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ABSTRACT. (4-Hydroxyphenyl)pyruvate dioxygenase (HPPD) incorporates both atoms of molecular oxygen
into 4-hydroxyphenylpyruvate (HPP) to form homogentisate (HG). This reaction has direct relevance in
both medicine and agriculture. In humans, the specific inhibition of HPPD alleviates the symptoms of
diseases that arise from tyrosine catabolism defects. However, in plants, the inhibition of HPPD bleaches,
stunts, and ultimately kills the organism. The reason for this is that in mammalian metabolism the product
HG does not feed into other pathways, whereas in plants it is the precursor for the redox active portion
of tocopherols and plastoquinones. There are a number of commercially available herbicides that directly
target the inhibition of the HPPD reaction. Plant HPPD however is largely uncharacterized in terms of its
catalysis and inhibition reactions. In this study, we examine the catalysis and inhibition of HPPD from
Arabidopsis thaliang AtHPPD). We have expressed AtHPPD and purified the enzyme to high specific
activity. This form of HPPD accumulates two transient species in single turnover reactions with the native
substrate HPP. These transients appear to be equivalent to intermediates | and 11l observed in the enzyme
from Streptomyceglohnson-Winters et al. (2008jochemistry44, 7189-7199). The first intermediate

is a relatively strongly absorbing species with maxima at 380 and 490 nm. This species decays to a
second intermediate that is fluorescent and has been assigned as the complex of the enzyme with the
product, HG. The decay of this intermediate is rate-determining in multiple turnover reactions. The reaction
of the enzyme with the analogue of the substrate, phenylpyruvate (PPA), is noncatalytic. A single turnover
reaction is observed with this ligand that renders the enzyme oxidized to the ferric form, consumes a
stoichiometric amount of dioxygen, and yields 66% phenylacetate as a product. Additional absorbance
features at 365 and 670 nm accumulate during inactivation and give the inactivated enzyme a green color
but has the same molecular mass as the active enzyme as determined by mass spectrometry.

Earlier studies with a bacterial form of HPPdicated The reaction catalyzed by 4-hydroxyphenylpyruvate di-
that triketone inhibitors associate slowly in multiple steps oxygenase (HPPD) is the first committed step of tyrosine
to form an irreversible complex with the active site ferrous catabolism and is common to virtually all organisms that
ion (Kavana, M., and Moran, G. R. (200Bjochemistry respirate aerobically. HPPD is one of a large family of Fe(ll)-
42, 10238-10245). Inhibition of AtHPPD was observed with  dependent oxygenases that reduce dioxygen to bring about
NTBC, the drug used to treat diseases of tyrosine catabolismthe decarboxylation of an-keto acid (generallyo-keto-
and Mesotrione, the primary HPPD inhibitor sold as a glutarate (AKG)) to drive hydroxylation or oxidation of a
herbicide. These data indicate that the mechanism of as-third substrate that is enzyme specifig.(HPPD is one of
sociation of both molecules is remarkably similar. Moreover, three known exceptions in this family of enzymes that have
the kinetic mechanism of association would appear to be an a-keto acid as part of a substrate that is ultimately
equivalent to that observed in the bacterial form of the hydroxylated and thus do not use AKG. The structure and
enzyme, where a three step binding mechanism results insubstrate-liganding interactions of HPPD are more similar
the formation of an irreversible complex of the inhibitor with  to those of the extradiol-type dioxygenase enzyng&s).
the ferrous holoenzyme. It is therefore assumed that HPPD evolution diverged in
terms of structure from an extradiol dioxygenase progenitor

T This research was supported by the National Institutes of Health and_ Conve_rgec_J in terms of mgchan!sm t_o bindxaketo acid
Grant DK59551. moiety to instigate the reaction with dioxyge#, 6). The
50;IOth9m4fgrrze§gog15d§onCE Shqlt}ld be agressedd Tel: (414) 229 reaction catalyzed by HPPD is particularly interesting

; A'br:\;(iéti(ons:) NTBC. 2-(2-n?g-h-rgﬁfrligrorlfqvg$ﬁ)buénzoyl)-l,s- because the hydroxylation reaction displaces an aceto-
cyclohexanedione; HEPE@\-(2-hydroxyethyl)piperizineV'-(2-ethane  Subsituent in an NIH-shift to the adjacent carbon on the
sulfonic acid)); HPPD, (4-hydroxyphenyl)pyruvate dioxygenase; HPP, aromatic ring (Scheme 1)6). Our laboratory has been

