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ABSTRACT: A high degree of selectivity toward the target site of the pest organism is a desirable attribute
for new safer agrochemicals. To assist in the design of novel herbicides, we determined the crystal structures
of the herbicidal target enzyme 4-hydroxyphenylpyruvate dioxygenase (HPPD; EC 1.13.11.27) from the
plantArabidopsis thalianavith and without an herbicidal benzoylpyrazole inhibitor that potently inhibits
both plant and mammalian HPPDs. We also determined the structure of a mammalian (rat) HPPD in
complex with the same nonselective inhibitor. From a screening campaign of over 1000 HPPD inhibitors,
six highly plant-selective inhibitors were found. One of these had remarkatdl600-fold) selectivity
toward the plant enzyme and was cocrystallized wthbidopsisHPPD. Detailed comparisons of the
plant and mammalian HPPBigand structures suggest a structural basis for the high degree of plant
selectivity of certain HPPD inhibitors and point to design strategies to obtain potent and selective inhibitors
of plant HPPD as agrochemical leads.

Many biochemical target sites that are useful for the design concomitant release of G@&cheme 1). The enzyme is found
of new and improved agrochemicals occur in both the pestin microbes, mammals, and plants and has differing functions
species (a weed, fungus, or insect) and vertebrates. Thus therin various organisms. In mammals, the enzyme has an
is the potential for undesirable mammalian toxicological important role in the catabolism of tyrosine. Deficiency of
effects through inhibition of the nontarget enzyme. This has the enzyme in humans causes type Ill tyrosinemia, a rare
often been alleviated by exploiting differences in metabolism autosomal recessive disorder characterized by elevated serum
of the agrochemical in mammals or by carefully limiting  tyrosine levels, neurological symptoms, and mental retarda-
exposures to the agrochemical. The advent of detailedtion (3—6). Inhibitors of HPPD have found use as drugs for
structural information on the molecular target sites of agro- the treatment of type | tyrosinemia by blocking the formation
chemicals now allows rational target site-based approachesf toxic catabolites derived from tyrosine in this disease
to improving both selectivity and potency toward the pest condition (7). In plants, HGA formed by the action of HPPD
species and away from nontarget organisms. One enzymgs ytjlized as the aromatic precursor for tocopherols and
that is potentially amenable to such an approach is 4-hy- pjastoquinone §). Plastoquinone is the redox cofactor for
droxyphenylpyruvate dioxygenase (HPRDthe target site  yhvioene desaturase, a key enzyme in the biosynthesis of
for recently commercialized herbicides such as isoxaflutole photoprotectant carotenoids (and itself the target of com-
and mesotrione and therefore of great interest for the designye(cial herbicides such as norflurazon). Thus inhibition of
of novel herbicides, 2). plant HPPD prevents the normal functioning of phytoene

HPPD catalyzes the oxygenation of 4-hydroxyyphenyl- desaturase in the synthesis of carotenoigs The loss of
pyruvate (HPPA) to form homogentisate (HGA) with the these essential photoprotectants results in the intense and
characteristic bleaching of new plant growth by application
* Atomic coordinates of the HPPD complexes have been deposited Of HPPD inhibitor herbicides, leading to plant death.

in the Protein Data Bank (ID codes 1SQD, 1SQl, 1TFZ, 1TG5). ) .
* To whom correspondence should be addressed. E-mail: tawalsh@ HPPDs are non-heme Fedependent dioxygenases that

dow.com. Telephone: 317-337-3680. are mechanistically related to-ketoglutarate-dependent
I Rigaku/MSC Inc. dioxygenases such as proline hydroxylase and clavaminate
, Dow AgroSciences. synthase9). In HPPDs, thax-ketoacid moiety is contained
1 Abbreviations: HPPD, 4-hydroxyphenylpyruvate dioxygenase; ~7. . ’ ’ . :
HPPA, 4-hydroxyphenylpyruvate; HGA, homogentisafgHPPD, within the substrate as the acidic side chain of HPPA. The
Arabidopsis thalianaHPPD; RrHPPD, Rattus novegicus HPPD; catalyzed reaction is mechanistically complex involving an
PfHPPD, Pseudomonas fluorescetsPPD; AtHPPD-869 or Rn- oxidative decarboxylation, alkyl group ring migration (an

