  sirycture Determination and Refinemenfhe three-
imidazole g_radient from 0.005 to 1 M. Fr_actio_n_s containing gimensional structure of AeCXE1 was determined by mul-
the recombinant AeCXE1 enzyme were identified by SDS  tjavelength anomalous dispersion (MAD), using the three-
PAGE, pooled, and concentrated. The concentrated proteinyayelength diffraction data from the mercury derivative
was further purified by size exclusion chromatography using crystal. Three mercury sites were identified, all attached to
a Superdex 200 column (Amersham Biosciences) and elutedyccessible cysteine residues (Cys109, Cys243, and Cys273),
in 50 mM TAPS (pH 9.0) and 150 mM NaCl. Fractions and were refined using SOLVE4), giving a figure of merit
containing recombinant AeCXE1 were pooled and concen- of 0.48. The SOLVE map was subsequently input to
trated to 9.8 mg/mL. Analysis by dynamic light scattering RESOLVE @5, 26) for density modification. Autobuilt
(DynaPro 200, Protein Solutions) prior to crystal trials gave models from RESOLVE and ARP/WARRT) were com-
a Cy/R, value of 26%, indicating moderate monodispersity. pined to give a starting model for manual building in COOT
(28). The partial model was used for molecular replacement
1 Abbreviations: CXE, carboxylesterase; AeCXE1, carboxylesterase into the native structure using MOLREP and the new model

1 from Actinidia eriantha DMCP, dimethyl chlorophosphate; EST,

expressed sequence tag; mPEG, methoxypolyethylene glycol; TAPS,

N-tris(hydroxymethyl)methyl-3-aminopropanesulfonic acid; 4MU, 4-m-
ethylumbelliferyl; rms, root-mean-square; HSL, hormone-sensitive
lipase.

submitted to ARP/WARPZ7) for autotracing and rebuilding,
giving 287 residues from the total of 338. This model was
refined with REFMAC R9), and a further 18 residues were
added manually fromk2, — F. maps (including experimental
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Table 1: Data Collection and Processing Statistics

AeCXE1-paraoxon

native Hg peak Hg inflection Hg remote complex
wavelength (A) 0.97907 1.00611 1.00888 0.95362 1.5418
space group 2 Cc2 Cc2
cell parameters
a(h) 156.26 154.75 156.08
b (A) 53.78 53.82 53.91
c(A) 42.29 42.35 42.36
B (deg) 102.5 102.5 102.2
resolution range 50.0-1.4 (1.45-1.40) 50.6-2.5(2.59-2.5) 50.0-2.5(2.59-2.5) 50.0-2.5(2.59-2.5) 33.5-2.3(2.42-2.30)
(outer shell) (A)
total no. of observations 141110 37511 37742 40886 66554
no. of unique reflections 63217 10565 10593 11333 14481
completeness (%) 93.2 (61.8) 88.4 (49.4) 87.5(48.1) 94.6 (67.0) 94.1 (89.7)
lo 22.6 (1.8) 24.6 (4.03) 23.6 (3.5) 22.5(3.8) 14.8 (3.7)
Rsym (%) 4.2 (43.8) 9.1 (34.5) 8.9 (37.7) 9.5(36.5) 9.7 (42.6)
MAD phasing
no. of Hg sites 3
overall figure of merit
Solve 0.48
Resolve 0.62
Table 2: Refinement Statistics PROCHECE_( 80), with the native and_ pargoxon_complex
baraoxon models having 90.5 and 87.5% of their residues in the most
native complex Lavt(k)]red Ejeg?lonss o{ (tige. Rlamatcr(;a_ndtrr?n glotilresp(ject|vgly. I?
oth models, Ser is located in the disallowed region o
resolution range (A) 50:01.4 33.5-2.3 the R hand lot 9
no. of reflections (working/test) 57862/3305  13035/723 € Ramachandran plot.

RerysfRiree 0.199/0.218  0.187/0.248 Kinetic and Inhibition StudieActivity assays were carried
no. of atoms (non-hydrogen) out with enzyme samples prepared without the presence of
protein atoms 2403 2403 inhibi | houl he full .

water molecules 217 58 protease inhibitor tablets aqd_s ould represent the fu y active

ligands 7 8 enzyme. The esterase activity of AeCXE1 was determined
averageB factor (A?) fluorimetrically by measuring the hydrolysis rates of various

5\{;&;‘” ;g'g %g 4-methylumbelliferyl (4MU) esters. Hydrolysis was assessed

ligand 272 259 at 25°C using a POLARstar fluorimeter, with filters set at
rms deviations from standard values 355 and 445 nm (excitation and emission, respectively).

