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ABSTRACT: Juvenile hormone (JH) is an insect hormone containing,Arunsaturated ester consisting of

a small alcohol and long, hydrophobic acid. JH degradation is required for proper insect development.
One pathway of this degradation is through juvenile hormone esterase (JHE), which cleaves the JH ester
bond to produce methanol and JH acid. JHE is a member of the functionally diverffehydrolase

family of enzymes and is a highly efficient enzyme that cleaves JH at very low in vivo concentrations.
We present here a 2.7 A crystal structure of JHE from the tobacco hornMamauca sextdMsJHE)

in complex with the transition state analogue inhibitor 3-octylthio-1,1,1-trifluoropropan-2-one (OTFP)
covalently bound to the active site. This crystal structure, the first JHE structure reported, contains a
long, hydrophobic binding pocket with the solvent-inaccessible catalytic triad located at the end. The
structure explains many of the interactions observed between JHE and its substrates and inhibitors, such
as the preference for small alcohol groups and long hydrophobic backbones. The most potent JHE inhibitors
identified to date contain a trifluoromethyl ketone (TFK) moiety and have a sulfur Attorthe ketone.

In this study, sulfur-aromatic interactions were observed between the sulfur atom of OTFP and a conserved
aromatic residue in the crystal structure. Mutational analysis supported the hypothesis that these interactions
contribute to the potency of sulfur-containing TFK inhibitors. Together, these results clarify the binding
mechanism of JHE inhibitors and provide useful observations for the development of additional enzyme
inhibitors for a variety of enzymes.

Juvenile hormone (JH)Figure 1A) is a sesquiterpenoid  processes. JH and/or its metabolites are known to have effects
insect hormone that controls a wide range of biological on insect life cycle processes such as development, meta-
morphosis, reproduction, diapause, migration, polyphenism,
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Ficure 1. Chemical structures of JHE substrates and inhibitors of JHE. (A) Structure of JH O, I, Il, and Ill. For all JH’s, both unsaturated

bonds are in thé& isomeric form. All JH’s have a chiral center at carbon 10, and this iRtlmer for all. In addition, JH 0, |, and Il
have a chiral center at carbon 11. For all three, this istteomer. (B) Structures of OTFP and TFDK. In aqueous solution the ketone to
gemdiol equilibrium is shifted toward the diol on the basis of inhibitor potency, with potent inhibitors (e.g., OTFP) favoriggrtiuiol

form. The Greek letters, 3, andy refer to atom position relative to the carbonyl carbon.

and metabolism( 2). Perturbation of this system can have unsaturated bond and the carbonyl of the ester. Most
deleterious consequences for the insect, a fact which has beetepidopterans produce predominantly JH | and JH II. The
exploited for pest control. For example, the JH analogue tobacco hornworniylanduca sextawhich produces the JHE
methoprene is a significant chemical line of defense againstdescribed in this paper, produces JH 0, JH I, JH II, and JH
the larvae of mosquitoes that carry West Nile vir@s gH I (10-12).
can be metabolized through cleavage of either its epoxide MsJHE is a very efficient enzyme, catalyzing the hydroly-
or ester moiety. The relative importance of these two sjs of JH Il with ake../Kn of at least 3x 10' M~1s71(13).
pathways, both catalyzed loy-hydrolase enzymed{-6), The enzyme is optimized to catalyze the reaction with a
varies with insect species, development stage, and tissuemoderatek., of 1.5 s but has &, of approximately 50
Normal lepidopteran metamorphosis, for example, requires nM. As a member of theu-hydrolase family of enzymes,
the degradation of JH via ester hydrolysis. Inhibition of ester MsJHE catalyzes this hydrolysis in a multiple-step reaction.
hydrolysis leads to abnormally large larvae and delayed First, the catalytic serine, acting as a nucleophile, attacks
pupation 7). The enzyme responsible for this ester hydrolysis the ester carbonyl carbon, releasing the alcohol and forming
is juvenile hormone esterase (JHE), which is found in the a covalent acyl-enzyme intermediate, via a tetrahedral
hemolymph and other tissues of insects at key times in transition state intermediate. Next, water attacks the carbonyl
development. carbon of the acyl-enzyme intermediate, releasing the acid
Insects have significant effects on human health, as vectorsportion of the ester and regenerating the free, active enzyme.
for diseases such as malaria and virus-induced encephalitisAs with the first portion of this reaction, this step proceeds
and in agriculture, as pests and pollinators. It is therefore via a tetrahedral transition state intermediate.
important to study JHE’s function and specificity, which  nhipition of esterase activity can have important biological
plays a key role in insect development. Understanding the ¢onsequences. Carboxylesterases, for example, are essential
specificity of the enzyme for various substrates and inhibitors o activation and detoxification of many pharmaceutical
will increase our knowledge of insect development. Results compounds and other exogenous est@y8), Inhibition of
of this work are also generally applicable to the study of jHE activity is also ultimately toxic for insects, and a number
other carboxylesterases, some of which are important in thef notent inhibitors of JHE have been developad-18).
hydrolysis of a number of pharmaceuticals and other exog- These compounds include the trifluoromethyl ketone (TFK)
enous estersg( 9). Additionally, information gained from jnhibitors (Figure 1B), which are transition state analogues
our study of the inhibitor's interactions with the binding  that form reversible covalent adducts with esterases. TFKs
pocket may prove to be useful in improving the potency of yyere first reported as inhibitors of acetylcholine esteras (
protein binding small molecules, such as enzyme inhibitors ang, shortly thereafter, as inhibitors of both general esterase
and receptor agonists and antagonists. . activity and JHE activity 19—-22). Subsequently, they have
Four major forms of JH (Figure 1A) have been identified, peen investigated as inhibitors of other esterases including
all of which have ano,f-unsaturated methyl ester and @ mammalian esterase83) and insect pheromone degrading
terpenoid or homoterpenoid backbone with an epoxide distal gsierases24—26). They have proven to be very useful
to the ester. They, unsaturation produces a particularly compounds for studying insect developme®. (TFK
stable ester bond, due to resonance stabilization between thgyhipitors function by binding to the catalytic serine, which

attacks the electrophilic ketone carbon of the TFK. The

1 Abbreviations: AChE, acetylcholinesterase; JH, juvenile hormone;
JHE, juvenile hormone esterase; MsJHE, JHE filgianduca sexta
HvJHE, JHE from Heliothis virescens OTFP, 3-octylthio-1,1,1-
trifluoropropan-2-one; TFK, trifluoromethyl ketone; TFDK, trifluoro-
methyl decyl ketone.