(4-hydroxyphenylpyruvate; HG, homogentisate (2,5-dihydroxyphenyl- inerested in defining the reaction coordinate of HPPD to
acetic acid); PPA, phenylpyruvate; PA, phenylacetatketoglutarate; - . .
AKG.; EPR, electron paramagnetic resonangME, f-mercapto- establish how the transformation from HPP to homogentisate

ethanol; 2HPA, 2-hydroxyphenylacetic acid. (HG) is catalyzed. Using HPPD frotreptomycesve have
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intermediate is either an epoxide or dienone tautomer of the N

product, and the third intermediate is the homogentisate DIKETONITRILE
complex. The identity of the first and most strongly absorbing o

intermediate is unknown. elucidation of the HPPB-¢(11)-)NTBC complex 85). These

The results presented here indicate that AtHPPD sharesStudies settled much of the conjecture that had persisted in
two intermediates with HPPD frotreptomyce¢SaHPPD).  regard to the inhibition of HPPD by such molecules.
Moreover, theStreptomycegnzymes shows no reactivity However, th_e one deficiency of_ these investigations Was.that
with phenylpyruvic acid (PPA)4), whereas AtHPPD will all observations were made with a form o_f HPPD to which
undergo a single abortive turnover with this molecule that SUch molecules are not normally applicable, naturally,
renders the enzyme inactive and does not yield the predictedtherapeutically, or commercially. As such, we have expressed
2-hydroxyphenylacetic acid (2HPA) product. These observa- @nd purified HPPD fronArabidopsis thaliangdAtHPPD) to
tions are at odds with the generally accepted notion that bothestablish if the observations made with NTBC and bacterial
HPP and PPA are substrates for HPFB-{8). HPPD hold more generally.

The activity of HPPD in plants has special significance
in that HG is the branch point to a biosynthetic pathway MATERIALS AND METHODS
that forms tocopherols and plastoquinones. Tocopherols are Materials. NTBC was a gift from Syngenta via Orphan
required for growth and stress responses. Plastoquinoneé?harmaceuticals, and Mesotrione was obtained as a suspen-
shuttles electrons from photosystem Il to photosystem | in sion in Syngenta’s Callisto herbicide. HEPES buffer, Fe(Il)
the chloroplast membrane and also serves as the cofactosulfate heptahydrate, trichloroacetic acitME, HPP, and
for phytoene desaturase, the enzyme that catalyzes the-hydroxyphenylacetic acid (2HPA) were purchased from
committed step of carotenoid biosynthesl®)( Thus, the ACROS. Citrate, streptomycin sulfate, enzyme grade am-
inhibition of HPPD leads to stunting, bleaching, and the monium sulfate, and LB broth were from Fisher Scientific.
eventual death of plants. In the late 1960s, Hellyer observedPPA, sodium hydroxide, HPLC grade acetonitrile, and
the allelopathic capacity of a number of myrtaceous Aus- HPLC-grade methanol were from Sigma-Aldrich Chemical
tralian plants. The active inhibitory agent from these plants Co. Phenyl acetic acid was obtained from Alfa Aesar. The
was found to be leptospermone, a specific inhibitor of HPPD BL21 DE3E. coli cells were from Invitrogen. Agarose and
(20). Other natural HPPD inhibitors such as usnic acid from isopropylf-thiogalactopyranoside (IPTG) were acquired
lichens have also been discoveredl)( The common from ICN Biomedicals. An analytical reverse-phase phenyl
structural motif of these molecules is a 1,3-diketone, emerg- column (4.6x 250 mm) was obtained from Phenomenex.
ing from a multi-ring structure (Chart 1). Since the early Biomax 10 kDa MWCO centrifugal filters were purchased
1980s, agrochemical interests have attempted to developfrom Amicon. MacroPrep High Q Support column packing
mimics of these natural inhibitors such that they could be was purchased from Bio-Rad. Sephacryl S-200 size exclusion
used as herbicide®2—24). One of the earliest developed column packing was from GE Biosciences.
was 2-(2-nitro-4-(trifluoromethyl)benzoyl)-1,3-cyclohexane- Expression and Purification of AtHPPDIhe plasmid
dione (NTBC) @5). Although this molecule had potent pET-HPP was prepared from the pET15b expression vector
activity in plants, it persisted in mammalian metabolism, and (36) and contained the HPPD gene frodrabidopsis
this prevented it from being adopted for herbicidal ua8).( thaliana This construct was a gift from the laboratory of
This persistence later lead to the use of NTBC in the Dr. Dean Della Penna at Michigan State Universidy)(
treatment of the lethal tyrosine catabolism defect, type 1 The plasmid was transformed into chemically competent Top
tyrosinemia 27), and, subsequently, in a second debilitating Ten BL21 DE3E. coli cells and stored at80 °C in 1 mL
defect, alkaptonuria28—31). Variations on the NTBC of Luria—Bertani broth (LB) aliquots containing 20%
structure have produced molecules that exhibit much reducedglycerol. Upon thawing, the cells were spread on LB/
half-lives in mammalian metabolis2g, 32, 33). One such ampicillin agar plates (two per liter of culture) and grown
molecule, Mesotrione, is currently marketed as a Callisto for 10—15 h at 37°C. The Luria-Bertani broth (10 mL)
herbicide by Syngenta. was used to resuspend the cells from the plates. This

