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ABSTRACT: Di- and triketone inhibitors of (4-hydroxyphenyl)pyruvate dioxygenase (HPPD) are both effec-
tive herbicides and therapeutics. The inhibitory activity is used to halt the production of lipophilic redox
cofactors in plants and also in humans to prevent accumulation of toxic metabolic byproducts that arise
from specific inborn defects of tyrosine catabolism. The three-dimensional structure of'tlierfReof

HPPD fromStreptomyces:grmitilis in complex with the inhibitor 2-[2-nitro-4-(triflouromethyl)benzoyl]-
1,3-cyclohexanedione (NTBC) has been determined at a resolution of 2.5 A. NTBC coordinates to the
active site metal ion, located at the bottom of a wide solvent-accessible cavity in the C-terminal domain
of the protein. The iron is liganded in a predominantly five-coordinate, distorted square-pyramidal arrange-
ment in which Glu349, His187, and His270 are protein-derived ligands and two other ligands are from
the B and 7 oxygens of NTBC. There is a low-occupancy water molecule in the sixth coordination site
in one of the protomers. The distance to His270 is unusually long at 2.5 A, and its orientation is some-
what distorted from ideal ligand geometry to within 2.8 A of the inhibitor nitro group. In contrast to the
tetrameric quartenary structure observed for HPPD from other bacterial sources, the asymmetric unit is
composed of two weakly associated protomers with a buried surface area of 22661 A total of 12
hydrogen-bonding and no electrostatic interactions. The overall tertiary structure is similar to that of HPPD
from Pseudomonas fluoresce(ferre et al., (1999%tructure 7 977-988), although the position of the
C-terminala-helix is dramatically shifted. This C-terminathelix provides Phe364, which in combination

with Phe336 sandwiches the phenyl ring of the bound NTBC; no other significant hydrogen-bonding or
charge-pairing interactions are observed. Moreover, the structure reveals that, with the exception of Val189,
NTBC makes contacts to only fully conserved amino acids. The combination of bidentate metal-ion
coordination andz-stacked aromatic rings is suggestive of a binding mode for the substrate and/or a
transition state, which may be the origin of the exceedingly high affinity these inhibitors have for HPPD.

With the exception of a number of Gram positive bacteria, nuclear non-heme dioxygenases and catalyzes the complex
(4-hydroxyphenyl)pyruvate dioxygenase (HPPB)ommon transformation of (4-hydroxyphenyl)pyruvate (HPP) to ho-
to all aerobic organisms and catalyzes the second step inmogentisate (HG) (Scheme 1).
the pathway for the catabolism of tyrosirig.(HPPD belongs The primary metabolic function of tyrosine catabolism
to the o-keto acid-dependent subgroup of ferrous mono- yaries across kingdoms. While the pathway produces ener-
getically exploitable glucogenic and ketogenic products, it

T This research was supported by the National Institutes of Health

Grant DK59551 to G.R.M. has particular importance in plants, where an anabolic branch
* Atomic coordinates of the HPPBe!-NTBC complex have been ~ from homogentisate leads to the production of the essential
deposited in the Protein Data Bank (ID code 1T47). quinonoid redox cofactors, plastoquinone and tocoph@jol (
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Chemistry and Biochemistry, University of WisconsiMilwaukee, (Scheme 1). Allelopathic triketone alkaloids, such as lepto

3210 N. Cramer St., Milwaukee, Wisconsin 53211-3029. Telephone: SPermone, from myrtaceous plants inhibit HPPD and thus
414-229-5031. E-mail: moran@uwm.edu. suppress the growth of nearby plants by preventing the for-

ﬁgQis\;elir:ci;yF?;rmiiicazsi\i/:r'\sﬂiitlyg?K/?:dicine and Science mation of these vital quinonoid8,(4). These observations led
1 Abreviations: HEPESN-(z-hydroxyethyl)piperizineq'-(z-'ethane to the development of a number of structurally related synthe-

sulfonic acid); HPPD, (4-hydroxyphenyl)pyruvate dioxygenase; HPP, tic inhibitors designed to act as herbicides by specific inhibi-
(4-hydroxyphenyl)pyruvate; NTBC, 2-[2-nitro-4-(triflouromethyl)ben-  tion of HPPD 6—12). One of these inhibitors, mesotrione,

zoyl]-1,3-cyclohexanedione; HG, 2,5-dihydroxyphenylacetate; T1Y, ; A ; ; P ;
hereditary type 1 tyrosinemia: PEG, poly(ethylene glycol): APS. is the active ingredient in the broad leaf herbicide, Callisto (by