HPPD-869,AtHPPD orRrHPPD in complex with DAS869AtHPPD— . X .
645, AHPPD in complex with DAS645; MIR, multiple isomorphous ~ NIH shift), and ring hydroxylationX0). The crystal structure

replacement. of an HPPD from Pseudomonas fluorescersas been
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described 11), but this enzyme has a relatively low overall EXPERIMENTAL PROCEDURES
sequence homology to plant and mammalian HPPDs (21%
and 29% amino acid |dent|ty’ respect|ve|y) However, HPPD Purification. AHPPD andRrHPPD were cloned
sequence alignments of HPPDs from a wide variety of via polymerase chain reaction amplification from appropriate
sources show that 27 residues among more than 350 residue8DNA libraries and overexpressedHischerichia colusing
are completely conserved in these and all other HPPDs. Thethe T7 expression syster@3). Purification and N-terminal
crystal structures of HPPDs from the plamsabidopsis amino acid sequencing of native HPPD from maize seedlings
thalianaandZea maysave also recently been reportd@ indicated that the N-terminus was Ala23 (unpublished data).
However, no HPPD structures have as yet been described™or expression of the recombinaftabidopsisenzyme in
that contain substrate analogues or inhibitors that could beE. coli, the sequence was therefore truncated by 21 amino
useful for herbicide or drug design. acid residues at the N-terminus relative to the coding
Several classes of potent HPPD inhibitors have beenSeduence of thg full-length cDNA so that it was equivalent
described, and all contain a 1,3-diketone moiety in some form {© that of a native plant enzyme.
(13—15), examples of which are shown in Figure 1. Kinetic ~ Cells fran 2 L cultures were suspended in 100 mL of 100
analyses of potent HPPD inhibitors show that they exhibit mM Tris-HCI, pH 7.3, containing 1 mg/mL lysozyme, 1 mM
the characteristics of slow, tight-binding inhibitods{-19). EDTA, and 150 mM sodium chloride. DNase and MgCl
The majority of HPPD inhibitors effectively inhibit both plant  were then added to final concentrations of 0.02 mg/mL and
and mammalian HPPDs; indeed, early investigations of 2 mM, respectively. The lysed cells were centrifuged at
HPPD inhibitors benefited from observations of the physi- 17 00@ for 20 min, and protein was precipitated with 50%
ological effects of HPPD inhibition in both plants and saturated ammonium sulfate fatHPPD. ForRrHPPD, the
mammals 20, 21). We were interested in understanding the protein fraction precipitating between 35% and 70% am-
structural basis for potent inhibition of the plant enzyme by monium sulfate was used. After centrifugation, the pellet was
herbicidal benzoylpyrazoles and in investigating possible resuspended in 20 mM Tris-HCI, pH 7.3, and dialyzed
modes of selectivity for the plant enzyme versus the overnight against two change$® L of 20 mM Tris-HCI,
mammalian enzyme for herbicide design. Accordingly, we pH 7.3. The dialyzed extract was centrifuged to clarify and
have now determined the crystal structures of both plant andapplied to a Pharmacia MonoQ 10/10 column equilibrated
mammalian enzymes in complex with novel selective and in 20 mM Tris-HCI, pH 7.3. FOAtHPPD, the column was
nonselective ligands. eluted over 60 min using a-60% gradient of 20 mM Tris-

A
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o CF;

Active form of

Mesotrione isoxaflutole

DAS645 DAS869

Ficure 1: Examples of various structural classes of HPPD inhibitors. The 1,3-diketone moiety present in all potent HPPD inhibitors is
shaded. Mesotrione and the diketonitrile form of isoxaflutole are commercial herbicigessific acid is a natural product inhibitor isolated

from lichen, and DAS645 and DAS869 are experimental herbicides from the Dow AgroSciences collection. DAS869 is a potent inhibitor
of both plant and mammalian HPPDs, whereas DAS645 is highly selective for the plant enzyme.
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HCI, pH 7.3, 0.5 M potassium chloride at a flow rate of 2
mL/min. AtHPPD eluted from the column at approximately
200 mM potassium chloride. F®RMHPPD, a gradient of
0—40% 0.5 M potassium chloride over 60 min was used.
The enzyme eluted from the column-a67 mM potassium
chloride. For crystallography, the HPPD fractions were

Yang et al.

appeared after a few days. The crystals had a solvent content
of 33%. Prior to data collection, the crystals were transferred
into the crystallization condition with 18% (v/v) ethylene
glycol instead of 22% (v/v) 2-propanol. Data collections were
conducted at cryogenic temperature.

RMHPPD-869 was prepared by incubation BFHPPD

concentrated, applied to two Pharmacia Superose 12 columnsvith DAS869 in the presence of cobalt chloride overnight.

connected in series, and concentrated te-20 mg/mL.
The K, values ofArabidopsisand rat HPPDs for HPPA

were 11 and 13uM respectively, determined using a

radiometric assay protocol based on that of Se28}. (
HPPD Inhibitor ScreenA novel high-throughput HPPD

The crystals grew in 10% poly(ethylene glycol) 20000, 15%
(v/v) hexanediol, and 100 mM Hepes, pH 7.0, with 16 mg/
mL RrHPPD-869 complex in the buffer solution of 10 mM