The interaction of NTBC with a bacterial form of HPPD  suspension was then used to inoculate the LB broth contain-
was recently demonstrated. The inhibitor was shown to ing 100ug/mL of ampicillin. The cells were then grown for
associate in three steps with the HPPD active site metal12 h without induction by IPTG and harvested by centrifuga-
ferrous iron to form an irreversible complex that completely tion at 466% for 30 min using an Sorval RC-3C centrifuge.
suppressed the dioxygen reactivity of the me&) ( This The purification protocol involved significant modifica-
latter observation lead to crystallization and structural tions of the procedure of Yang et aB§). Cell pellets were



6046 Biochemistry, Vol. 45, No. 19, 2006 Purpero and Moran

resuspended in 20 mM HEPES buffer at pH 7.0, 15 mL/L °C for direct comparison to pre-steady-state data measured
of culture and sonicated on ice using a Branson Sonifier 450 at the same temperature. These data were fit globally using
fitted with a blunt tungsten tip for 2« 6 min at 45 W, Nonlin (Rubelko Software) to eq 1, which describes an
ensuring that the temperature of the sonicate did not increaseordered or random bireactant system.

beyond 10°C. All subsequent steps of purification were

performed at £C. The sonication slurry was centrifuged at ¢ =

33 000g for 30 min, and the supernatant was brought to (Vimad HPPI[OJ])

1.75% (w/v) streptomycin sulfate. This solution was then (k. + (KodO.D) + (K~ JHPP]) + ([HPP][O
centrifuged at 19 00@ for 10 min, and the supernatant was (KineeKoa) + (KiprlOal) + (Kol U I (21))
brought to 40% ammonium sulfate saturation. This mixture

was then centrifuged at 19 009 for 10 min, and the Determination of Ligand-Binding Constanf&he binding

supernatant was then brought to 50% ammonium sulfate constants foro-keto acid ligands were measured under
saturation and centrifuged again at 19 @¥or 10 min. The  anaerobic conditions according to the methods of Johnson-
pellet from this step was then resuspended in 20 MM HEPES\yinters et al. 4).

at pH 7.0 (100 mL/L culture) and loaded onto @ Q  Oxygen Reactity. The holoenzyme oxidation was mea-
Sepharose anion eXChange column at a rate of 1 mL/min.Sured as previous|y describg@_(The ho|oenzyme Comp|ex
The protein was eluted with a linear gradient of sodium (20 uM final) was mixed against varying pseudo-first-order
chloride (0-150 mM) over 560 min at a rate of 1 mL/min. concentrations of oxygen (19@48 /AM) on a HI-TECH

The column fractions (5 mL each) that showed activity were px2 stopped-flow instrument. The rate constants measured
pooled ¢-80 mL), and the sample was then concentrated at from the fit of the increase in absorbance at 320 nm to a
400Qy using an Amicon Biomax 10 kDa MWCO filter (15  single exponentiall},) were plotted against oxygen con-
mL) to approximately 3 mL. This protein was then loaded centration ([Q]). The curve obtained was fit to eq 2 to

onto a Sephacryl S-200 size exclusion column (2.800  determine the magnitude of the second-order rate constant
cm) and eluted at 1 mL/min in 20 mM HEPES at pH 7.0. for ho|oenzyme oxidation.

Active fractions were pooled and stored-a80 °C.

Chemical Preparation and Extinction Coefficienfhe Kops = K[O,] (2)
extinction coefficient of AtHPPD was calculated to be 29 630
M~1cm at 280 nm by the method of Pac9|. The molar Pre-Steady-State Analysis Using Stopped-Flow Spectrom-

extinction coefficient of NTBC was 20 550 Mcm ! at 257 etry. For reactions that used pseudo-first-order enzyme
nm as previously reporte®4). To obtain pure Mesotrione,  reactant stoichiometries, a tonometer was prepared with 2.01
the Callisto herbicide suspension slurry was filtered onto mM AtHPPD, 2 mM Fe(ll), and 4 mM HPP in 20 mM
Whatman grade 41 filter paper and briefly washed with water HEPES at pH 7.0 (1 mM AtHPP{Be(ll)-HPP complex after