Advanced Photon Source; NCS, noncrystaliographic symmetry; MOE, Syngenta) 13, 14). Interestingly, another of these inhibitors,
Molecular Operating Environment. 2-[2-nitro-4-(triflouromethyl)benzoyl]-1,3-cyclohexanedi-
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one (NTBC) has been employed therapeutically to treat type or its accumulation in cartilage and the epidermis. Debilitat-
1 tyrosinemia (T1Y) and more recently alkaptonudi&, (16). ing chronic symptoms result when accumulation of ochro-
Hereditary T1Y is a fatal autosomal recessive disease thatnotic polymers in cartilage and collagenous tissue cause
causes hepatic failure, liver cirrhosis, and an early onset of arthritic disability. Recently, NTBC, has been used success-
primary liver cancerX7). This disease is the result of a defect fully to treat alkaptonuria patientd.§).
in the last catalytic step of tyrosine catabolism, the reaction The ferric form of HPPD fronPseudomonas fluorescens
of fumarylacetoacetase. Individuals deficient in this activity in complex with acetate has been previously reporgg. (
accumulate high quantities of hepatotoxic, electrophillic This structure revealed the similarity of the fold of HPPD
compounds such as succinylacetoacetate and succinylacetort® that of a number of extradiol dioxygenase enzymes having
(Scheme 1). Prior to the therapeutic use of HPPD inhibitors, duplicate -barrel topology in the N- and C-terminal
the only treatment for T1Y was liver transplantation. Patients domains, indicative of gene duplicatioRl( 22). However,
treated with NTBC, administered as Nitisinone (Swedish the structure provided no direct information pertaining to
Orphan Int. AB), now live essentially normal lives, experi- key catalytic or inhibitory complexes of the enzyme. Here,
encing the relatively mild side effects of elevated blood we present the first structural characterization of the complex
tyrosine that result in a low incidence of ocular lesions. These of HPPD in its ferrous form with the paradigm example of
side effects, in part, mimic both the symptoms of types Il the known triketone inhibitors, NTBC. The kinetics of
and Il tyrosinemia {5, 18). association of NTBC with the ferrous form of HPPD from
The first autosomal recessive Mendelian disease trait Streptomyces:grmitilis was recently demonstrate®3). In
identified was alkaptonuria and results from a deficiency of this earlier investigation, it was definitively shown that the
active homogentisate 1,2-dioxygenase that leads to theexocyclic enol of the inhibitor (Scheme 1) binds exclusively
accumulation of the hydroquinone, homogentisa®.(This to the metal ion of the ferrous form of the enzyme. The
molecule undergoes facile nonenzymatic oxidation and association occurs in three steps, the last two of which
polymerization to yield a highly colored, structurally un- produce charge-transfer absorbances~&50 nm. The
characterized substance known as the ochronotic pigmentenzyme-inhibitor complex was shown to be irreversibly
Individuals who have this condition have conspicuous associated and unreactive toward dioxygen, thus maintaining
symptoms associated with excretion of the pigment in urine the Fé oxidation state. This latter observation provided an
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opportunity to crystallize the ferrous enzymiahibitor

; = Table 1: Crystal Parameters and Refinement Statistics
complex under aerobic conditions.

space group A P2,2:2

EXPERIMENTAL PROCEDURES cell dimensions (%) Az
. . . =56.2
Materials. HPPD from S. aermitilis was purified as  ; cutoff ‘;,0

previously described2d) and had a specific activity of 7 resolution range (A) 30:02.5 (2.61-2.50y
s L. NTBC was provided as a gift from Syngenta. Magne- total no. of reflections 555914
sium acetate was purchased from Fisher Scientific. Poly- N0- of unique reflections 25574

no. of reflections used in refinement 23810 (2451)
(ethylene glycol) (PEG) 3350 (50%), VDX greased crystal- completeness (%) 95.5 (75.3)
lization well plates, 22-mm siliconized cover slides, paratone, Ry, (%) 5.9 (19.8)
and paraffin were each purchased from Hampton Research Riee (%) 23.8(36.4)

R factor (%) 17.8 (26.9)

Ferrous sulfate was purchased from Sigrddrich.