Eong |en§=th8(g&)) 01-09221 01-08280 Reactions were initiated by the addition of L of a

ond angles (deg . . ; ; ;

residues in the most favored region 90.5 875 substrate solution to 5QL of an enzyme solution, in 25

of the Ramachandran plot (%)

phases). Water molecules added during ARP/WARP were
only retained on the basis of the potential to form hydrogen

bonds with the neighboring residues and at locations where

Fo — F. density exceededd3 Nonprotein density was
observed covalently linked to Ser169 and was modeled as
transition state intermediate, using SYBYL 7.0 (Tripos
Associates Inc.) and manually docked into position. This
intermediate was then included in further rounds of refine-
ment.

The structure of the AeCXEdparaoxon complex was
determined by molecular replacement using the native
structure and refined with REFMAC. All maps displayed
clear density for paraoxon, allowing it to be modeled with
SYBYL 7.0 and manually docked into position. Details of
the structure refinement are given in Table 2.

Both final models (native and paraoxon-complexed crys-
tals) consisted of 305 residues, with only N-terminal residues
1-17, the loop of residues 25@54, and C-terminal residues

a

mM Tris-HCI (pH 8.0) with changes in fluorescence recorded
over 10 min. Care was taken to use substrate concentrations
below the maximum solubility of each ester, and preliminary
Km estimation experiments were conducted to determine a
concentration range for each substrate that would bracket
the final estimatedK, values. Estimated rates were the
average of three replicate reactions and were corrected for
substrate autohydrolysis. Measurements were taken for 4AMU
acetate (Sigma), 4MU butyrate (Sigma), 4MU heptanoate
(Sigma), 4MU octanoate (Sigma), 4MU laurate (Research
Organics, Cleveland, OH), and 4MU palmitate (Sigma). A
minimum of eight substrate concentrations were used to
estimateK, values using nonlinear regression analysis of
initial rate data with the program Origin 7.5 SR4 (OriginLab,
2004). Values okt were calculated from th¥,, using an
estimate of the molar amount of active sites, following the
method of Devonshire et al49).

Inhibition by the organophosphates dimethylchlorophos-
phate (DMCP; Sigma) and diethgtnitrophenyl phosphate
(paraoxon; Supelco, Bellefonte, PA) was tested by measuring

329-338 having no interpretable density. The final native the residual hydrolytic activity of AeCXE1 toward 4MU

AeCXE1 model contains 140 water molecules and a putative

butyrate (final concentration of 10M) after preincubation

transition state intermediate molecule, whereas the final of enzyme with inhibitor for 10 min. Concentrations that
AeCXEl—paraoxon complex contains 75 water molecules were used were 0.0811000u4M and were used to calculate
and a paraoxon molecule. The protein geometries of boththe 1G, value (50% inhibitory concentration) for each
models were monitored during the course of refinement using inhibitor using the Origin version 7.5 graphing and data
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(b)

Ficure 1: (a) Overall fold of AeCXEL, witlB-strands colored blue
ando-helices green. The residues of the catalytic triad are shown
as sticks. The figure was generated using Py#8). (b) Topology

diagram for AeCXEL. The color scheme corresponds to the colors

used forf-strands andr-helices in panel a.

analysis software package (OriginLab Corp., Northampton,
MA).

RESULTS

Overall Structure. A. erianth@arboxylesterase AeCXE1
is a monomeric, single-domain protein with approximate
dimensions of 51 Ax 46 A x 38 A. The molecule (338
amino acid residues, 36 kDa) has the characteristit:
hydrolase fold 17). The central eight-strandgtisheet §1—

/38) has helices packed on both faces, with helieg&sand
a10, plus a short 3-helix #2, on one side, and helice,

a4, a5, a8, anda9 on the other (Figure 1). The central
pB-sheet has a left-handed superhelical twist, with the first
and last strands oriented at an angle of approximatety 90
A small 5-sheet comprising two antiparall@tstrands gla
and1b) is located near the N-terminus, connected to the
central3-sheet by an extended loop. When compared with
the generalizedd$-hydrolase fold described by Ollis et al.
(17), the AeCXEL1 structure contains seven additional helical
insertions in the centrgf-sheet,a3, a5—a8, 1, andy2
(Figure 1). Insertions into the central core are common in
proteins with theo/g-hydrolase fold and are thought to
regulate the substrate specificities of these enzyi®40).