to obtain the solid fraction. The purity of the sample was mixing) and made anaerobic by 45 cycles of vacuum and
assessed by NMR. Mesotrione has an extinction coefficientargon at £C. A cycle consisted of exposure to vacuum for
of 26 500 Mt cm™ at 256 nm, which was determined using 5—6 s to remove the exchanging gases and refilling the
the NMR internal standard method of Johnson-Winters et tonometer with argon at a regulated maximum pressure of 5
al. (7). PPA was purchased with 98% purity, and further psi. After each set of three cycles, the enzyme and argon
purified using HPLC. A Phenomenex semiprep phenyl were allowed to equilibrate with gentle agitation for ap-
column (21.2x 250 mm) isocratically run at 5 mL/min using ~ proximately two minutes. This was mixed with a 20®

20 mM citrate at pH 3.5 allowed for PPA to be resolved (100uM final) oxygen solution at 8C and monitored with
from impurities. The PPA was collected and dried by a stopped-flow fitted with a diode array collection device.
lyophilization. The PPA and citrate mixture was dissolved Data were collected from 0.001 to 10 s. These data was
in water and injected again onto the phenyl semiprep columnrendered and analyzed using Specfit/32 Global Analysis
and desalted by using 18®deionized water as the running  System (Spectrum Software Associates, Chapel Hill, NC)
buffer. The PPA sample was collected and lyophilized and fit to the model depicted in Scheme 2.

resulting in a white crystalline powder that was stored at

—80 °C. To quantify, the PPA stocks were allowed to Scheme 2

equilibrate to the diol form in 100 mM TCA (pH 1.5) for 1 000, re(iy e HPP + 05 ——n | — 2o 1l 5+ HPPD « Fe(lly« HPP + HG + CO,

h. The absorbance spectrum of the resulting peak Hagd.a

at 290 nm and gave an extinction coefficient of 2 130'M The reactions that used PPA were pseudo-first-order in

cm™%, which was also determined using the internal NMR oxygen and were prepared in an essentially equivalent
standard method. All other extinction coefficients were as manner as described above with a different reactant ratio.
previously reported4). AtHPPD-Fe(Il)-PPA complex was made to 2QfM con-
Activity Assays for HPPDThe activity of AtHPPD was  centration. This complex was mixed with 1900 oxygen,
polarographically measured with a Hansatech Oxygraph and spectral data were collected from 0.001 to 150 s. Data
oxygen electrode. Standard activity assays include@®l5  for individual wavelengths were analyzed using KinetAsyst
of enzyme, 50&M SME, Fe(ll) stoichiometric with enzyme,  software (HI-TECH scientific) and Spectfit/32.
and 400uM HPP in 20 mM HEPES at pH 7.0 with Product Analysis for the Reaction of PPA with HPPD.
atmospheric oxygen~250 uM). Reactions were initiated  AtHPPD was reacted with phenylpyruvic acid, and oxygen
with HPP, and rates were measured from the first 20 to 40 consumption was monitored with a Hansatech/Clarke-type
s of turnover. Both dioxygen and HPP were varied to oxygen electrode. The reactions contained varied amounts
determine the steady-state kinetic constants of AtHPPD at 4of AtHPPD with stoichiometric Fe(ll) and saturated (on the
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basis ofKq) PPA in 20 mM HEPES at pH 7.0. These tion of charge-transfer absorbancd4), The anaerobic
reactions were quenched in 3.5% (v/v) TCA after the rate AtHPPDFe(ll) complex (62.5«M final concn) was mixed
of consumption of dioxygen returned to background. The with varying pseudo-first-order concentrations of inhibitor
precipitated protein was removed with centrifugation at (0.590-6.75 mM) that were made anaerobic by sparging
23 0009 for 5 min. The supernatant (20L) was injected with argon for 15 min. Once the two reactants were mixed,
onto a reverse-phase Phenomenex phenyl column isocrati-UV/visible spectra (308700 nm) were collected with
cally operating at 1 mL/min in an 80:20 mixture of 20 mM logarithmic time increments. The datasets were fit to the
citrate at pH 3.5 and acetonitrile. Prior to analysis, standard model depicted in Scheme 3 to obtain rate constants. Initial
curves for phenylacetate (PA) and 2HPA were made using enzyme- and inhibitor-absorbance contributions were sub-
the authentic compounds and the same HPLC conditions,tracted from the deconvoluted spectra of the charge-transfer
monitoring at 260 nm with a Waters 2487 absorbance species to obtain pure charge-transfer spectra.
detector.