Preparation of the HPPEFE'-NTBC ComplexThe com-
plex of active HPPD with NTBC was made under anaerobic

conditions using an adaptation of the method of Kavana and

Moran 23). A 4.9-mL solution of apo-HPPD (414M) with
NTBC (457uM) in a 20 mM HEPES buffer at pH 7.0 was
made anaerobic in a tonometer at’@ by 36 cycles of

Ramachandran most favored/additional {%6$7.5/12.5

overall mean temperature factor3A 24.3
rmsd from ide&l
bond lengths (A) 0.007
bond angles (deg) 15

aNumbers in parentheses represent the last shell valddsst
favored and additional regions as defined by PROCHEZK. € Root-
mean-square deviations from Engh and Huber ideal vak®s (

vacuum and argon, with time for equilibration between each
set of three exchanges. Ferrous sulfate (48 final
concentration) was then added from a side arm to give aformed with RESOLVE and took place iteratively with 50
final concentration of 41%M HPPD-F€'-NTBC complex, rounds of the autobuilding/rebuilding function of RESOLVE
which had a distinctive citrine color because of the metal  (27). RESOLVE located 560 amino acid residues with side
ligand charge-transfer absorbance. chains belonging to two protomers.

Crystallization of the HPPEFe!*NTBC ComplexThe The preliminary protein model determined by RESOLVE
initial crystallization conditions for HPPD froi8. avermitilis clearly demonstrated a similar tertiary structural architecture
were obtained using a PEG ion screen from Hampton to the previously reportedP. fluorescensenzyme. The
Research. The crystals of the complex were clustered needle$mproved phases were sufficient to calculate an electron
(individually 50 x 50 x 300uM) that appeared within-310 ~ density map into which the missing residues could be
days at £C by the vapor diffusion “hanging-drop” method. manually built using the program “0"2g) and loosely
The composition of the well (500L) was 15% PEG 3350 following the path of theP. fluorescengolypeptide. The
and 0.4 M magnesium acetate at pH 7.4. The dropu1)0 difference density, after several rounds of building in “O”
was prepared by mixing equal volumes of the protein and refining with XPLOR 29), allowed for placement of
inhibitor complex and the well solution. For cryoprotection, an NTBC molecule into each active site, liganded to the iron
HPPD crystals were washed for a few seconds in the well atom. Once the initial model had been built, the data to 2.7
solution, followed by a brief wash in a 1:3 mixture of A were rescaled, averaging the anomalous contributions, and
paratone and paraffin oil that preceded rapid cooling in liquid merged with the 2.5-A data set, using SCALEPACK. This
nitrogen and storage at 7K. merged data allowed for additional refinement.

Structural DeterminationAll diffraction data were col- Substrate ModelingAn in vaccuo model of HPP com-
lected at Advanced Photon Source (APS) (Argonne, IL). A plexed to F&was minimized using the Molecular Operating
partial data set was initially collected at SERAT (22-1D) Environment (MOE) (Chemical Computing Group). The
but radiation damage compromised the diffraction properties metal ion of this complex was superimposed with the iron
of the crystal before data collection could be completed. atom of the inhibitor complex and rotated so that the position
Subsequently, a complete data set was collected at-SBC of the phenol ring was aligned with the phenyl ring of NTBC.
CAT (19-ID) using a new crystal. Data were collected at No further minimization was applied to this model.
the experimentally determined peak anomalous wavelength
(1.7405 A) at a resolution limit of 2.7 A. A third crystal
provided a complete data set at 2.5 A using 1.0-A radiation
(19-BM). Stability of the HPPBFe'-NTBC ComplexThe apparent