Tris, pH 7.5, and 3 mM cobalt chloride. Small crystals

formed after two weeks. A microseeding technique was used

assay was developed to rapidly screen large numbers ofmultiple times to increase the crystal size. The crystal had

inhibitors. This assay coupled the formation of HGA by
HPPD to the production of maleylacetoacetate via HGA

orthorhombic space group2;2,2; with two molecules per
asymmetric unit (unit cela = 61.6 A,b = 107.5 A, andc

dioxygenase. This results in an increase in absorbance at 336= 133.0 A) and 40% solvent conte®rHPPD-869 crystals

nm that permits continuous spectrophotometric monitoring

were readily frozen without being soaked in a cryoprotectant.

of the reaction in a microplate-based format over at least 20 The data sets were also collected at cryogenic temperatures.

min. This is particularly informative in assaying slow, tight-
binding inhibitors such as the 1,3-diketone inhibitors of

All data collections were carried out on 5.0 kW Rigaku
RUHZ2R generator coupling with MSC Blue multilayer optics

HPPD where reaction rates can decrease significantly duringand R-AXIS IV++ imaging plate detector. The data were

the time course of an assay6( 17). HGA dioxygenase is
an excellent coupling enzyme for monitoring the HPPD

processed with d*TREK data processing program $28}.(
Structure Determination. AMPPD and RrHPPD-869

reaction because it requires the same cofactors as HPPDstructures were solved by multiple isomorphous replacement

(Fet, ascorbate) and therefore no extra additions to the
reaction mix are required.

HGA dioxygenase was patrtially purified froAdcaligenes
xylosoxidanssubsp.denitrificans (ATCC 35699). Assays
were performed in 96-well plates at 30 using a UV/visible

(MIR). Four heavy atom derivatives oAtHPPD were
prepared as described in Table 1. For subsequent calculation,
the CCP4 program suite was utilize®6f. The difference
Patterson maps oAtHPPD data were calculated to locate
the positions of main heavy atom sites. The minor sites were

plate reader to monitor the formation of maleylacetoacetate found through the difference Fourier map. The initial MIR

at 330 nm €330 = 13 500 M1 cm™) (24). The assay buffer
was 0.1 M MOPS, pH 7, containing 20M Fe(NH,)2(SO»)2

phases were calculated at 3.5 A resolution with the program
MLPHARE (26) and had a mean figure of merit of 0.64.

and 2 mM sodium ascorbate. Before assays were conductedMIR maps were improved through the procedures of solvent

HPPD and HGA dioxygenase were preequilibrated i 2

flattening and histogram matching. The modified MIR was

assay buffer for at least 1 h. HPPD activity was measured used to build the initial model with the program Q7j.

in an assay mix containing 1M HPPA and~50 ug of
HGA dioxygenase preparation using sufficient HPPD to
obtain a reaction rate e¥15 mOD/min. The amount of HGA

Many different heavy atom compounds were soaked into
RrHPPD-869 crystals and screened. Methylmercury chlo-
ride successfully derivatizeRrHPPD-869 crystals, and

dioxygenase activity was predetermined to be in large excesddiffraction data was used in phase determination. Due to the

of the HPPD activity to ensure that the reaction was tightly

coupled (theK, of HGA dioxygenase for HGA was 24M).
Compounds for screening were obtained by MDL ISIS

searches of the Dow AgroSciences compound collection

phase ambiguity, single isomorphous replacement phases
with the figure of merit of 0.23 were too poor to produce a
recognizable electron density map, but its native data
collected with high redundancy (Table 1) resulted in the

using a variety of 1,3-diketone substructures. Compoundsaccurate measurement of Bijvoet differences. Three ad-
were dissolved in dimethyl sulfoxide and initially screened ditional metal ions and 10 sulfur sites were found through
at 1, 4, and 16(M. Selected compounds were also assayed the anomalous difference Fourier map calculated using the
using a preequilibrated format in which HPPD was incubated initial SIR phases. The anomalous differences of the native
in the presence of inhibitor for 30 min prior to addition of data were added to the phase calculation and refined as a
the appropriate amounts of HGA dioxygenase and HPPA. second derivative. Ultimately, the positions of three metal
Crystallization and Data CollectiorCrystallization trials ions and 10 sulfur atoms were used in the phase calculations.
yielded AtHPPD, AtHPPD-869, AtHPPD-645, andRn- SIR phasing has become a typical case of MIR phasing, and
HPPD-869 crystals via hanging drop vapor diffusion at the SIR phase ambiguity was easily resolvg)(The new
room temperatureAtHPPD,AtHPPD-869, andAtHPPD— MIR phases produced a well-defined electron density map
645 crystals grew in 15% poly(ethylene glycol) 4000, 22% with the figure of merit of 0.56.
2-propanol, and 100 mM Bis-Tris, pH 6.0, with 16 mg/mL The MIR phases were also improved through the proce-
AtHPPD protein in 10 mM Tris, pH 7.3, 20 mM potassium dures of solvent flattening, histogram matching, and density
chloride, and 3 mM cobalt chloride. The complexa&s averaging. The chain tracing and sequence matching started
HPPD-869 andAtHPPD-645 were generated by incubating from Trp199 and Trp200 and extended in both directions
AtHPPD with the appropriate compound for a few hours with the program O. The anomalous difference Fourier maps
before crystallization trials. Platelike crystals in monoclinic were generated periodically using the updated phases. The
space grouic2 with one molecule per asymmetric unit (unit anomalous peaks of sulfur atoms served as additional tracing
cella=77.4Ab=83.7A c=63.2A, ands = 102.5) markers 28). The ligand structure was modeled on the basis
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Table 1: Statistics for Data Collection and Refinement of HPPD Structures