Of the insertions in the AeCXE1 structure, three helices,

o7, andy2, are located close to the active site of the enzyme
and may help determine the substrate specificity of the
enzyme.

A search of the Protein Data Bank for structural homo-
logues of AeCXE1l, using SSM [http://www.ebi.ac.uk/

lleperuma et al.

msd-srv/ssm 31)], identified the closest homologues as
AFEST, a hyperthermophilic carboxylesterase frArachae-
globus fulgidus(PDB entry 1JJI) 32), the thermophilic
carboxylesterase EST2 froAdicyclobacillus acidocaldarius
(PDB entry 1EVQ) 83), the thermophilic and thermostable
carboxylesterase ESTE1 from a metagenomic library (PDB
entry 2C7B) (Byun et al., unpublished), and the brefeldin A
esterase (BAEST) froBacillus subtilis(tPDB entry 1JKM)
(34). Overall, AFEST had the highegtscore of 10.9 and a
root-mean-square difference (rmsd) of 1.81 A over the C
positions of 242 aligned residues, but BAEST, with a slightly
lower Z score, was the best match oo @ositions, with an
rmsd of 1.77 A over 241 aligned residues.

The four enzymes listed above are-2b% identical in
sequence with AeCXEL, with 27 residues being completely
conserved among all five enzymes (Figure 2). The majority
of the conserved residues are found near the C-terminal ends
of the -strands, in the active site region, and include the
residues of the catalytic triad and two of the three oxyanion
hole residues, which are Gly92, Gly93, and Alal70 in
AeCXEL1. The third oxyanion hole residue is Gly201 in
BAEST, but Ala in the other four enzymes. AFEST, EST2,
and BAEST all belong to the hormone-sensitive lipase
subfamily in which a hydrophobic lid domain covers the
active site. This lid structure is usually contributed by two
separate helical regions, one comprising the N-terminal
residues and the other comprising insertions to the central
[-sheet betweefié andf7. Although AeCXEL1 also contains
a two-strand3-sheet at the N-terminus and similar helical
insertions at the corresponding positions in the cefittieet
(betweens6 and37 in AeCXE1), it lacks the pronounced
lid seen in the three structures mentioned above.

Active Site.The active site of AeCXE1 was identified by
the location of the nucleophilic serine, Serl69, within the
conserved pentapeptide sequence Gly-X-Ser-X-Gly. The
catalytic triad comprises Serl69, His306, and Asp276, and
an oxyanion hole is formed by the peptide NH groups of
Gly92, Gly93, and Alal70 (Figure 3). Serl69 is located in
the characteristic “nucleophilic elbow” position, a sharp turn
at the apex of theg5—a4 loop, placing it in a normally
unfavorable region of the Ramachandran plot@tsnd ¥
angles (60 and—124°, respectively) are, however, charac-
teristic of othera/-hydrolases17—20). Serl69 @ is within
hydrogen bonding distance o&R of His306 (2.74 A), which
is in turn hydrogen bonded throughjll to Q51 of Asp276
(2.79 A). The three catalytic triad residues, Ser169, Asp276,
and His306, are located on ti$&—a4, f7—0a10, andf8—
a1l loops, respectively, placing them on the C-terminal side
of the 5-sheet.

The catalytic triad and oxyanion hole are located in a deep
gorge that is characteristic of many/s-hydrolase fold
proteins. In AeCXE1, this catalytic gorge is funnel-shaped
with a wide opening 13 A) which narrows toward the
bottom, extending-11 A into the enzyme. The catalytic triad
and oxyanion hole residues are located about two-thirds of
the way into the gorge, with their side chains protruding into
it. The gorge is lined with mainly hydrophobic residues, from
the loops following33—/8, a6, anda7, and is terminated
with a small pocket below the catalytic residues, with Trp231
at the bottom. Near the opening is a deeply hydrophobic
patch contributed by the N-terminal residues Let1l824.