Observation of the symmetry and systematic absenceslong-term stability of the complex of HPPD with NTBC in
showed the crystal to be of tiR2,2,2 space group with unit-  air was previously demonstrated at@ (23). To confirm
cell dimensions of 81.% 162.0x 56.15 A. This corresponds  the long-term aerobic stability of this complex, this experi-
to two protomers per unit cell and a 44% solvent content. ment was repeated at room temperature. The complex was
The data were processed, scaled, and merged with HKL2000made anaerobically and exposed to atmospheric molecular
and SCALEPACK 25). The data collected at the peak oxygen, and the spectra were taken over a period of 2.5 days.
wavelength were analyzed with SOLVES), thus, locating The holoenzyme in the absence of the inhibitor oxidizes at
and refining the positions of two iron atoms of the asym- a rate of 0.01 s' (24); if NTBC were released from the
metric unit and giving a mean figure of merit of 0.31. enzyme at an appreciable rate, oxidation of the holoenzyme
Modification of the initial phase information including would be observed as a loss of the metal to ligand charge-
solvent flattening, histogram matching, noncrystallographic transfer absorbance. No significant change in the absorbance
symmetry (NCS), and local pattern recognition was per- at 450 nm was observed during the 2.5 days of observation,

RESULTS
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molecules. In both protomers of the asymmetric unit, the
first 15 and the final 4 amino acid residues are disordered
and the loop (residues 24253) and the single helical turn
and loop (residues 217225) show high-temperature factors.

Approximately 3% of the residues were incompletely
modeled as alanine or glycine because of the disorder of
their side chains; most of these were arginine, lysine, or
glutamate or were within high-temperature-factor regions.
The final model has & value of 17.8% Riee = 23.8%).
Table 1 lists statistics from the model and the merged data
set.

Despite low sequence similarity~B0% identity), theS.
avermitilis monomer structure is similar with respect to the
secondary structure of thRe. fluorescensenzyme, though
the majority of the loops are significantly different. The
structure is comprised of two topologically similgsbarrel
domains, inverted and pivoted through®#Bith respect to
one another, suggesting gene duplication. The root-mean-
square (RMS) deviation of thé-barrela-carbon positions
compared with thé®. fluorescensstructure is 1.3 A. There
are two significant differences in the placement of the
secondary structure elements relative to hdluorescens
enzyme structure. The first is thfestrands and intervening
turn 130-143 (residues 166116 inP. fluorescensthat pack
differently because of the increased length of gtetructure
and the position of the turn, which differy & A between
structures. The second difference is that the C-termiralix
is displaced out of the active site by40° (Figure 1).

The two protomers in the asymmetric unit form an
interface that buries 1266*48.3%) of the monomer solvent-
accessible surface. The residues in this interface are 44%
polar with 12 potential hydrogen bonds and no salt bridges
Ficure 1: Structural overlay of individual protomers from tBe that span the two protomers. Although the interface of the

avermitilis (blue) to that ofP. fluorescenggray). NTBC is depicted . A
in the active site of theS. aermitilis structure. The apparent - @ermitilis enzyme shares a significant degree of sequence

differences in orientation of the C-terminal helix and N-terminal identity (80%) among hydrogen-bonding residues with the
domaing-strands in theS. avermitilis structure are depicted using rat and human enzymes, the fact that this protgirotein

the axes. interface is not seen in the tetrameAcfluorescenstructure
indicating that the complex could be manipulated in the combined with its hydrophilic nature suggests that the
atmosphere without dissociation. interface is unlikely to be important to catalysis. In vivo,

Overall Structure The final model consists of 5838 atoms, this interface is likely to represent the site of either
comprised of 724 amino acid residues and 274 solvent dimerization or some other protefiprotein interaction30).
.

e
p!

Ficure 2: Stereoview of an unbiased difference electron density map using the Fourier coeffigients, (calculated early during the
structure refinement just prior to adding the NTBC atoms to the model) observed near the NTBC superimposed on the final atomic model
of the metal-ion coordination sphere. The electron density suggests an unambiguous placement of the NTBC model.