AtHPPD RMHPPD-869
heavy atom heavy atom
derivative AtHPPD-869 AtHPPD-645 derivative
native Hg?® Hg2 Pt Hg1+Pt native native native Hgl
Data Collection Statistics
space group Cc2 Cc2 C2 Cc2 Cc2 Cc2 Cc2 P2,2:2; P2,2:2,
resolution (A) 1.8 2.7 2.8 2.8 2.6 1.8 1.9 2.15 35
unique refins 35991 6938 9421 9283 9171 35505 30 159 47734 15286
completeness (%) 98.9(89.2) 71.5(45.6) 98.0(90.2) 96.0(94.3) 97.3(88.3) 99.9(99.8) 98.3(83.8) 98.4(97.2) 99.8(99.8)
redundancy 5.2 34 2.8 3.2 2.8 3.4 4.4 12.5 6.0
Rmerge(%0)"9 4.1(26.9) 7.8(27.4) 10.0(28.7) 6.6(31.4) 5.2(29.8) 4.6(16.3) 4.8 (15.5) 6.8 (24.8) 11.5(31.8)
Phasing Statistics
Riso (%0)" 30.1 39.4 17.2 26.7 23.1
heavy atom sites 3 4 3 3 3
Reutis (%0) 0.56 0.66 0.78 0.67 0.77
phasing power 2.68 2.07 1.27 2.09 1.30
Refinement Statistics
resolution limits (A) 15.6-1.8 15.6-1.8 15.0-1.9 15.0-2.15
Reryst(Rired) (%0)F 21.6 (26.6) 21.5(28.9) 18.8(23.4) 21.6(27.1)
no. of molecules per ASU 1 1 1 2
no. of non-H protein atoms 2906 2814 2865 5560
no. of water molecules 190 203 193 463
no. of ligand atoms 0 31 32 62
avgB (A2
protein 25.0 18.6 185 30.3
water 31.2 27.8 23.6 35.8
ligand 17.8 15.1 44.9
rms deviation's
bond lengths (A) 0.025 0.012 0.003 0.019
bond angles (deg) 0.041 1.7 0.027 0.041

a Native AtHPPD soaked in 10 mM CiHigCl for 1 day.? Native AtHPPD soaked in saturated HgO for 2 dayblative AtHPPD soaked in 10
mM Pt[ethylene(NH),Cl,] for 2 days.? Native AtHPPD soaked in 10 mM CitigCl for 1 day, then transferred into 10 mM Pt[ethylene@yB8l,]
for 1 day.® Native AtHPPD soaked in 10 mM CiigCl for 3 days! Numbers given in parentheses are the given statistics for the highest resolution
shell.9 Rnerge= {SnYilni — IW/(InYilni), wherely, is the mean intensity of thieobservations of a given reflectidn " Rs, (isomorphous difference)
= Y |Fpn — Fol/YFpn WhereFp, andF, are the derivative and native structure factor amplitudes, respectiRlyis = ¥ ||Foh £ Fp| — Frcalca)/
Y |Fpn & Fpl for all reflections, wheréFncarcq) is the calculated heavy atom structure factéthasing power is the mean value of the heavy atom
structure factor amplitude divided by the lack of closure for isomorphous differehRess = Y n||Fo| — |Fcl|/3nlFol, whereF, andF. are observed
and calculated structure factor amplitudBgs is the same aBeys: for 10% of the data randomly omitted from refinemerthe rms deviations for
bond lengths and bond angles are the rms deviation for ideal stereochemical values.

of inspection of &, — F. andF, — F. electron density maps

sequence encoded by the cDNA (subsequent residue num-

and anomalous difference Fourier maps. The structures ofberings reflect this truncation). This was done because we

AtHPPD andRrHPPD-869 were refined with the program
REFMAC including the refinement of rigid-body, overdl-

factors and individuaB-factors, closely monitored by the
behavior of theRyee Reyss and geometry parameters.

had previously determined that the N-terminus of HPPD
purified from a native plant source (maize seedlings) was
truncated relative to the full-length cDNA-encoded sequence
(unpublished data). The truncatedHPPD was overex-