EPR of the PPA Inactated EnzymeSamples for EPR ~ Scheme 3
were prepared by forming 200M of the AtHPPDFe(ll)-
PPA complex in a tonometer using the methods described
above. This sample was then opened to atmospheric oxygen For evidence of the degree of reversibility of inhibitor
at4°C. The samples at 30 and 2000 s were then withdrawn, association, the oxidation of the HPFE(II)*NTBC or
placed in an EPR tube, and immersed in liquid nitrogen. EPR Mesotrione complex was monitored, observing the metal-
spectra were recorded using a Bruker EleXsys E500 EPRtg-ligand charge transfer on a long time scale when exposed
spectrometer equipped with an Oxford Instruments ITC4 g atmospheric dioxygen. A solution of 60M HPPD was
temperature controller and an ESR-900 helium flow CryStat. made anaerobimia 4 Cmpath |ength anaerobic cuvette by
A Bruker ER-4116DM cavity was used with a resonant 45 exchanges of vacuum and argon. After the sample was
frequency of 9.63 GHz (in perpendicular mode), and field made anaerobic, ferrous ammonium sulfate and inhibitor
modulation at 100 kHz was employed. All other operating were each added to a final concentration of 88 from
parameters for individual spectra are specified in the figure separate sidearms to form the &8 HPPD-Fe(ll)-inhibitor
legends. The integration of the ferric iron signal was complex. The solution was then exposed to atmospheric
comparedd a 2 mMCu(ll)SQ, spin standard prepared in - oxygen, and spectra were taken on a Cary 3 UV/Vis

20 mM EDTA at pH 7.0. spectrophotometer ovena h period at £C.
MS Analysis.AtHPPD (540uM) and PPA-inactivated

(~200 uM) AtHPPD were purified by HPLC using a RESULTS
Phenomenex C5 analytical column (46150 mm). The
PPA-inactivated enzyme was prepared by mixing the AtHPPD
Fe(ll)-PPA complex (20uM AtHPPD, 200uM Fe(ll), 4
mM PPA) with molecular oxygen (400M) at 5 °C and
allowing it to react for 30 min. Elution of the proteins was
achieved via a 40 min stepped gradient from Buffer AQH
0.1% trifluoroacetic acid) to Buffer B (CH3CN, 0.1%
trifluoroacetic acid). The gradient used increased the fraction
of Buffer B to 10% over the first 5 min followed by a hold
for 5 min. The fraction of Buffer B was then increased to
30% over the next 5 min and held at this level for 10 min,
followed by an increase to 70% of total mobile phase over
the next 5 min and held at this level for another 10 min.
Both the active and PPA inactivated proteins eluted 33.5 200
min. Both samples were then lyophilized. These fractions
were redissolved in 100L of 49% methanol and 1% formic
acid and analyzed by ESI-FTMS. For mass spectrometric
analysis, a custom 8.5 T ESI-FTMS mass spectrometer was
used, which was equipped with a front-end quadrup®G. (
The samples were introduced into the FTMS instrument 4
using a NanoMate 100 apparatus for automated nanospray
(Advion Biosciences, Ithaca, NY). Typically, 500 ms ion /-H\D\—”
accumulation per scan was used, and-800 scans were
acquired per spectrum. The instrument was externally 0% : 4
calibrated using ubiquitin with monoisotopMr value of time (hr)
8560.65 Da (Sigma). For the calculation of the masses of Figyre1: Expression of AtHPPD activity frorf. coli BL21 DES3.
the proteins, the MIDAS analysis datastation was uddjl (  Total activity/L vs time for IPTG inducedX) and uninduced)
Inhibitor Binding Kinetics.The binding of 2-[2-nitro-4- cells. At specific times after inoculation, the cells were harvested,

(trifluoromethyl)benzoyl]-1,3-cyclohexanedione (NTBC) and sonicated, and centrifuged at 33 @dor 30 min. The supernatant

. .~ was then assayed for AtHPPD activity. Activity was measured at
2-[4-(methylsulfonyl)-2-nitrobenzoyl]-1,3-cyclohexanedi- 25 °C using an oxygen electrode. The conditions were 20 mM

one (Mesotrione) was monitored under anaerobic conditions HEPES buffer at pH 7.0 in the presence ofi@@ Fe(ll), 500uM
by stopped-flow spectrophotometry, observing the accumula- SME, and 400uM HPP in atmospheric oxygem-@50 uM).