A

B

HUMAN

6374 Biochemistry, Vol. 43, No. 21, 2004

Accelerated Publications

1 TTYS==mcemccmrcccncen- DKGAKPERGRFLHFHSVTFWVGNAKQAASFYCSKMGFEPLAYRGLETG 52
PIG 1 TSYS==memmccmrcccecenas DKGEKPERGRFLHFHSVTFWVGNAKQAASYYCSKIGFEPLAYKGLETG 52
BARLEY 1 MPPTPTTPAATGAAAAVTPEHARPHRMVRFNPRSDRFHTLSFHHVEFWCADAASAAGRFAFALGAPLAARSDLSTG 76
CARROT 1 MGKKQSEAEILSSNSSNTSPATFKLVGFNNFVRANPKSDHFAVKRFHHIEFWCGDATNTSRRFSWGLGMPLVAKSDLSTG 86
P fluorescens 1 ADLYENPMGLMGFEFIEFASPTPGTLEPIFEIMGFTKVATHR----- 42
S. avermilitis 1 MTQTTHHTP=====ccccccncnna- DTARQADPFPVKGMDAVVFAVGNAKQAAHYYSTAFGMQLVAYSGPENG 57
HUMAN 53 SREVVSHVIKQGKIVFVLSSALN------------ PWNKEMGDH--LVKHGDGVKDIAFEVEDCDYIVQKARERGAKIMR 118
PIG 53 SREVVSHVVKQDKIVFVFSSALN-==========-= PWNKEMGDH- - LVKHGDGVKDIAFEVEDCDYIVQKARERGAIIVR 118
BARLEY 77 NSAHASQLLRSGSLAFLFTAPYANGCDAAT--ASLPSFSADAARRFSADHGIAVRSVALRVADAAEAFRASRRRGARPAF 154
CARROT 81 NSVHASYLVRSANLSFVFTAPYSPSTTTSSGSAAIPSFSASGFHSFAAKHGLAVRAIALEVADVAAAFEASVARGARPAS 160
P fluorescens 43 SKN--VHLYRQGEINLILNNEPN--=-=-=-==-==-- SIASYFAAE----- HGPSVCGMAFRVKDSQKAYNRALELGAQFIH 183
S avermilitis 58 SRETASYVLTNGSARFVLTSVIKP--------- ATPWGHFLADH--VAEHGDGVVDLATEVPDARAAHAYATEHGARSVA 126
HUMAN 119 EPWVEQDKFGKVKFAVLQTYGDTTHTLVEKMN-YIGQFLPG-YEAPAFMDPLLPKLPKCSLEMIDHIVGNQPDQEMVSAS 196
PIG 119 EEVCCAADVRGHHTPLDRARQVWEGTLVEKMT-FCLDSRPQ-PSQTLLHRLLLSKLPKCGLEIIDHIVGNQPDQEMESAS 196
BARLEY 155 APVDLGR---GFAFAEVELYGDVVLRFVSHPDGTDVPFLPGF--EGVTN----PDAVDYGLTRFDHVVGHNVP--ELAPAA 223
CARROT 161 APVELDD---QAWLAEVELYGDVVLRFVSFGR-EEGLFLPGF--EAVEGTASFPD-LDYGIRRLDHAVGNVT--ELGPVV 231
P fluorescens 104 IDTGPME----LNLPAIKGIGGAPLYLIDRFG--EGSSIYD--IDFVYLEGVERNPVGAGLKVIDHLTHNVYRGRMVYWA 175
S avermilitis 127 EPYELKDEHGTVVLAAIATYGKTRHTLVDRTG-YDGPYLPG----YVAAAPIVEPPAHRTFQAIDHCVGNVELGRMNEWY 201
HUMAN 197 EWYLKNLQFHRFWSVDDTQVHTEYSSLRSIVVANYEESIKMP INEPAPGKKK-SQIQEYVDYNGGAGYQHIALKTEDIIT 275
PIG 197 QWYMRNLQFHRFWSVDDTQIHTEYSALRSVVMANYEESIKMP INEPAPGKKK-SOIQEYVDYNGGAGVOHIALKTEDIIT 275
BARLEY 224 AYIAGFTGFHEFAEFTAEDVGTTESGLNSVVLANNSEGVLLP LNEPVHGTKRRSQIQTFLEHHGGPGVQHIAVASSDVLR 303
CARROT 232 EYIKGFTGFHEFAEFTAEDVGTLESGLNSVVLANNEEMVLLPLNEPVYGTKRKSOIQTYLEHNEGAGVOHLALVSEDIFR 311
P fluorescens 176 NFYEKLFNFREARYF---DIKGEYTGLTSKAMSAPDGMIRIPLNEESSKGAG--QIEEFLMQFNGEGIQHVAFLTDDLVK 250
S avermilitis 202 GFYNKVMGFTNMKEFVGDDIATEYSALMSKVVADGTLKVKEP INEPALAKKK-SOIDEYLEFYGGAGVOHIALNTGDIVE 280
HUMAN 276 AIRHLRER----GLEFLSVP-STYYKQLREKLKTAKIKVKENIDALEELKILVDYD----EKGYLLQIFTKPVQDRPTLF 346
PIG 276 AIRSLRER----GVEFLAVP-FTYYKQLQEKLKSAKIRVKESIDVLEELKILVDYD----EKGYLLQIFTKPMQDRPTVF 346
BARLEY 304 TLRKMRARSAMGGFDFLPPPLPKYYEGVRRLAG--DVLSEAQIKECQELGVLVDRD----DQGVLLQIFTKPVGDRPTLF 377
CARROT 312 TLREMRKRSCLGGFEFMPSPPPTYYKNLKNRVG--DVLSDEQIKECEDLGILVDRD----DQGTLLOIFTKPVGDRPTLF 385
P fluorescens 251 TWDALKKI----GMRFMTAFPDTYYEMLEGRLP----DHGEPVDQLQARGILLDGSSVEGDKRLLLOIFSETLMG--PVF 320
S avermilitis 281 TVRTMRAA----GVQFLDTP-DSYYDTLGEWVG----DTRVPVDTLRELKILADRD----EDGYLLQIFTKPVQDRPTVE 347
HUMAN 347 LEVIQRH--------------- NHQGFGAGN FNSL FKAFEEEQNLRGNLTNMETNGVVPGM 392 46%
PIG 347 LEVIQRN----==--=-==-=-==-- NHQGFGAGNFNSL FKAFEEEQELRGNLTDTDPNGVPFRL 392 41%
BARLEY 378 LEMIQRIGCMEKDERGEEYQKGGCGGFGKGNFSEL FKSIEDYEKSLEAKQSAAVQGS 434 36%
CARROT 386 IEIIQRVGCMLKDDAGOMYQKGGCGGFGKGNFSELFKSIEEYEKTLEAKQITGSAAA 442 38%
P fluorescens 321 FEFIQRK----==-==cceu-- GDDGFGEGNFKAL FESIERDOQVRRGVLATD 357 31%
S avermilitis 348 FEITERH--------------- GSMGEGKGN FKAL FEALEREQEKRGNL 381 51 Identities