resulting acyl-enzyme complex has tetrahedral geometry,
consisting of the trifluoromethyl group, the protein (via the
serine), a hydroxyl (from the ketone oxygen), and an alkyl
chain. However, because the inhibitor does not contain a
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cleavable residue (the trifluoromethyl group is a very poor character. In addition, it has been reportd8) that sulfur-
leaving group), the enzyme is inhibited. It is possible for aromatic interactions in #-hairpin, which placed a me-
the reaction to proceed in the reverse direction, and in fact, thionine side chain in close proximity to an aryl side chain,

OTFP can be removed by exhaustive dialy3js However, were predominantly due to hydrophaobic effects. It is therefore
since the equilibrium favors the formation of the enzyme  most likely that the observed effects represent cumulative
inhibitor complex, TFKs are potent inhibitors of JHE. contributions from multiple interactions, with dispersion or

A significant amount of work has been done to understand van der Waals forces playing a dominant role.
the structure-activity relationships (SAR) of these inhibitors Whatever their exact nature, these associations would serve
(16—18, 20, 23, 27—31). In general, the potency of aliphatic  to increase the binding strength of the inhibitor and could
TFK’s exhibits a strong positive correlation with lipophilicity, —account for the observed potency. In the case of OTFP, the
with a maximum potency corresponding to compounds of hypothesis that there are sultamromatic interactions be-
intermediate lipophilicity (log® of ~4). However, inhibitor tween the inhibitor and MsJHE was supported by the
potency can be increased by specific substitutions that doobservation that substitution of a sulfur atom in fhposition
not strongly affect the overall lipophilicity or shape of the (Figure 1B) did not result in equivalent increases in inhibitor
inhibitor. For example, substitution of thcarbon with a potency as substitution in tifeposition (L6). This hypothesis
sulfur atom leads to significantly increased inhibitor potency was tested in the current study, which provides information
(21). The sulfur atom was initially incorporated into TFK on the role of the sulfur atonf to the TFK moiety in
inhibitors to serve as a bioisostere of the olefin in juvenile inhibitor binding.
hormone. It was thought that the electronic environment of We present here a crystal structure of the JHE fidm
a sulfur atom was an appropriate mimic of a double bond. sextawith the TFK inhibitor OTFP covalently bound to the
The resulting increase in compound potency was greater tharcatalytic serine. This structure contains a substrate binding
expected and led to a number of questions regarding the rolepocket that is unusual far/s-hydrolase proteins. The shape
of the sulfur atom in inhibitor potency. The initial hypothesis and physical properties of this binding pocket help to explain
that the sulfur atom was mimicking thes-unsaturated ester  the enzyme’s selectivity for JH and also help to explain the
present in JH did not explain observed increases in the SAR for JHE inhibitors. Furthermore, the crystal structure
potency of sulfur-containing inhibitors that were observed shows the presence of an aromatic residue (Phe-259) that
with some other carboxylesteras@8)( A second hypothesis  interacts with the sulfur atom in OTFP. Mutational analysis
proposed that the hydration extent of the TFK moiety was demonstrates that this phenylalanine accounts for some,
directly related to inhibitor potency, with inhibitors whose though not all, of the increased potency of the sulfur-
extent of hydration was shifted to tlgeemdiol exhibiting substituted TFKSs.
greater potency (Figure 1B). The biological activity of the
sulfur atom was partially explained by this theoBa), but MATERIALS AND METHODS
there were remaining questions regarding its exact role in  Protein Expression and PurificatiorRecombinant JHE
inhibition. from M. sextawas produced in insect High 5 cells cultured

An additional theory hypothesized that the sulfur atom in ESF-921 medium (Expression Systems, LLC) by the
could potentially formr-stacking interactions with aromatic ~ recombinant baculovirus AcMS7JHE as previously described
residues in the active site of the enzymestacking or (13, 38). The recombinant MsJHE for use in determining
sulfur—aromatic interactions in general have been shown to the crystal structure was affinity purified using MBTFP [3-(4-
occur extensively in proteins between amino acid residues mercaptobutylthio)-1,1,1-trifluoropropan-2-one] linked to
(32—34). However, very few reports have examined these Sepharose beads and eluted with the inhibitor OTFP (3-
effects in small molecules3p). Interactions of this type in  octylthio-1,1,1-trifluoropropan-2-one) in a buffer containing
proteins (e.g., between a cysteine thiol and a phenylalanine0.05% Triton X-100, as previously describéti 27). Anion-
phenyl) are often characterized as hydrogen bonding in natureexchange chromatography was done to remove the Triton
(36). However, there are several different types of favorable and excess OTFP from the sample. An HQ (Poros 20 HQ;
sulfur—aromatic interactions that may occur, including PerSeptive Biosystems, Framingham, MA) column was
hydrogen bonding to the aryl hydrogens,-Sklinteractions, loaded with JHE in 50 mM Tris/50 mM bis-Tris propane
sulfur—z interactions, electrostatic interactions, and van der buffer, pH 8.4, and protein was eluted with a450 mM
Waals and hydrophobic interaction33]. Determining the NaCl gradient in the same buffer. Surprisingly, this procedure
exact factors leading to an energetically favorable sulfur produced two protein peaks of comparable size (with the
aromatic interaction is not trivial. In this particular case, the Triton coming out in the void volume), though an SBS
lack of a free hydrogen on a thiol (such as that present in PAGE analysis of the original sample showed only a single
cysteine) simplifies the possible interactions because directJHE band. The two peaks did not interconvert or reequilibrate
hydrogen bonding can be ruled out. Therefore, any potential after 3 days at £C. Thus, the two peaks were separated
interactions between the sulfur atom of OTFP and amino and exchanged into 10 mM Tris buffer, pH 7.4. Each sample
acid residues of the enzyme would involve divalent sulfur. was concentrated to roughly 10 mg/mL. N-Terminal se-
Consequently, dispersion interactions are more suitable givenquencing of the resulting protein showed that the protein in
the highly polarizable nature of both the benzenelectron both peaks begins with the sequence RIPSTE (i.e., starting
cloud and the sulfur empty d orbital3%). However, Zauhar ~ at amino acid 23 of the full-length protein, which is the
et al. 35) report that while sulfuraromatic energies tend expected product after removal of the signal sequence during
to include a large van der Waals contribution, the electrostatic processing of the protein).
component is still of significant size, suggesting that sutfur JHE with selenomethionine was produced as described
aromatic interactions may have significant hydrogen bond above, except that 24 h postinfection the ESF-921 medium
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was replaced withL-methionine-free ESF-921 medium
(Expression Systems, LLC) supplemented with 100 mg/L
selenomethionine (Acros Organics). The resulting protein
was affinity purified as described above, except that OTFP
elution buffer did not contain Triton X-100. This method
produced a dramatically lower protein yield.