A continuous stretch of hydrophobicity extends from the
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FiGurRE 2: Structure-based sequence alignment of AeCXE1 with the four closest structural homologues identified by the program SSM,
hyperthermophilic carboxylesterase froimchaeglobus fulgidug1JJI), the thermophilic carboxylesterase EST2 fralityclobacillus
acidocaldarius(1EVQ), thermophilic and thermostable carboxylesterase ESTEL from a metagenomic library (2C7B), and brefeldin A
esterase fronB. subtilis(LJKMA). Residues that are fully conserved (pink background) and conservatively substituted (blue) within the

five sequences are denoted. The catalytic triad residues and oxyanion hole residues are denoted with stars below the alignment. The secondary
structure elements and the residue numbering for AeCXE1 are displayed above the sequence.

bottom of the gorge toward the opening with a number of added during purification of AeCXEL1 for crystallization,
well-defined hydrophobic pockets, which could act as although we cannot exclude the possibility that some cellular
putative alcohol binding pockets. This hydrophobic stretch metabolite from thee. coli host cells may have bound. An
is mainly contributed by the residues of the loop following acyl intermediate with a three-carbon chain, covalently
pB-strand 3. attached to Serl169 1@ was therefore modeled into the
Unexpectedly, nonprotein electron density, which persisted density and refined. The hydrocarbon chain is directed toward
in all 2F, — F. maps during refinement of the native Trp231 at the bottom of the catalytic gorge and thus identifies
structure, was found adjacent to the nucleophile Ser169. Thisthe acyl binding pocket of the enzyme (Figure 3a). The acyl
density merged with the density for the Serl69 &tom, oxygen points toward the oxyanion hole of AeCXEL1, in
implying a covalent linkage. The shape of the density was position to accept hydrogen bonds from the peptide NH
consistent with a covalently bound acyl group, with continu- groups of residues Gly92, Gly93, and Alal70 (Figure 3b).
ous density extending into the hydrophobic pocket beneath Substrate Specificity and KinetidsSinetic parameters for
the catalytic site and strong density reaching into the the hydrolysis of 4AMU esters with varying acyl chain length
oxyanion hole (Figure 3). Similar acyl adducts have been are given in Table 3. Thi,, values decrease markedly with
found in other/-hydrolases, for example, the thermophilic an increase in chain length, from 33/ for acetyl to 24
carboxylesterase EST33J). In this case, the shape of the nM for the 16-carbon palmityl ester, implying a high affinity
density rules out species from the crystallization solution, for the longer chain esters. Catalytic activiti. also
such as a TAPS-derived sulfonyl moiety. We assume that it decreases markedly with an increase in chain length,
is most likely derived from a serine protease inhibitor present however, with only low levels of activity against the long
in the Roche protease inhibitor cocktail tablets that were chain lauryl and palmityl esters. The optimum substrate
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(@)

Ficure 3: (@) Surface diagram of the AeCXEL1 catalytic gorge with the intermediate shown in stick mode. (b) Stereoview of the AeCXE1
catalytic gorge with the bound intermediate shown built into its electron density from a bias-remfeyedR2 omit map, contoured at

1.50. Key residues of the catalytic gorge are shown as sticks with the hydrogen bonds shown as dashed black lines. These images were
generated using Pymo#§).

Zal&l)e( I:Egla Kinetic Parameters for 4MU Ester Hydrolysis by 100 o QO—E —oCH,CH,
€ OCH,CH,
KealK g % o
al m = o
4MU estep K (M) Keat (1) (x1FsIM™Y £ o cHao—'r;'—OCHS
S 6o
acetate (@ 33.3+45 1.61+0.10  0.0483t 0.0035 E c
butyrate (G) 16.7+ 2.1 10.1+ 0.5 0.604+ 0.048 - = - Paraoxon
heptanoate (§ 19.1+4.7 2.00£ 0.28 0.104+ 0.012 5 DMCP
octanoate (§)  6.34+0.99  0.162:£0.011 0.025% 0.0024 “m
laurate (Gy) 0.117+0.023 0.01Gt 0.001  0.088t 0.012 201 R
palmitate (Gs) 0.024+ 0.005 0.0018: 0.0001 0.0732t 0.0130
a All experiments were conducted in 50 mM Tris-HCI (pH 8.0) at 0 0 0001 001 o041 1 10 100 1000
25 °C. Standard errors represent the standard error of the mean [Inhibitor] (uM)

calculated from a minimum of three experime®3he number of

carbon atoms in the acy| chain is shown in parentheses_ Ficure 4: Inhibition of AeCXE1 by Organophosphates. The percent

residual activity of AeCXE1 toward 4MU butyrate (10M) is

Wi~ T plotted as a function of paraoxon or dimethyl chlorophosphate
specificity, as measured by the specificity constaak, (DMCP) concentration. Reactions were carried out in 25 mM Tris-