Kobs ks
HPPD u Fe(ll) + Inhibitor —— HPPD u Fe(ll) u Inhibitorers —  HPPD u Fe(ll) u Inhibitorcr,

Expression and PurificationTwo hours of induction of

E. coliBL21 DES cells hosting the plasmid pET-HPP with
0.5 mM IPTG resulted in the formation of large quantities
of inclusion-body protein and yielded only relatively small
amounts of activity. However, uninduced control samples
accumulated active AtHPPD for longer periods and produced
less inclusion-body proteins (Figure 1). This suggested that
the rate at which the induced cells synthesized protein was
more rapid than the rate at which AtHPPD folded into the
soluble, active-tertiary conformation. Leaky basal expression

Total U/L

12
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Table 1: Purification of AtHPPD 400 i
total total specific
protein  activity activity 300
purification procedure (mag) (U/L)a (U/mgy —
sonicate supernatant 380 189 0.50 e
Strep. supernatant (1.75%) 279 206 0.74 < 200
(NH4)2SOy supernatant (40%) 174 175 0.99 s
(NH,),SO, pellet (50%) 61 97 1.58 ®
IEC eluate 15 60 4.05 100
SEC eluate 13 47 3.53
aMeasured at 28C and pH 7.0.
400 480 560 640
Table 2: Steady-State Kinetic Parameters for AtHPPD A (nm)
parameter value FiIGURE 2: Charge-transfer absorbance spectra of HRPend PPA
= (---) in complex with the holoenzyme under anaerobic conditions.
\}émaX(s l\/)l g'gffg'oos Inset: binding isotherm for the titration of HPEIY and PPA Q)
KHPP%I ) 1154 26 vs 200uM AtHPPD-Fe(ll). Thef represents fractional saturation
V?é(/‘ an,ls,l 944110 of the enzyme. Data were fit to the single-site binding equation
V/K:Z?r(anlsfl)) 0564 0.27 assuming 85% of sites available, measured &C4in 20 mM

HEPES at pH 7.0.
a@Measured at 4°C, with 0.5 uM AtHPPD, 0.5 uM ferrous
ammonium sulfate, 0.5 mMME, and 20 mM HEPES buffer at pH

20 transfer feature around 500 nm. Thgy value for this feature

with HPP is 480 nm, which is slightly blue-shifted from the
Amax Value of the charge transfer observed with SaHPPD,
from the pET expression system in the absence of anwhose maximum was 490 nm)( The charge-transfer feature
externally applied inducing agent allows for a lower con- of PPA with the holoenzyme has/aax value at 510 nm.
centration of nascent folding protein at any point in time This feature is red-shifted from the native substrate and is
(42). It was empirically found that cells allowed to grow considerably different from the charge transfer associated
uninduced for 12 h maximized the activity to cell density with the complex of SaHPPD and PPA{ = 485 nm).
ratio (data not shown). Using this method, a 5-fold increase The K value of HPP with AtHPPEFe(ll) is 29+ 7 uM,
to ~10 mg of active protein per liter of culture was obtained. whereas the binding constant for PPA was determined to be
To efficiently purify the highly active enzyme, we adapted 319 + 68 uM, both of which are similar to the binding
the published purification methods f&@treptomyces war- constants for these ligands with SaHPPD (Figuretp)Ror
mitilis HPPD @) and forArabidopsisHPPD (38). The latter each ligand, the enzyme concentration was decreased by 15%
crystallographic study of AtHPPD did not quote activity; in the analysis from that predicted by the extinction coef-
therefore, a direct comparison of the methods in terms of ficient in order that the isotherm be positive at low ligand
enzyme viability was not possible. A recent study of AtHPPD concentrations. This suggests that this fraction of the total
reports to have heterologously expressed a highly activeenzyme active sites are unavailable to bind the substrate.
enzyme inE. coli. The enzyme from this recent study had a ~ PPA Turnaer Product AnalysisOxygen consumption is
specific activity approximately 100-fold lower than the one observed upon the addition of PPA to a reaction mixture
reported here43). Table 1 summarizes the purification of  containing AtHPPD, Fe(ll), the reductafE, and HEPES
AtHPPD. Overall, the method is 25% efficient. Unlike other buffer at pH 7.0. After acid quenching and centrifugation to
HPPDs, the purified enzyme has no col8r 10, 44). The remove the protein, the reaction mixture was injected onto
enzyme is stable for several hours at room temperature,an analytical phenyl column, and the components of the
indefinitely at 4°C, and can be concentrated to 100 mg/mL mixture were separated by HPLC. Phenylacetic acid (PA)
(3.4 mM). and 2HPA production was monitored and compared to
Steady-State Kinetic ParameteBoth dioxygen and HPP  standard curves for these molecules measured under the same
were varied to determine the steady-state constants forconditions using authentic compounds. For every three
AtHPPD at 4°C (Table 2). At this temperature, AtHPPD molecules of molecular oxygen consumed by the AtHPPD
has a turnover number of 0.0850.005 s'. TheK, value Fe(ll)-PPA complex, two molecules of phenylacetate were
of HPP with AtHPPD is 6.9t 1.9uM. The second substrate, produced, and no other additional products were detected.