Crystallization and Structure DeterminatioBach sample
was concentrated to roughly 10 mg/mL in 10 mM Tris, pH
7.4, and screened by the hanging drop method, using 1
of protein mixed with 1uL of precipitation buffer. Peak 1
protein formed crystals in 100 mM, pH 5.5, citrate with 20%
(w/v) PEG 3000, but these crystals were not readily
reproducible. Ultimately, more crystals were generated in
14% PEG 3000, 80 mM sodium citrate, and 20 mM citric

acid. These crystals were used to generate the structure

described here. Peak 2 protein initially crystallized into
poorly formed crystals in 100 mM, pH 5.5, citrate with 2.0

M ammonium sulfate. Well-formed crystals of peak 2

selenomethionine-containing MsJHE were made in 100 mM,
pH 5.5, citrate with 0.7 M ammonium sulfate.

Wogulis et al.

Table 1: Data Collection and Structure Refinement Statistics for
OTFP-Bound JHE

Data Collection Statistics

wavelength (A) 0.953695
resolution (A) (highest shell) 10.7 (2.8-2.7)
reflections (observed/unique) 202077/21455
completeness (%) 96.4 (97.4)

1o (1) 9.3(2.3)

0.081 (0.418)
Refinement Statistics

Rmerge

resolution (A) 36-2.7
Roryst (%) 20.4
Reree (%) 25.2
rmsd bond lengths (A) 0.011
rmsd bond angles (deg) 1.61
Ramachandran plot

% in most favorable regions 83.0

% in allowed regions 17.0

a Parentheses indicate values for the highest resolution shell.

energy minimization, and-factor refinement using CNS
(41) were carried out. The strong electron density peaks in

Data on a selenomethionine peak 2 crystal were collectedthe maps from the selenomethionine data set were used to
at the Stanford Synchrotron Radiation Laboratory, beamline identify the positions of methionines, which was a useful

9-2. Unit cell dimensions were determined to d&e= 98.7
A, b=098.7A c=1657A, andou = 8 = y = 90°, with
a spacegroup dP4,2;,2. The crystal produced reflections at
2.4 A spacing; howeverRyn increased dramatically at

guide in determining the register of the amino acid chains.
Final model building brough®qe. to around 30%, at which

point the OTFP inhibitor was clearly visible in both, —

F. and &, — F. maps. Libraries for OTFP were generated

resolutions greater than 2.7 A, and thus data were refinedusing the PRODRG websitd%), and inhibitor was modeled

only to 2.7 A. Indexing, integration, and scaling of reflection
data were carried out using Denzo and Scalep&$. (

in. Nucleophilic attack of the catalytic serine on the carbonyl
carbon of OTFP produces a tetrahedral covalent adduct. This

Despite having a significant absorbance peak at seleniumtetrahedral adduct is chiral, with the chirality determined by

edge wavelengths, neither SOLVEQf nor CNS 41) was
able to find a phasing solution with an acceptable figure of

the position of the inhibitor during the nucleophilic attack.
Each enantiomer was modeled in separately, with comparable

merit or interpretable electron density. A synthesis map was results inRyee, and both fitting comparably within the density.
made using phases calculated from the partial peak 1 modelThus, it was impossible to distinguish between the enanti-

(see below) and applied to peak 2 reflections. Contouring
the Z, — F. density to & produced strong peaks, three of
which centered on the sulfur atoms of methionines in

omers based on the crystal structure data. The enantiomer
with the oxyanion pointing toward the putatiué3-hydrolase
oxyanion hole was chosen for final refinement, because this

conserved regions showing good electron density in the reflects the expected form based on the generally accepted

composite omit maps. Not all methionines in the model and
none of the cysteines in the model showed densitycat 5

mechanism of ester hydrolysis. However, it is possible that
the other enantiomer or some mixture of the two enantiomers

suggesting that these peaks were not due to model bias. Invas actually present in the crystals.

addition, further refinement and model building did not
significantly alter the positions of these atoms, further
confirming their correct identification. However, even using

Geometry and side chain placement were adjusted by hand,
using &, — F. density as a guide. Water molecules were
added automatically, using CNS software, and then checked

these positions as seeds for MAD phasing, neither SOLVE manually. The final model of the native peak 1 protein had

nor CNS was able to find a phasing solution (Table 1).

A crystal from peak 1 native protein diffracted to 2.7 A
resolution using 0.95 A radiation at SSRL. Analysis of the
diffraction pattern gave unit cell dimensionsaf= 96.8 A,
b=96.8A,c=165.4 A, andx = 8 =y = 90° and a space
group of P4,2,2. The calculated Matthew’s coefficient of
3.1 A%Da indicated that there is one molecule per asym-
metric unit.

Molecular replacement, using EPMRZj, with acetyl-
cholinesterase frororpedo californica(23% identity and
36% similarity to JHE, as calculated by the AlignX module
of Vector NTI Suite 9 software from Invitrogen) as a search
model @3) gave a solution that was used as an initial model.
Using this model as a starting point, multiple rounds of model
building by hand using the program @4), with composite
omit, 2F, — F., and solvent-flattened maps as a guide to
correct amino acid placement, and positional refinement,

an Reyst of 20.4% and arRyee Of 25.2%. Ramachandran
statistics were calculated using the program Proché6k (
Interactions between inhibitor and enzyme were calculated
with the program Ligplot47).