is found for the 4MU bu_tyr_ate ester. o Cl (pH 8.0) buffer at 25C. The amount of active catalytic centers
Organophosphate Inhibition of AeCXBmhibition assays  added per inhibition reaction was 0.0021 pmol. Error bars represent

demonstrate that both DMCP and paraoxon inhibit AeCXE1 a percentage of the standard error of the mean calculated from a
with high affinity but that paraoxon is an order of magnitude minimum of three replicates over three experiments. Chemical
more potent (Figure 4). The estimatedsd@alues are 9.2 structures are shown for paraoxon (above) and DMCP (below).
and 1.1uM for DMCP and paraoxon, respectively. Electron

density maps for the paraoxon-soaked crystals displayed cleaPropriately in the oxyanion hole (Figure 5). Hydrogen bonds
density for a covalently bound diethyl phosphate moiety are observed between O1 and the main chain nitrogens of
(Figure 5). The density also revealed that pheitrophenyl the oxyanion hole residues Gly92 (2.94 A), Gly93 (2.75 A),
leaving group of paraoxon had been cleaved off during and Alal70 (2.85 A). Of the two ethyl arms of the bound
crystal soaking, thereby leaving a tetrahedral product remi- paraoxon molecule, one extends out toward the surface of
niscent of the first transition state formed during carboxyl the protein while the second points to the acyl chain binding
ester hydrolysis. The phosphate group of paraoxon is clearlypocket within the catalytic gorge. The two ethyl substituents
defined by tetrahedral density and is covalently bound to are stabilized by packing against the side chains of Leu222,
Serl69 @, with the O1 atom of paraoxon placed ap- 11e230, Trp231, and Met278, and these interactions may
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Ficure 5: Stereoviews of the AeCXE1 catalytic gorge with the inhibitor paraoxon bound shown built into its electron density from a
bias-removed B, — F. omit map, contoured at 105 Key residues of the catalytic gorge are shown as sticks with the hydrogen bonds
shown as dashed black lines. This image was generated using P4@pol (

explain the higher affinity of paraoxon, relative to that of member of theo/s-hydrolase fold superfamily4@). This
the smaller DMCP. Sformylglutathione hydrolase is not a member of the CXE
The native and the paraoxon-bound structures of AeCXE1 family but is distantly related; its sequence is 14% identical
superimpose closely at allcCpositions with a root-mean-  with that of AeCXE1 and contains one exffastrand but
square deviation (rmsd) of 0.27 A. The only significant fewer helices surrounding the central sheet. As more
change between the two structures is a small upward shiftstructures become available, it will be of interest to observe
(~1 A) of His306 in the AeCXE*paraoxon structure, the prevalence of this fold, and the structural subfamilies
allowing the carbonyl oxygen of the tetrahedral intermediate that are found, among plant carboxylesterases and other
to form hydrogen bonds with the oxyanion hole residues and enzymes.

stabilizing the enzymeinhibitor complex. Our functional assays confirm that AeCXE1 is indeed a
carboxylesterase, with activity against a range of ester
DISCUSSION substrates, with acyl chain lengths ranging from 2 to 16

Bioinformatic analyses of the genome of the model plant ¢&rbon atoms (acetate to palmitate). The presence of an
Ar. thaliana (12) identified a total of 20 putative carboxyl- adventitiously _bound acyl intermediate in the native enzyme
esterase genes. These were found to contain sequence motifructure provides valuable clues to the structural basis of
that pointed to thea/B-hydrolase fold, a characteristic specificity. With the qcyl oxygen occupying the cha_racterlsnc
structure that is shared by many proteases, lipases, esterase@/-nydrolase oxyanion hole, the three-carbon chain attached
and related enzyme4T). Phylogenetic analysis of these and to this intermediate reaches well mtp a hydrop_hoblc l_)lndmg
other plant carboxylesterases showed that they could bePOcket at the bottom of the catalytic gorge, lined with the
grouped into seven clade$), and subsequent searches of Side chains of Phed4, Leu222, Leu227, 116230, Trp231, and
EST databases have shown that they form a large family M&t278. The kinetic results, which show the highest speci-
that is found throughout the plant kingdom (data not shown). flClty_ constant for butyrate, indicate specificity for short to
Functional investigations of members of this family have Medium-length acyl groups. _
demonstrated roles in plant defense, plant development, and A notable feature of the kinetic results, however, is that

secondary metabolism14—16, 35—-39). The carboxyl- the enzyme also hydrolyzes esters with acyl chains as long
esterase fromA. eriantha (kiwifruit), the subject of this ~ as 16 carbons (palmitate), albeit with much lower efficiency.
investigation, falls into clade Il of thar. thalianacarboxyl- Modeling experiments show that for longer chains, an