oxygen, has &, value of 115+ 26 uM, indicating that the In these reactions, oxygen consumption was observed to be
enzyme is~80% saturated in oxygen under atmospheric stoichiometric with the enzyme concentration (Figure 3), and
conditions at 4°C. the enzyme was found to be completely inactive with the

Binding ConstantsThe binding constants of HPP and PPA cessation of dioxygen consumption and did not resume
were determined by mixing the anaerobic holoenzyme turnover with further addition of PPA Fe(ll) or reductant
complex with the anaerobic substrate and recording an (data not shown). When the inactivated enzyme was dialyzed
absorbance spectrum for each concentration. For both HPFor 2 h (2.0 vs 2000 mL at 4C) and re-assayed, 4% of the
and PPA, the rate of binding and dissociation was sufficiently initial activity with HPP as a substrate was observed. These
fast to reach equilibrium within the dead time of the stopped- data suggest that HPPD does not use PPA as a substrate in
flow instrument 1.4 ms). The bidentate association of the normal plant metabolism.
o-keto acid portion of each ligand (HPP and PPA) with the  Holoenzyme Oxygen Readty. The order of the addition
active-site metal ion of the holoenzyme produces a charge-of substrates to the enzyme in catalysis can be confirmed
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Ficure 3: Uncoupling and processivity of AtHPPD in the presence -g 410°
of PPA. AtHPPD was reacted with PPA and oxygen consumption Q
was monitored using an oxygen electrode at°€5in 20 mM 5 0
HEPES buffer at pH 7.0 with Fe(ll) concentrations equal to that of o

the enzyme: 50uM SME and 4 mM PPA. The AtHPPD
concentration vs molecular oxygen consumptiof When reacted
with PPA and the phenylacetate (PA) production vs total oxygen
consumption[{) was identified using HPLC. Detection was at 260
nm on a Phenomenex phenyl column (4.&50 mm) isocratically
operating at 1 mL/min in an 80:20 mixture of 20 mM citrate at pH
3.5 and acetonitrile. The inset shows the dependence of the initial
rate of dioxygen consumption on the concentration of AtHPPD.
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Ficure 5: Stopped-flow kinetic analysis of AtHPPD using pseudo-

first-order reactant stoichiometry in the presence of saturated HPP.

This figure shows data traces when AtHPFE(11)-HPP (1.05 mM

AtHPPD, 1.0 mM Fe(ll), and 2.0 mM HPP) was mixed with

dioxygen (100«M) in 20 mM HEPES buffer at pH 7.0 at &C.

(A) Stopped-flow data traces at 380 nm (upper) and 490 nm (lower)

" " " . with overlaying fits of the model in Scheme B; = 9 000 M

0 0.0004 0.0008 s1 k,=2.76 s1, andks = 0.065 s (B) Fractional accumulation
[01M of intermediate species on the basis of reactant concentrations and

2 rate constants: oxygen, red; intermediate I, green; intermediate I,

Ficure 4: Oxidation of AtHPPDFe(ll) complex in the presence  orange; and product formation, black. (C) Intermediate spectra

of dioxygen monitored at 320 nm. Varied oxygen concentrations (300—700 nm) deconvoluted from photodiode array data sets of

were mixed with anaerobic holoenzyme (128 AtHPPD, 10uM the reaction above. The colors match those used in the reactant

Fe(ll) final concn) at 4°C. concentration profile above.

obs

0.02

by observing the reactivity of the holoenzyme with molecular dioxygen (10QuM final concn) as observed by rapid-mixing
oxygen in the absence of the native substrate, HPP. Whenabsorbance measurements. The viscosity of the concentrated
the holoenzyme reacts with molecular oxygen, there is an enzyme solution gave Schlieren mixing artifacts that limited
increase in the absorbance spectrum at 320 nm from thedata analysis to that which was collected beyond 10 ms. As
oxidation of Fe(ll) to Fe(lll) Aezzonm = 1400 Mt cm™?). such, absorbance data were analyzed from 0.01 to 100 s.
The rate constant for the formation of this feature was For the majority of wavelengths, data traces show an initial
measured in the presence of a range of pseudo-first-orderabsorbance increase with a rate constiitdf 9090+ 230
dioxygen concentrations ranging from 0.095 to 0.948 mM. M~* s! followed by a decrease with a rate constda} 6f
The data obtained indicated a good fit for a line that intersects 2.7 & 0.2 s'*. The third rate constankd) is observed as a
the origin whose slope gave a second-order rate constant obmall increase at most wavelengths with a rate constant of
46.1+ 1.5 Mt st (Figure 4). This value would only support 1.2+ 0.1 s (Figure 5). The final phasd) is slow, relative
the turnover number when the dioxygen concentration was to turnover and was not assigned to a normal catalytic event.
in excess of 2 mM. This indicates that oxygen reacts slowly It is observed as a small amplitude decrease at most
without complexation with the holoenzyme (vide infra). This wavelengths with a rate constant of 0.019.002 s*. The
is in agreement with the hypothesis that the substrate HPPspectrum of intermediate | closely resembles the spectrum
acts to heighten the reactivity of the iron atom toward mo- of the first intermediate observed for the reaction of HPPD
lecular oxygen when bound to the holoenzyme compiéx ( from SaHPPD in the presence of HPP and dioxygen.
Pre-Steady-State Analysisigure 5 summarizes the reac- Intermediate Il is less strongly absorbing than the spectrum
tion of the AtHPPDFe(Il)-HPP complex (1 mM final) with at time zero and decays to yield a spectrum equivalent to
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0.0002 complex (100uM) with a pseudo-first-order oxygen con-