Modeling of Substrate Bindind\tomic coordinate, topol-
ogy, and parameter files for JH Il (with the corred,gE,-
10R,11Sstereochemistry) were generated using the PRODRG
website. JH Il was initially placed in the active site tunnel
by hand, using the program O, with OTFP as a guide to
placement of JH II. The initial fit was improved, and steric
clashes were removed by using energy minimization in the
program CNS. For the energy minimization step, the OFFP
Ser-226 covalent adduct was replaced by a serine that had
been aligned by hand with the Ser-226 portion of the adduct.

Site-Directed Mutagenesighe wild-type MsJHE gene
(GenBank accession number AF327882) in the baculovirus
transfer vector pAcUW21 was subjected to site-directed



Structure ofM. sextaJuvenile Hormone Esterase Biochemistry, Vol. 45, No. 13, 20061049

mutagenesis in order to generate MsJHE with Phe-259 1CsyVvalue, were used for eachdgtletermination. IG's were
replaced by isoleucine. Site-directed mutagenesis was perineasured for both OTFP and TFDK at the same time, using
formed using the primers 'fgtaccagttcatctgctatctttac- the same stock of enzyme and the same no inhibitor control
cacgaacccgg-aind 3-ccgggttcgtggtaaagatagcagatgaactggtacc- in order to reduce variability in the measurement of the ratio
3 using a QuickChange site-directed mutagenesis kit of ICsg's. Each |G experiment was done three independent
(Stratagene). The presence of the mutation was confirmedtimes, and the values were averaged to produce the results
by DNA sequencing of the recombinant baculovirus transfer reported.
vector plasmid (pAcUW21-F259I). A recombinant bacu-
lovirus, AcCMsJHE F259I, expressing the mutated MsJHE RESULTS AND DISCUSSION
(MsJHE F2591) was generated by the transfection of i ,
PACUW21-F2591 with linearized BacPAK6 viral DNA QveraII.Structure The final model of MsJHE contains 530
(Clontech) following standard procedurd$) MsJHE F259] ~ @mino acids, 101 water molecules, and an OTFP molecule
protein was expressed in High 5 cells as described abovetOvalently bound to serine 226. The four N-terminal amino
for the wild-type MsJHE. For the inhibitor studies, MsJHE acids (23 through 27) are not visible in the electron density,
F2591 and the wild-type MSJHE were purified by anion- NOr are the eight C-terminal amino acids (566 through 573).
exchange chromatography using a Q-Sepharose columrfrdditionally, there is one disordered loop in which resi-
basically as described previously [method 23)f. The dues 128 through 135 lacked elecyron densny'. MsJHE is a
majority of the target protein eluted in the 350 mM Nacl Member of thea/f-hydrolase family and maintains the
fraction, which was desalted and concentrated using ac@nonical fold of this family ) (Figure 2A). The MsJHE
Centricon 30 filtration device (Millipore). structure extent_js the canonigisheet core from 8 to 11
Inhibitors and SubstratesOTFP was synthesized as Strands by adding one strand3] to the side of the core

reviously described3l). TFDK was synthesized as previ- neargst the N-terminus an'd two S‘ra’?’f’ﬂ and$14) to
(F;usly desycribedé(g).cil(ll\)/lR and MS fo)r/ TEDK conforﬁwed the side nearest the C-terminus. In addition, therefisheet

to expected values. After purification TLC analysis yielded ¢Omposed of one longsg) and two short 1 and 4)
a single spot. Purity was also measured by HPLC analysisﬂ'StrandS that is located near the N-terminal side of the core
and was defermined to be greater than 95% using UV sheet. The long strand is sandwiched between the two shorter

detection at 214 nm. The HPLC analysis was performed strands on one end of the strand and adjoins the central
using (A) 0.2% formic acid in water and (B) 0.2% formic p-sheet coré at the other. The ,ﬂilstrandg of JHE overlay
acid in acetonitrile with a gradient that ran from 30% to 90% closely with those of AChE frorit. californica The structure

B over 30 min on a Waters Atlantis C18 column (1100 contains 16 helices. Most of these also overlay well with
mm). Mass spectral analysis was performed on a Ther- helices of ACh.E' The rmsd between 438.€ of MsJHE
moFinnigan LCQ Deca mass spectrometer. and AChE ¢3) is 1.9 A.

Tritiated JH 1Il was purchased from PerkinElmer Life ~ The opening of the binding pocket is formed by helices
Sciences, Inc. (Boston, MA), catalog number NET586, 4, 6, 9, and 10 and by the loop between helices 9 and 10.
specific activity of 17.5 Ci/mmol, concentration of 0.1 mCi/  The lining of the pocket is formed by loops and helices from
mL in toluene-hexane (4:1). Unlabeled JH Ill was purchased & Wide range of the primary sequence. These include helices
from Sigma (St. Louis, MO), catalog number J2000. 8 and 12, which are connected by a disulfide linkage between