FiGURE 3: (A) Active site residues in van der Waals contast(A) with NTBC. (B) Sequence alignment of ti& aermitilis primary

structure compared to that &f fluorescenscarrot, barley, pig, and human. Amino acids depicted in black are not conserved, while those

in red are conserved and those in blue show similarity in all sequences. Sequences underlined are within 10 A of the active-site metal ion.
The identity is indicated at the C terminus as a percentage db tleeermitilis sequence.

Association of NTBCFigure 2 depicts the complex of 7' oxygens that ligand the metal are best-fit to the electron
NTBC with the active site metal ion of HPPD. The inhibitor density when they are out of the plane b{4°, suggesting
is observed to form a bidentate association with the active- that the planar exocyclic enol is not dominant at equilibrium
site metal ion via its 5and 7 oxygens forming a predomi-  on the surface of the enzyme. However, the resolution of
nantly five-coordinate, distorted square-pyramidal complex. the available data does not permit definitive tautomeric
Only one of the two protomers has evidence of a low- assignment of the inhibitor. Thé @xygen makes no contact
occupancy/high-temperature-factor water ligand in the sixth- with active-site amino acids, consistent with the strong
coordinate position. The conformation of NTBC has the two inhibition observed with structurally related diketone inhibi-
rings oriented~80° with respect to one another. Theand tors @, 11, 31). The aromatic ring of NTBC is sandwiched
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FIGURE 4: Stereoview of all amino acid residues wittb A of NTBC (omitting the residues Phe358, Gly359, Val360, and Asn245 for
image clarity). The substrate of the enzyme, HPP, has been modeled into the space occupied by NTBC (shown in green).