Successive rounds of rebuilding and refinement were carriedpressed irk. coliand purified to homogeneity. The structure

out to achieve the findRystS andRqee's. BecauséAtHPPD—

of the purified enzyme was solved by multiple isomorphous

869 andAtHPPD-645 complexes were crystallized with the replacement and refined to 1.8 A (Table 1). The enzyme

same monoclinic space group?) asAtHPPD and had very

forms a homodimer (Figure 2a), whereas Bseudomonas

similar unit cells, the rigid-body refinements were sufficient fluorescens(PfHPPD) structure (Protein Data Bank code
to locate the 3D positions of the protein structure of the 1CJX) is homotetrameric1Q). The eukaryotic enzyme

complexes when the structure AfHPPD was used as the

exhibits two distinct structural domains, similar to the

initial model. The ligand structures were modeled on the PfHPPD topology, with an open twisted mixed and barrel-

basis of inspection of2, — F. andF, — F; electron density

shaped3-sheet surrounded hy-helices.

maps. Some adjustments to both the side and main chains A significant difference between the structures lies in the
were required to make a good match between the model andc_terminal helices. INAtHPPD, the electron density for
electron density map. The same procedures used in solVingesidues after Asn402 is not well defined, and even main

the AtHPPD andRnHPPD-869 structures were used to
refine theAtHPPD—-869 andAtHPPD—-645 structures.

RESULTS AND DISCUSSION

Comparison with the Microbial HPPD Structure. Arabi-
dopsis thalianaHPPD @AtHPPD) was truncated at the

chain atoms have high isotropic displacement parameters
(>40 A?), whereas irPfHPPD, this C-terminal helix is well
defined with low isotropic displacement parameter@Q—

35 A?) for most of the atoms and fits more tightly with the
core of the twistegh-barrel. AtHPPD has a long and flexible
loop (Val378 to Gly397) preceding the C-terminal helix with

N-terminus by 21 amino acids relative to the full-length a disulfide bond between Cys380 and Cys395. This 19-
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Ficure 2: Ribbon diagram of the structures of @HPPD-869
and (b) RFHPPD-869 homodimer. The red axes represent the
2-fold rotation axis between the two monomers. The 2-fold axis in
the AtHPPD dimer is collinear with the crystallographic 2-fold axis.
The axis in theRnHPPD-869 dimer is a noncrystallographic 2-fold
axis. The inhibitor DAS869 is located within each of the active
sites and colored in the standard element colors. Theazimelices
are labeled HEH9.

Yang et al.

the crystals is also not readily discerned. The iron found in
the PTHPPD crystals was determined to be in the ferric form
(12). Because we cannot distinguish these two metal ions in
our structures and do not have direct experimental evidence
as to their oxidation states, we refer to the active site metal
ion cofactor as M.

The metal ion in théAtHPPD structure is coordinated by
His205 (N:2 atom), His287 (M2 atom), Glu373 (@1 atom),
and three water molecules forming an octahedral complex
(Figure 3a), in common with other members of theto-
glutarate-dependent dioxygenase famid@,(30. PfHPPD
also has three residues (His161, His240, and Glu322) binding
to the metal ion. The rms deviation ofoCof these three
residues between the plant and microbial proteins is only
0.17 A. However, the coordination found RHPPD is in a
distorted tetrahedral geometry with the fourth coordination
site of PIHPPD being provided by the oxygen atoms of an
acetate molecule.

We first selected the inhibitor DAS869 (Figure 1) for
cocrystallization withAtHPPD as it is a potent inhibitor of
both plant and rat HPPD&s( = 7 and <20 nM, respectively)
and exhibits good herbicidal activitg). DAS869 has bulky
substituents relative to other HPPD inhibitors in our collec-
tion and so could potentially define the topography of the
binding pocket to a greater extent. The structure of the plant
enzyme-inhibitor complex AtHPPD-869) was solved by
molecular replacement and refined to 1.8 A resolution. The
structure of AtHPPD—869 was superimposed on that of
AtHPPD using the program Q7). The rms deviation was
0.38 A over 364 @ atoms. Inspection of the superimposed
structures did not reveal any gross differences in the main
chain atoms between the ligand-bound and unbound forms.
The overall orientation of the inhibitor DAS869 within the
active site pocket is shown in Figure 4.

In the enzyme-inhibitor complex, the three amino acids
coordinating to the metal ion remain the same but two
coordinating water molecules have been displaced by the

residue insertion appears to be unique to plant HPPDs based,3-diketone moiety of the DAS869 inhibitor (Figure 3a,b).
on sequence alignments comparing the currently availableThe distances from the oxygen atoms to the metal ion were
plant HPPD sequences with many sequences from otherrefined to a range of 1:92.4 A. This maintains the
organisms. This loop is disordered such that electron densityoctahedral geometry and provides a strong ligand orientation

is often not evident for residues 38389. The corresponding

loop in PTHPPD (Lys327 to Phe332) is significantly shorter
and well defined and so may directly limit the possible
orientations of the C-terminal helix. An additional difference

and binding force. All potent HPPD inhibitors in the
structural classes described to date contain an acidic 1,3-
diketone moiety 13—15), and the coordination of both
inhibitor oxygens to the active site metal ion is clearly an

near the active site between the plant and microbial structuresessential element for tight binding.