ICso MeasurementsICs, measurements of OTFP and Cys-358 and Cys-420. A long loop betwestrands 3 and
TFDK against both wild-type and F2591 MsJHE were done 4 reaches up to form one side of the pocket, making this the
essentia”y as previ0u3|y describm,(zg)_ Brieﬂy, enzymes thinnest wall of the pOCket, with solvent on one side of the
were diluted to concentrations such that they consumed from!0op and the tunnel on the other side. This loop also contains
15% to 20% of JH Il substrate in the time of the assay (1: 2 disulfide linkage between cysteine residues 92 and 112,
8000 dilution for wild-type enzyme and 1:10000 dilution for Which are somewhat distant from the binding pocket. This
F2591 enzyme). Inhibitors were diluted in ethanol to 100 disulfide is conserved in AChE, but in the case of AChE,
times final concentration (106). The enzyme was aliquoted  the loop forms part of the opening to the active site, and the
at 100#L per tube into g|aSS test tubesi three tubes per |00p beyond the disulfide Iinkage is not well conserved
concentration of inhibitor, on ice, andid of 100x inhibitor between the two structures (Figure 2B). A loop between
was added. Following a 30 min preincubation on ice, a 1 /-strand 6 and helix 1 contains Gly-146 and Gly-147, which
uL solution of tritiated (5.15x 10~° mmol) and unlabeled ~ form part of the oxyanion hole. The nucleophile “elbow”
(5 x 107 mmol) JH Il was added for a final concentration ~Petweenj-strand 8 and helix 3 contains the catalytic Ser-
of 5 uM JH 1ll. Samples were mixed by vortexing and then 226 and Ala-227, whose main-chain nitrogen forms the
put in a 30°C shaking water bath for 15 min. The reaction remaining part of the oxyanion hole. Other structural
was stopped by adding 1QL per tube of stop solution elements that make up the binding pocket include a loop
[methanotwaterammonium hydroxide at a 10:9:1 (v/v) between helices 6 and 7 and also a loop betvestrand 9
ratio] and vortexing. Isooctane (250) was added per tube, ~and helix 4 (including part of helix 4).
and tubes were vortexed to extract unreacted JH Ill. Tubes Active Site.The binding pocket of JHE is unusual for an
were then spun for 5 min at 1890and 50uL of the aqueous  o/f-hydrolase in that it is a long, narrow tunnel that contains
phase liquid (containing the reaction product JH IIl acid) the enzyme active site at one end (Figure 3). This structure
was removed using a Hamilton syringe and added to a tubemakes the catalytic residues inaccessible to surface solvent
containing 1 mL of liquid scintillation liquid. The tube was when the substrate is bound. This observation is in contrast
then vortexed and radioactivity counted by a Wallac scintil- to AChE and rabbit carboxylesterase, the two most closely
lation counter. Four concentrations, closely bracketing the related structures, based on primary sequence analysis, whose
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A alb ald

Disordered Disordered
Loop Loop

a9 . - i a9

Cys-92 to Cys-112 Loop Cys-92 to Cys-112 Loop

Ficure 2: Crystal structures of MsJHE and AChE. (A) Stereoview of a cartoon representation of the secondary structure of JHE with
OTFP covalently bound. Helices are colored blue, sheets are in salmon, and loops and turns are in tan. The N-terminus is labeled and is
colored blue. The C-terminus is labeled and is colored red. The disulfide bonds are in yellow and are shown with the atoms as stick figures.
OTFP and Ser-226 (to which OTFP is covalently attached) are shown as a stick representation, with carbons colored gray, oxygen red,
nitrogen blue, sulfur orange, and fluorine magenta. Helices and strands that are referred to in the text are labeled. (B) Overlay of MsJHE
and AChE fromT. californica MsJHE is shown in blue, and AChE is shown in yellow. Secondary structural elements that contribute to

the binding pocket of MsJHE and which differ significantly from the corresponding elements in AChE are indicated with arrows. The
labeling of the arrows indicates the secondary structural elements as found in MsJHE. This figure and all other figures of the JHE structure
were produced using the program PyMQa0).

crystal structures have been solvet8,(50). In these two Inhibitor Binding Covalently bound OTFP is clearly
structures, the catalytic serine is solvent accessible, even withvisible in a simulated annealing, — Fc omit map of this
substrate bound. Many lipases have lids that cover the activestructure and is seen attached to the catalytic serine, residue
site and make them inaccessible to water. However, in these226 (Figure 5). The catalytic histidine 471 is 2.8 A away
cases, the lids open in the appropriate lipid environment to from they-oxygen of Ser-226, while the catalytic acid Glu-
expose the active site both to substrate and to solnt (357 is only 2.5 A away from His-471. The oxyanion of the
As seen in Figure 4, the surface of the JHE binding pocket covalently bound OTFP is well oriented toward the oxyanion
is formed largely by hydrophobic residues. At the “floor” hole, which consists of the backbone nitrogens of Gly-146,
of the pocket, there are polar atoms from the oxyanion hole, Gly-147, and Ala-227. This arrangement of atoms is entirely
the catalytic histidine and the catalytic serine. Aside from consistent with the proposed catalytic mechanism of JHE
the catalytic residues, there are also some polar atoms closeester hydrolysis4, 6). The arrangement of the catalytic triad
to the opening. For example, the hydroxyl group from Thr- is as expected, with the serine acting as a nucleophile to
314 makes up a part of the surface of the binding pocket, asattack the carbonyl carbon and the histidine in position to
do the hydroxyls of Tyr-416 and Tyr-424, though those polarize the serine oxygen and catalyze the removal of the
hydroxyls are hydrogen bonded to each other. As with AChE, proton from the attacking nucleophile. The aspartic acid is
a number of aromatic residues line the binding pocket. For found on the opposite side of the histidine from the serine,
example, the aromatic face of Phe-259 faces into the bindingas expected for its function of orienting the histidirkl)(
pocket, while the edge of the phenyl ring of Phe-425 points Note that the catalytic histidine provides the hydrogen for
into the pocket. the methanol leaving group of JB3)( Consistent with this,
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there are contacts with nonpolar atoms of polar residues, such
as with the side chaip-carbon of Thr-314, and the aromatic
ring of Tyr-424 (Figure 6). The sulfur atom of OTFP is
roughly 3.7 A away from the aromatic face of Phe-259
(Figure 7).
Substrate Binding and Selegty in JHE Family Enzymes

A structure that includes a bound inhibitor facilitates predic-
tions regarding the binding of the JH substrate to the enzyme.
Figure 8 shows a model of JH Il bound to the active site,
prior to the formation of the acyl-enzyme intermediate. The
substrate fits remarkably well into the binding pocket. Note
that there is a constriction in the binding pocket that is
FIGURE S:ta\t/ii)exvocf)f‘]tlt}g I\?vr;%, S”‘"‘”rt“\’/"(‘e’rﬁgg‘ﬁe tsri]tr%fj”?]”fh'-eg st‘f\;fea‘;ﬁe between the substrate epoxide and ester moieties. This
represen .- . . .
tur?nel by a plane perpendichI)ar to the pgge. Thge halves producedcor‘Str'C_tlon is due to the Leu-313 side cha!n a_md allows for
from the split were rotated 90in opposite directions along the @ tight fit between the substrate and the binding pocket. In
vertical axis to produce the view shown. OTFP is shown as a stick particular, the E isomer appears to be favored by this
representation and was split into two parts. The interior of the geometry, as theZ2form would likely lead to steric clashes
protein is shown in black. A pocket which holds an internal ordered |anveen Leu-313 and ths andy-carbons of JH. Once the
water is seen near the bottom. . .