esterasesl@). The only other carboxylesterase to have been alternative binding mode is possible; if palmitate is bound
studied from this clade, PepEST fraBapsicum annuphas to the catalytic serine, its acyl chain can project outward
been shown to be upregulated in fungal infectiohé).( rather than fitting into the acyl binding pocket in the catalytic
The three-dimensional structure of AeCXE1 confirms it 9orge, which is utilized by both the short chain intermediate
is a member of thew/s-hydrolase family. The structure and paraoxon (data not shown). This proposed alternative
reveals a typica] Ser-HiS_Asp Cata]ytic triad’ Comprising blndlng mode for Ionger chain substituents makes use of a
Ser169, His306, and Asp276, which are approached via ahydrophobic patch near the opening of the catalytic gorge
relatively deep active site gorge lined predominantly with and may explain the low, estimates for long acyl chain
hydrophobic residues. Our analysis also indicates that thesubstrates. This patch is contributed by residues2iBfrom
AeCXE1 enzyme is most similar to the hormone-sensitive the N-terminal extension, which is a characteristic feature
lipase (HSL) subfamily ofv/s-hydrolases, which is named ©of HSL family enzymes. Unlike other members of the HSL
after a key mammalian metabolic enzyrd@)( This family ~ subfamily, however, AeCXE1 does not have a hydrophobic
is characterized by a particular pattern of embellishments of lid, the wide opening to its catalytic gorge (Figure 5) allowing
the coren/g-hydrolase fold, notably an N-terminal extension it to accommodate a large range of esters.
and an inserted subdomain between strg#@lands7 (41). Other activities have also been found for members of the
The ESTHER database af$-hydrolase fold proteins [http://  CXE carboxylesterase family in plants. Akashi et al5)(
bioweb.ensam.inra.fr/esthed2)] shows that this family is have shown that as well as carboxylesterase activity, the HID
currently mainly populated by bacterial and fungal repre- enzyme of legumes has dehydratase activity. This enzyme
sentatives. To date, only one other plant esterase has alsdvas a Thr in the active site replacing the typical Ser and
been characterized structurally, revealing it also to be afalls into clade Ill of the Marshall et al1@) classification
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of the plant CXE carboxylesterases. Docking of 2-hydroxy- in plants, assuming residue concentrations inside the leaf are
isoflavanone, the substrate used by the HID enzymes, intosimilar to those on its outside, with possible effects on plant
the active site of AeCXE1, using GOLD44), gives a growth and development. Interestingly, tisformylglu-
consistent fit in which the pairwise rms difference in atomic tathione hydrolase characterized by Cummins et4d) {s
position is only 0.45 A for 10 independent models. In this insensitive to paraoxon but sensitive to thiol alkylating
model, the ring carbonyl oxygen is located in the oxyanion reagents due to the presence of a reactive Cys in the active
hole, the chromane ring extends toward the back of the gorge,site of the enzyme. This D esterase would therefore not be
and the hydroxybenzyl ring points out to the opening of the affected by exposure to organophosphate insecticides unlike
gorge. Importantly, the hydrogen on chiral C3, adjacent to the CXE carboxylesterases.
the carbonyl, is equidistant (2.8 A) between the two active  In conclusion, the structure of AeCXE1 has shown that
site residues Ser169 and His306. This provides structuralthe plant CXE carboxylesterases are members ofudlse
support for the proposed mechanistb)( which involves hydrolase superfamily of proteins and has demonstrated the
hydrogen abstraction by the active site Thr in the HID structural basis of acyl specificity and the mode of inhibition
enzymes (equivalent to Serl69 in AeCXEL) followed by by the insecticide paraoxon. Although further mutagenesis
abstraction of the C2 hydroxyl by the protonated His, to and biochemical studies are needed to better understand the
complete the elimination of water from the substrate. substrate specificity and function of plant CXE carboxyl-
Particularly relevant to plant developmental biology is the esterases, this structural information can be used as a starting
fact that the recently identified soluble receptor for gibberellin point to better understand these widely distributed enzymes
from rice, GID1, falls into clade IV of the CXE phylogeny and determine how they perform their various roles in plants.
of Marshall et al. {2) with Arabidopsiscontaining three
orthologs (6). Intriguingly, although the GID1 sequence ACKNOWLEDGMENT
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