Table 2: Fé—Ligand Distances (&) The ubiquitous nature of this pathway in aerobic metabolism,
however, has meant that specific inhibition of HPPD has

ﬁ((ﬁilggfg)) g:g 8%“1-553 2:8 also been of significant therapeutic benefit to mankind,

N (His187) 2.3 O (Hoy 2.4 providing a viable means of eliminating the symptoms of

2 Average distance observed from both protomeHigh-tempera- debilitating and life-threatening inherited illnesses that arise

ture factor and/or low occupancy in one of the two protomers of the from defects in tyrosine catabolism.
asymmetric unit. Despite the importance of HPPD inhibition, a structural
depiction of the mode of this inhibition has hitherto not been

between the phenyl rings of conserved phenylalanines 33greported. The only available structural data was the crystal
and 364 (Figures 3 and 4). The trifluoromethyl substituent Structure of HPPD fron®. fluorescenssolved in the ferric
makes only contact interaction with surrounding amino acids, form of the enzyme and with acetate-liganded monodentate
the closest of which are with the side chains of Asn363 and 0 the metal ion to give a distorted tetragonal geomeagy. (
Leu367. One of the nitro substituent oxygens is 2.8-A from In arecent klnetlg: characterization of th(.e.gssom'a\non of the
the epsilon carbon of His270 as modeled (one of the facial iNhibitor NTBC with HPPD fromS. aermitilis, no interac-
triad of residues that ligands the active-site metal ion). The ion of the inhibitor with the ferric form was observed,
orientation and proximity of the nitro group with respect to whereas complexanon_of the |r_1h|b|t0r with the ferrous form
His270 suggests that rotation of the imidazole ring would Of the enzyme was irreversible. Moreover, the ferrous
permit a direct hydrogen-bonding interaction. In addition, €nzyme-inhibitor complex was maintained in part by a

His270 is also the most distant metal-ion ligand at 2.6 A complete suppression of dioxygen reactivi2g). The latter
from the metal atom (Table 2). phenomenon has provided an opportunity to crystallize and

solve the structure of the inhibitory complex of this form of

Modeling the Substrate-Binding Modeigure 4 depictsa pon ik NTBC bound in the inhibitory site.
proposed conformation and binding orientation for HPP

: : .+ A lack of oxygen reactivity has been predicted for the
based on both the previously observed bidentate association : o
of a-ketoglutarate in a number af-keto acid-dependent complex of NTBC with HPPD; it was proposed that the

enzymes 32—34) and the recent spectroscopic description inhibitor would physically block dioxygen access to the metal

of the HPPD substrate comple3d]. Additionally, the pheny center 86). However, the active-site metal ion in complex

fing of the substrate was placed similarly to that of the with the inhibitor is observed to be predominantly five-
inhibitor. coordinate and the conformation of the inhibitor is such that

it does not prevent access to the metal ion. We can conclude
DISCUSSION that the observed suppression of dioxygen reactivity in the

inhibitor complex is not controlled sterically by the inhibitor

The capacity to synthesize specific inhibitors of HPPD (Figure 2).

gave an evolutionary advantage to a number of plants and In Modeling HPP, it was not possible to simultaneously
lichens as a means of suppressing the growth of competingcoordinate the iron and align the substrate to stack as well
nearby plants. This inhibition prevented the synthesis of as the inhibitor against the two-conserved phenylalanine
homogentisate from HPP in the tyrosine catabolism pathway, residues, suggesting that the protein may adopt more than
thereby halting the production of essential quinonoid redox one conformation during the catalytic cycle (Figure 4).
cofactors used in photosynthesis (Scheme 1). StructuralModeling the substrate into the NTBC volume indicates that
elucidation of these inhibitory alkaloids has led directly to a number of conserved amide residues are available to form
the development of similar molecules for use as herbicides. hydrogen bonds with substrate oxygens in such an orienta-
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tion. In this inhibited structure, Asn363 forms a hydrogen ACKNOWLEDGMENT

bond with GIn334, and either of them would be positioned
to hydrogen-bond with the HPP phenol hydroxyl. GIn334 is
within hydrogen-bonding distance to Glu349 that ligands the
metal ion. These residues (363, 334, and 349) may thus
provide a means to sense the presence of the substrat
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