substrate was modeled, a multiple sequence alignment was
performed to give some hint at determinants for specificity
of the enzyme by examining conservation in the active site

Catlalytic Ser (/' o region. Figure 9 shows a sequence alignment of portions of
\h Ry 7 _ JHE with three other lepidopteran JHEBofnbyx mor;i
Cr e =N Heliothis virescens and Choristoneura fumiferarja one
o ¢ ' dipteran JHE Drosophila melanogastgr and one co-
Catlalytic His

leopteran JHETenebrio molitoy. This alignment contains
all of the residues that make up the binding pocket. The

noncatalytic residue in the binding pocket is absolutely
: , conserved in all six species, Thr-314. Interestingly, the
S S5 substrate can be modeled such that the hydroxyl group of
FEKUK this residue is close to the epoxide of JH Il. This suggests
RV that a hydrogen bond between this residue and the epoxide
may provide some substrate selectivity. Hydrogen bonds to
Oxyanion hole an epoxide are seen in the crystal structure of human epoxide
hydrolase, anothes/s-hydrolase enzymes@).
A JH epoxide hydrolase is found in insects and produces
a JH diol from JH $3, 54). It is not clear whether this
@® rolar (O) reaction happens before or after hydrolysis of the ester. It is
possible, therefore, that the Thr-314 hydrogen bonds to the
diol (most likely the alcohol off of the C10) rather than or
@ rolar(N) in addition to the epoxide. TheEBgeometry is important
FIGURE 4: Surface representation of the active site tunnel. The for the interaction between Thr-314 and the epoxide (or diol).
surface is shown in a mesh representation and is color coded byThe & isomer appears to fit into the binding cavity well,
”le type of atlgms that Co.”mbgte to dma}tdng the S%ﬁfaceﬁ_"k‘]’ithbcﬁtrbon but it appears to prevent the epoxide (or diol) from moving
o, I 99, 0xygen In e, and ittogen n e, The bOOM i an easy hydrogen bond distance of the Thr-314
hydroxyl. The 185 stereochemistry is also worth noting.
His-471 is only about 3.9 A from the carbon atom of the When JH is modeled so that the epoxide interacts with Thr-
trifluoromethyl group. This carbon atom is analogous to the 314, the 15 stereochemistry places the C11 ethyl group of
alkoxide oxygen atom in the JH ester, which gives rise to JH Il into a fairly large cavity and away from any interactions
the alcohol hydroxyl. with the walls of the MsSJHE binding tunnel. Thus, one would
The remainder of the OTFP consists of carbon atoms andnot expect there to be a large difference in kigKn, ratio
the one sulfur atom. Of these atoms, only the C3 carbon, asbetween JH II, which has a C11 ethyl, and JH IIl, which
labeled in Figure 1B, and the C11 carbon of the alkyl chain has a C11 methyl group, as substrates. Although JH Il is
of OTFP (Figure 1B) make contact with polar residues. The not commercially available in radiolabeled form, Abdel-Aal
C3 carbon is 3.2 A from His-471, and the C11 carbon is 3.1 (28) found little difference in the ratio with JH | and JH IlI
A from the hydroxyl of Tyr-416. The remaining carbon with MSJHE.
atoms make hydrophobic contacts with mostly hydrophobic ~ The lack of conservation across orders of residues other
residues lining the binding pocket of JHE, including Phe- than Thr-314 may be a result of the hydrophobic nature of
259, Leu-313, Phe-361, Phe-365, and lle-368. In addition, much of the enzymesubstrate interaction. It may be

180° [\ S catalytic triad and residues making up the oxyanion hole are
1 I NS ',; \ absolutely conserved in these enzymes. Surprisingly, despite
> e - working on the same or very similar substrates, only one

Hydrophobic (C)
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FicurRe 5: Stereo diagram of a simulated annEak F. omit map of JHE contoured ab3The map was generated by removing the OTFP
portion of the covalent adduct (and leaving the Ser-226 as shown in the structure). The map was drawn around the @BFP Aisin
cushion.

Previously, a homology model of HvJHE had been made
using AChE and a lipase as a basis for the mo8&8). Now

that we have a structure of MsJHE and know that HvJHE
most likely has a similar binding pocket, we can evaluate
the accuracy of the HYJHE homology model. The homology
model failed to predict that JHE would have a binding tunnel
and, instead, inaccurately predicted that it would have a
binding cleft. Furthermore, while predictions of the location
of the catalytic residues and of overall topology were correct,
prediction of the substrate binding was incorrect. In the
HvJHE model, ther-carbon of JH is modeled in the position
where the OTFP trifluoromethyl group is found in MsJHE,
and the aliphatic chain extends through what is one wall of
the binding tunnel in MsJHE. Consequently, the alcohol
portion of JH is modeled in HYJHE where the OTFP aliphatic
chain is found in the MSJHE structure. It turns out that the
regions making up the binding pocket in MSJHE deviate
significantly in their structure from those comparable regions
of AChE (Figure 2B) and the lipase. This points to the
difficulty of generating accurate homology modelsodfs-
hydrolases when the hydrolases act on different substrates
and suggests that great care should be taken when interpreting
such homology models.