is located in the3-sheet loop between Alal87 and Leul99
of PfHPPD. These residues form two strandgefheet that

In addition to metal coordination, the inhibitor binding site
involves the side chains of several residues, most notably

loop over the top of the binding pocket and are close to the the phenyl groups of Phe360 and Phe403, which form a

C-terminal helix. INAtHPPD, this section (Ala230 to Gly243)

sr-stacking interaction with the benzoyl moiety of DAS869

is not resolved and may indicate that this binding site is more (Figures 3b and 4). Phe403 is part of the C-terminal helix

accommodating than that RfHPPD.
HPPD Active Site.The active site oAtHPPD is located
within an open twisted barrel-likg sheet. In common with

that remains unresolved after residue 402 in unliganded
AtHPPD. The presence of the ligand therefore appears to
anchor this C-terminal helix resulting in good electron density

other members of this dioxygenase family, the required metal visible out to Lys408. The Niert-butyl group on the ligand

ion at the catalytic center of the active enzyme is'F&his
ion may not be tightly bound during purification because
the purified enzyme had low activity without added’Fe

Because 3 mM cobalt chloride was present in our crystal-

pyrazole has a tight fit against Pro259 and causes a shift of
~0.5 A compared to its position in uncomplexatHPPD.

No hydrogen bonding interactions with the inhibitor were
detected.

lization conditions and no exogenous iron was added, the For a detailed comparison of inhibitor interactions between
metal ion at the active site in our crystals may be iron or a plant and mammalian enzyme, the HPPD from rat
cobalt. The oxidation state of the metal iohq or +3) in (RmHPPD) was cloned, overexpressedBn coli, purified,
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Ficure 3: Stereodiagrams of the active sites of the A#IPPD,

(b) AtHPPD-869, (c)RrHPPD-869, and (dAtHPPD-645 struc-
tures. Two histidine residues (His287 and His205 AdHPPD,
His183 and His266 foRrHPPD-869) and a glutamic acid residue
(Glu373 forAtHPPD, Glu349 foRnHPPD-869) bind to the active
site metal ion. Three water molecules also bind to the ion and form

Biochemistry, Vol. 43, No. 32, 2004.0419

FiGure 4: Active site pocket ofAtHPPD occupied by inhibitor
DAS869. The metal ion coordinated by the inhibitor lies at the
base of the pocket. The phenylalanine residues 360 and 403 that
form as-stacking interaction with the inhibitor are labeled.

occurs in the interaction of the N+t-butyl group of the
inhibitor with Pro239 inRrHPPD-869. Overlap of the
protein backbones of the two structures indicates that Pro239
is not displaced ilRrHPPD—-869 as was seen for Pro259 in
AtHPPD-869 (Figure 6); thus, this region is more restricted
in the mammalian enzyme. Like the microbRIHPPD but
unlike the plantAtHPPD, the rat enzyme has a short rigid
loop (His354 to Gly358) before the C-terminal helix, which
may directly limit the flexibility and the possible orientations
of the helix.

Plant-Selectie HPPD Inhibitors Detailed information on
the relative selectivity of HPPD inhibitors has not been
reported previously. We therefore screened a Dow Agro-
Sciences collection of over 1000 HPPD inhibitors against
both plant and mammalian HPPDs using a novel microplate-
based assay of HPPD. A total of 950 of 1024 compounds

an octahedral coordination system. Two water molecules are tested hadso values below 1G:M. The large majority of

displaced by the 1,3-diketone moiety from the inhibitor in the

inhibitors tested were equipotent on the enzymes from both

ligand-bound structures. Two phenylalanine residues (Phe360 andpjant and mammalian sources, but six compounds were

Phe403 in theAtHPPD—-869 structure, Phe336 and Phe364 in the
RrHPPD-869 structure) also form a-stacking interaction with
the inhibitor. The phenyl ring of Phe403 rotates away to avoid steric
clash when DAS645 binds to thitHPPD active site.

and cocrystallized with DAS869RHPPD-869). At- and
RmHPPD have only 29% amino acid sequence identity, yet
their overall structures are very similar (Figure 2). However,

identified that showed significant selectivity (from 50 to
>1600-fold) for inhibition of the plant enzyme. All six
compounds had substitution patterns that included a phenyl
substitution at C3, dert-butyl substitution at N1 of the
pyrazole ring, or both. DAS645 (Figure 1) contained both
of these features and was remarkably selective for the plant
enzyme. It had arso for AtHPPD of 12 nM, whereas no

superimposition of the structures shows that there are somesignificant inhibition of RrHPPD could be detected at

regions that do show some structural differences (Figure 5).