The structure of MsJHE offers an explanation for the SAR
previously seen for JHE substrates and inhibitors. The
requirement for a small alcohol portion of the este, 57)
is readily explained by the lack of space in the floor of the
binding pocket. Large alcohols simply lack the room to move

Ficure 6: Ligplot diagram 47) showing binding interactions deeply enough into the enzyme to allow the catalytic serine

between OTFP and JHE. OTFP forms a covalent adduct with Ser- 0 attack the carbonyl carbon of the ester. The good
226, and this adduct is labeled Inh-226. correlation of lipophilicity with inhibitor potency and ability

of the thioester substrates to be cleaved is also fairly evident
sufficient for the binding pocket to be largely hydrophobic from the structure. Smaller alkyl chains are more hydrophilic
and correctly shaped in order for the substrate to bind with and thus do not partition as well into the hydrophobic binding
high selectivity. For example, the Leu-313 that forms the pocket. Longer chains become too long for the binding
constriction in the binding pocket of MsJHE is an isoleucine pocket and thus do not fit as well. The preference for straight

% coz
" His 471

[

in C. fumiferanaand a methionine iD. melanogasterBoth alkyl chains is likely due to steric constraints in the narrow
of those substitutions should produce a similar constriction binding pocket. For example, it is easy to see why a
in the binding pocket. cyclohexyl or phenyl group attached to the OTFP sulfur

Although Thr-314 is the only absolutely conserved non- would not fit as well into the pocket as would a straight
catalytic residue lining the binding pocket, among the hexyl group.
lepidopteran JHEs there is substantial conservation of these Enzyme-Inhibitor Sulfur—Aromatic Interactions.The
residues. For example, of the 24 noncatalytic residues lining potency of TFK inhibitors had previously been shown to
the binding pocket of MSJHE, 16 (67%) are identical to the positively correlate with the extent of ketone hydrati8a)(
corresponding residues in th¢ virescensJHE (HvVJHE). However, for some enzymes (especially JHE) this correlation
This strongly suggests that the binding pockets of at leastdid not appear to fully explain the increased potency. To
the lepidopteran JHEs (and, considering the absolutely clarify this discrepancy, it was hypothesized that the sulfur
conserved Thr-314, most likely all JHEs) will be very similar. atom 3 to the carbonyl (Figure 1B) could engage in
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Ficure 7: The OTFP sulfur atom is positioned close to Phe-259. Colors are the same as in Figure 2. Thebahylalanine interaction
is shown in three orientations. In the leftmost two orientations, the same carbon (which is closest to the sulfur atom) is labeled by the
dashed red line. In the rightmost orientation, this carbon is not visible because it is below the OTFP.

sequence alignment of multiple JHEs shows that aromatic
residues are conserved in the Phe-259 position (Figure 9).
The conserved residue is a tryptophanTinmolitor and a
phenylalanine in all other species examined. Consistent with
the role of sulfur in inhibitor binding is the observation that
thioester JH surrogate substrates have an approximately
4-fold lower Ky, when sulfur is substituted for the carb@n

to the carbonyl (i.e., analogous to the sulfur position in
OTFP) 66).

To directly test the hypothesis that the increased potency
of sulfur-containing JHE inhibitors was due to sukur
aromatic interactions, a JHE mutant was generated in which
Phe-259 was replaced by isoleucine. The inhibition potency
was measured for both OTFP and an OTFP analogue in
which the sulfur atonp to the ketone had been replaced
with a methylene group [TFDK (trifluoromethyl decyl
ketone), Figure 1B] for both the wild type and the F259I
mutant. Results showed that OTFP has a 24-fold lowey IC
against the wild-type enzyme than TFDK g8 =22+ 3
and 530+ 32 nM, respectively; Table 2). On the other hand,
OTFP has only a 5-fold lower Kg with the F2591 mutant
versus with TFDK (1Gy's = 330 + 57 and 1600+ 150
nM, respectively). This increase in the relative potency of
OTFP for the wild-type over the mutant enzyme is consistent
with the sulfur atom contributing to the binding affinity of
the inhibitor. Interestingly, OTFP was still more potent than
TFDK with the F259] mutant, indicating that the effects of
the g-sulfur atom upon ketone hydration state are also
important for inhibitor potency31). These results suggest
Ficure 8: A model of JH binding to substrate. The orientation is that the favorable effects of sulfur inclusion in JHE inhibitors
identical to the top panel in Figure 4, and the surface is again shownare due to a combination of effects including hydration

as a mesh representation, though it is not color coded. (A) OTFP —_ . .
is shown as a stick representation using the same color scheme agqu'“bnum and sulfur-aromatic interactions, as well as other

in Figure 2. (B) JH Il is shown as a stick representation using the Unknown contributions.
same C?lgf (Sé?)hifgir?;cig ::eiglrggezntﬁ% \r']V'glj Erﬁeuf"vﬂs S:L%nlfgggf:nas The strength of the sulfuraromatic interaction depends
In panel A. N ( as greatly upon the geometry of the interaction. In this structure,
the absence of JHE and then shown inside the binding pocket. the sulfur of OTEP is 3.7 A from the-carbon of Phe-259,
and a line connecting these two atoms is nearly perpendicular
m-stacking interactions with an aromatic residue in the to the plane of the aromatic face of the phenylalanine (Figure
enzyme active site, thereby increasing the affinity of the 7). It is important to note that this structure shows the
inhibitor for the enzyme, though no JHE structure had as covalent attachment of OTFP to MsJHE, and so, except for
yet been determine@®{). Examination of the JHE structure any interaction that acts to favor the tetrahedral form of
shows that Phe-259 is 3.7 A from the OTFP sulfur atom OTFP, the sulfuraromatic interaction does not affect the
(Figure 7). m-stacking interactions of sulfur atoms with attachment of OTFP to MsJHE. The sultaromatic inter-
aromatic residues occur at distances of 5.0 A or 1835 ( actions are significant in the initial binding that places the
58). The evidence from the crystal structure was therefore ketone carbon near Ser-226, enabling the formation of the
highly suggestive of an energetically favorable interaction covalent interaction, and in maintaining the position of OTFP
between the sulfur of OTFP and the Phe-259 residue. Inwhen the covalent bond reverses, thereby allowing re-
further support of this hypothesis, examination of the formation of the bond. The exact placement of the sulfur
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Ficure 9: Partial sequence alignment of six JHE's. Sequence alignments showing those portions containing all residues that line the active
site pocket of four lepidopteran (top four), a coleopteran, and a dipteran JHE. Absolutely conserved residues are shown in red type with
yellow background. Residues conserved in at least three of the six are shown in blue type with light blue background. Blocks of residues
of similar kind are shown black type with green background. Residues showing no conservation are shown in black type with a white
background. Numbers reflect the numbering of JHE. Catalytic residues are indicated with a blue dot, and residues that directly form the
active site are indicated with a red dot. The secondary structure of MsJHE is indicated above the alignments.