The ligand binding features &rHPPD are very comparable
to AtHPPD-869 (Figure 3b,c). One prominent difference

concentrations up to 20M DAS645 even with prolonged
(3 h) incubation with the enzyme. The compound also had
modest levels of herbicidal activity. This ligand was therefore
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Ficure 5: Stereodiagram of the superimposed HPPD structuresttdPPD (green)RrHPPD-869 (blue), andPfHPPD (yellow). The

metal ion (M) in the active site is shown as a magenta sphere. Five significant structural differences between the plant and mammalian
protein are labeled-ae. Regions a and b are located on the domain associated with the dimer interface, and regions c, d, and e are located
in the domain containing the active site. The alignment was done using the program SQRI®IRPD-869 andPfHPPD were aligned

against theAtHPPD structure. The rms deviations were 2.6 A over 380afms forRrHPPD-869 and 3.0 A over 325 € atoms for

PfHPPD.

Phe364
FicURe 7: Superimposed C-terminal helices AHPPD (green)
FIGURE 6: Superimposed views of Pro259 atHPPD (green), andRrMHPPD-869 (blue) structures. Enl A dISplacement of the

AtHPPD-869 (yellow), andAtHPPD—645 (pink) and the equivalent ~ AtHPPD Phe403 relative tBrHPPD Phe364 is shown.
Pro239 ofRrHPPD-869 (blue).

and listed in Table 2. The combined rms deviation for the

a useful compound to probe the structural basis of plant 58 Co. atoms of the first six helicedi1—H6, which are
selectivity. remote from the binding site, are relatively low, under 0.093

AtHPPD in Complex with a Plant-Seleati Inhibitor. The A for all Arabidopsisstructures and 0.28 A for thBn-
structure of DAS645 in complex witAtHPPD AtHPPD- HPPD-869. For the sevendatoms of the C-terminal helix
645) was solved and refined to 1.9 A resolution. The ligand H9, however, the deviations are 0-10.23 A for the
binding site is similar toAtHPPD—-869 but with a few Arabidopsisstructures and 0.58 A faRrHPPD-869. Thus,
notable differences. One such difference is the positioning the C-terminal helix is shifted relative to the first six helices
of the s-stacking network around the benzoyl moiety in in all the structures, but especially in tiRrHPPD-869
AtHPPD-645. Because of the steric presence of the 3-(2,4- structure.
dichlorophenyl) substitution on the pyrazole, Phe403 has The rat enzyme contains a short five-residue turn (His354
rotated away from the inhibitor (Figure 3d). This significant to Gly-358) preceding the C-terminal helix, similar to the
movement of Phe403 was not seen in the structures of severaPfHPPD enzyme, whereas tAeabidopsisenzyme contains
enzyme-inhibitor complexes without the 3-phenyl pyrazole a unique long disordered loop (Val378 to Gly397). The

substitution (data not shown). AtHPPD sequence also contains Gly-Gly pairs before and
Another significant difference involves the positions of after Cys395, just before the start of the C-terminal helix,
the C-terminal helix (residue 400 and above)AdHPPD, that are not present in the rat sequence and could act as hinge

AtHPPD-869, andAtHPPD-645, which have created a regions. Thus, the C-terminal helix 8tHPPD appears to
slightly more open active site than the C-terminal helix in be slightly hinged to the protein, whereas that ofmelPPD
RMHPPD-869. Thus, Phe403 is placed further from the is not.

center of the active site in the plant enzyme compared to In both the plant and mammalian HPPD structures, the
the mammalian enzyme, which can allow larger inhibitor C-terminal helix packs against another heliXy. This is
molecules to bind in the plant active site (Figure 7). This preceded in theArabidopsis enzyme by a five-residue
can be demonstrated with a quantitative assessment of thesegment that contains four prolineédPSPPP9, whereas
relative positions of the helices in the aligned structures. The in the rat enzyme, heli¥7 is preceded b§°AVPS?%. This
structures oAtHPPD-869, AtHPPD-645, andRrHPPD- difference leads to the helid7 of AtHPPD being dislocated
869 were aligned with th&tHPPD structure, and the rms  relative to that of th&knrHPPD-869 structure. Quantitatively,
deviations for the @ atoms in each helix were calculated the rms deviation of the ninedCatoms ofRrHPPD—-869 is
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Table 2: Comparison of rms Deviations of thet@toms of Helices in Ligand-Bound HPPD Structures Aligned with Unligand#édPPD

Sequences of helices R.m.s. deviation relative to
AtHPPD structure (A)

Arabidopsis HPPD AtHPPD- | AtHPPD- | RnHPPD-

Rat HPPD 645 869 869

3TTNVARRFSWG*..'°°SCRSFFSS* 2. 12 AESAFSISVA? ..

3OKQAASFYCNK®?... ®* EMGDHLVK®®... 1°°CEHIVQKARE ...
© © 0.093 0.074 0.28

2MGPALTYVAGFT?..272QIQTYLEHN?®.. 2°° TFRTLREMRK>"*

19YESASEWYLKNL2%, 2°1QIQEYVDYN?%°..2’*IITTIRHLRE?®®

320 328

ros LYYONLKRR °/ 0.28 0.17 1.15
SYYRLLKQN

337 3

- QIKECEEL** 0.24 0.081 0.28
DMDVLEEL

399GKGNFSE**®

360 6AGNFNS 0.11 0.23 0.58

) -8

Glu373
‘Glnasa A
TN | Phe403
H |

Asn402

I'

»4 4 Tyr321

Pro318

Lys327

Ficure 8: Hydrogen bond chain observed near the active site of
AtHPPD-869 linking helix 7 with the active site metal ion through
three hydrogen bonds. Phe403 forms-atacking interaction with
the bound inhibitor. A similar hydrogen bond chain via equivalent
residues is found in thRrHPPD—-869 structure.

relatively high, 1.15 A (Table 2). This may account for the
differing positions of the C-terminal helix between plant and
mammalian structures.

A network of hydrogen bonds was noted near the C-
terminus and active sites of botktHPPD andRrHPPD-
869 consisting of Tyr321, GIn358, Glu373 (M ligand), and
Asn402 in the plant enzyme (Figure 8) and Tyr295, GIn334,
Glu349 (M ligand), and Asn363 in the rat enzyme. The
tyrosine residue (from helikl7) forms a direct H-bond with
the asparagine frol9 and can greatly restrict the position
of the key adjacent phenylalanine residdHPPD Phe403,
RmMHPPD Phe364.) The rat enzyme C-terminal helix is held

closer to the active site than the plant enzyme C-terminal
helix resulting in @ and @3 atoms of Phe364 of the rat
enzyme being abdu A closer to its active site than those
of Phe403 inAtHPPD (Figure 7). In order for DAS645 to
bind to the rat enzyme, its 3-(2,4-dichlorophenyl) ring would
inevitably be much closer to thefGatom of Phe364 than it
actually is to the @ of Phed403 in plant enzyme. The
C-terminal helix of rat enzyme would therefore have to move
considerably to accommodate the substituted phenyl ring of
the inhibitor. This helix rearrangement may be difficult to
achieve in the rat enzyme because of the short unhinged turn
preceding this helix and the H-bond chain mentioned above.
This could explain why DAS645 has very high affinity for
the plant enzyme yet undetectable inhibition of the rat
enzyme.

An additional contribution to selectivity apparently occurs
in a separate region of the active site. Ligands containing
an Nltert-butylpyrazole, such as DAS645 and DAS869,
displace the Pro259 ring atoms distally by about 0.5 A
compared to their position in the nativeHPPD structure.

In RrHPPD-869, it appears that the equivalent Pro239
cannot be readily repositioned, leaving the region slightly
more restricted and the ligand binding site smaller in the rat
enzyme (Figure 6). Th&MHPPD Pro239 is held in place
by adjacent residue Met238. The side chain of this residue
is longer than the corresponding plant residue Leu258 and
is already tightly packed against the core of highly stable
residues such as Ile96, Tyr139, and Tyr200. The main chain
of the H4 helix in the rat enzyme prohibits movement of
the other adjacent residue lle240 in a similar fashion. These
steric barriers prevent the rat Pro239 from shifting like the
plant Pro259. The rat enzyme must accommodate the N1-
tert-butyl group of DAS869 by a displacement of the
inhibitor toward the center of the ligand binding site instead.

Summary of Basis for Inhibitor Seledty. Combining the
three key structural differences that were observed, we
propose a rationale for the plant selectivity of DAS645 and
other plant-selective inhibitors of HPPD. AtHPPD-869,
Phe403 is further away from the metal ion binding site than
corresponding Phe364 RrHPPD-869. AtHPPD also has
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a more flexible C-terminal helix and more movable Pro259 10
than the rat enzyme. An inhibitor such as DAS645, contain-

ing both an Nitert-butyl group and a substituted 3-phenyl
pyrazole, is able to bind to the metal ion while avoiding steric 11
clashes by relocating Phe403 and displacing Pro259 distally,
accommodating the bulky inhibitor in the plant enzyme. In
contrast, this same inhibitor will collide with tieRrHPPD

Phe364 because the inhibitor is displaced toward Phe364 and 12.

away from Pro239, while the Phe364 cannot rearrange due
to C-terminal helix inflexibility. The size, geometry, and
substitution patterns of the inhibitor are key factors in
generating its selectivity and these steric barriers can reduce
the binding affinity dramatically.

This study has provided a detailed visualization of inhibitor
binding to HPPDs from both plant and mammalian sources
so provides a new and useful basis for the design of novel
herbicides and drugs targeted at HPPD. Our discovery of
highly selective inhibitors of the plant enzyme and the
subsequent insights into the structural basis of plant selectiv-
ity offer unique and powerful tools for the design of
agrochemicals with improved toxicological profiles. Similar
studies combining detailed structural information with the
results from screens for selective inhibitors using other target
sites may enable a wider variety of targets that are shared

by both pests and vertebrates to be exploited for safer and 17.

more effective chemical crop protection.
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