Table 2: IGo Values (nM) of OTFP and TFDK as Inhibitors of In addition to the uncertainties in the location of the sulfur
either Wild-Type or F2591 MsJHE atom in the noncovalent inhibitetenzyme complex, there
wild type ICso (NM) F2501 1Gso (M) is some uncertainty as to the optimal geometry of the suilfur
aromatic interaction. For example, an interaction between

g;,?é 53&%((%) EFTE,):P; 1630300((1557(;) sulfur and the face of the phenylalanine benzene ring has

TFDK:OTFP 24 5 been repor_ted to be favored in some studig8) (and

aValues are averages of triplicate sfOmeasurements. Standard unfavored in others35, 37). Tauer et al. §9) modeled
deviations are shown in parentheses. interactions of HS with benzene and reported that the

optimal intermonomer distance was 3.8 A with an interaction
atom in the noncovalently bound state will likely be different energy of—2.81 kcal mot™. While these results agree nicely
from the orientation in the covalently bound state since the with those observed in the JHE structure, they also report
covalent attachment brings the ketone carbon close to thethat the HS—benzene attraction arises from a favorable
Ser-226y-oxygen and changes the geometry of the ketone electrostatic interaction between partially positive hydrogens
carbon (from planar to tetrahedral), thus changing the fit of in H,S with the negatively charged-cloud of the benzene.
the inhibitor in the active site. Changes in the placement of Because the divalent sulfur in these studies contains no
the TFK portion of the inhibitor are likely to lead to changes hydrogens, it is unlikely that such strong electrostatic
in placement of the sulfur atom, which is only two atoms interactions are occurring. Other studies have reported that
away from the ketone carbon. a polarized sulfur atom can interact with the positive
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hydrogens of the aromatic ring. However, given that sulfur compound to cross the bloedrain barrier or a cell
has a low electronegativity (essentially the same as carbon,membrane. Provided there is a suitable aromatic residue at
2.58), it is difficult to imagine this scenario accounting for the site of compound binding, the addition of a sulfur atom
all of the observed favorable effects. It is possible that the capable of interacting with the aromatic residue may increase
sulfur lone pairs could interact favorably with the ring compound potency while keeping the compound sufficiently
hydrogens 35). However, this interaction would depend lipophilic to reach its intended destination.
greatly upon the geometry of the bound inhibitor. The demonstration that there are sutfaromatic interac-
Despite uncertainty in the nature of the sutf@romatic tions between the OTFP sulfur and Phe-259 suggests that
interaction between OTFP and MsJHE, the combination of similar interactions occur between thgs-unsaturated bond
the proximity of the OTFP sulfur atom to Phe-259 and the of JH, which is in roughly the same position as the OTFP
ICso data of the wild type and F259] mutant with OTFP or sulfur, and this conserved aromatic residue. These interac-
TFDK demonstrates that there is a binding energy benefit tions could facilitate binding and alignment of the substrate
to the inclusion of sulfur in inhibitor structure and that a in the active site. These interactions would also reduce the
large portion of the effects are due to interactions with Phe- resonance stabilization of the,S-unsaturated bond, ef-
259. While it is not possible to directly determine the strength fectively lowering the activation energy required to cleave
of this particular sulfur-aromatic interaction, previously this relatively stable bond.
reported studies generally agree on a range-f kcal mol? The crystal structure of MsJHE gives us insights into why
for sulfur—aromatic interactions in general, placing the it is such an efficient enzyme, with a very loi,. The
interaction between pure van der Waals forces and that of aefficiency is likely due to the tight fit between the enzyme
hydrogen bond35). This is in general agreement with our  binding pocket and the substrate, along with the hydrophobic
data. To get a rough estimation of the free energy advantagenature of the interaction. The substrate is very hydrophobic
of the sulfur-aromatic interaction, we can use the following and will subsequently readily partition into the enzyme active
analysis: Keq = [EIJ/[E][I], where [EI] = concentration of  site. Aside from the shape of the active site, at least two
enzyme inhibitor complex, [E} concentration of enzyme  specific residues, Thr-314 and Phe-259, appear likely to
unbound, and [l]= concentration of inhibitor unbound. interact with the JH epoxide amdp-unsaturated ester bonds,
Therefore, if we assume there is excess (constant) inhibitorrespectively. It seems likely that the sldw may be due to
concentration and we compare thes@alues of OTFP  a combination of the solvent inaccessibility of the catalytic
against the wild-type and mutant enzymes, we find that serine, hydrophobic interactions between the JH and the
Keq™VKeg"™ 2 ([EI™/[I ™)/([EIVTY[IWT]) ~ ICs0™YICso"T binding pocket, and the stabtef-unsaturated ester of JH.
= 330/22= 15. SinceKeq = €T, we can solve foAAG This would result in a slow cleavage of the acyl-enzyme
and find thatAAG = —RT In(15) = —1.6 kcal/mol. This intermediate and hence a loweg:
equation gives us the overall stabilization of the OTFP in  The examination of the role of the sulfur atom in the
the wild-type versus the mutant enzyme. However, the wild- mechanism of inhibitor binding has therefore provided
type IGs is lower than the mutant even with TFDK as the important information on the binding of the endogenous
inhibitor, suggesting a general destabilization due to the substrate to JHE. It is most likely that JHE’s have evolved
mutation. To account for that, we can perform the same to include an aromatic residue that assists in the substrate
calculation for mutant and wild-type enzymes with TFDK, binding, which could partly explain the extremely Iy,
and we find thahAG = —RTIn(1600/530)= —0.66 kcal/  value. This work therefore provides insight into the mech-
mol. Thus the overall stabilization (enhancement of potency anism by which JHE effectively regulates the biological
of OTFP with phenylalanine instead of the mutant minus development of insects.
loss of potency due to the mutation) of the sutfaromatic
interaction in our structure is roughly 1 kcal/mol. Further ACKNOWLEDGMENT
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