centration (1 mM final) consumes only stoichiometric

S 000015 | | 51 quantit_ies of dioxygen. Figure 7 depicts the reaction. of 1

< 2 mM dioxygen with 100uM AtHPPD-Fe(ll)-PPA. This

® 18 reaction was spectrally monitored at all wavelengths from
§ 0.0001 |- v 300 to 700 nm for 285 s using a diode-array collection device

2 12 coupled to the stopped-flow spectrophotometer. A mono-
Q =1 .. . pp p p

O s510°| 13 phasic increase in absorbance was observed at wavelengths

from 300 to 500 nm. From the fit of the data to an
exponential, the rate constant associated with this event was
determined to be 0.03% 0.002 s*. The reaction appears
complete within 200 s, and no further absorbance changes
FIGURE 6: Fluorescence accumulatior810 nm when excited at  in the 306-500 nm region are observed to 1000 s. The
305 nm during a single turnover of AtHPFEe(I1)-HPP (205uM deconvoluted absorbance spectra of the species involved

AtHPPD, 200uM Fe(ll), and 2 mM HPP) with dioxygen (2QaMV). oo .
The fractional accumulation of intermediate species on the basis'nd'c""te the formation of an absorbance band centered around

of reactant stoichiometries and rate constants is overlayed with the355 nm (Figure 7B). The difference spectrum obtained by
fluorescence data: oxygen, red; intermediate |, green; intermediatesubtracting the initial (time zero) absorbance spectrum from

II, orange; and AtHPPBFe(ll)-HPP, black. the final spectrum shows the formation of a transition with
_ _ . an extinction coefficient of~1 300 M* cm™*(Figure 7C).

the time zero spectrum (Figure 5C) suggesting that the decayan examination of longer wavelengths indicate the formation
of the second intermediate occurs concomitantly with re- of weak transitions with an absorbance maximum at 670 nm
association of the substrate to re-form the characteristic (Figure 7C). These transitions give the reaction an emerald
ferrous holoenzyme to HPP charge-transfer band. green color.

Further evidence for the nature of intermediate Il was EPR Spectra of PPA Inacition. EPR spectra represent-
obtained from observation of fluorescence changes duringing 30 and 2000 s after the exposure of 200 AtHPPD-
the course of a single turnover. The HG product is ap- Fe(ll)-PPA complex to dioxygen~400 «M) suggest that
proximately 11-fold more fluorescent than the HPP substrate the inactivation of AtHPPD in the presence of this ligand
when excited at wavelengths between 270 and 310Hm (  results from the oxidation of the active-site metal ion (Figure
As such, it is possible to independently identify which 7D). As the reaction progresses, the intensity ofgle 4.3
process observed in absorbance experiments is involved infeature increases. The quantitative integration of Fe(lll)
the formation of the product. To limit changes in the incident- signals is notoriously difficult45 and references therein);
and emitted-light inner filter, the reaction was excited at 305 however, a comparison of the PPA inactivated spectra to a
nm, where the extinction coefficient of HPP and HG are 2 mM Cu(ll)-EDTA standard at pH 7.0 did produce Fe(lll)
similar. The anaerobic holoenzymeubstrate complex (205  concentrations largely consistent with the complete oxidation
uM AtHPPD, 200uM Fe(ll), and 2 mM HPP) was mixed  of the sample. For the 30 s sample at 5 K, integration
with 200 «M dioxygen, and the emission beyond 320 nm suggests total Fe(lll)> 0.12 mM, and for the 2000 s
was observed (Figure 6). The data show that the primary spectrum, total Fe(lll) is-0.13 mM. However, an examina-
increase in fluorescence occurs with the accumulation of tion of these spectra appear to indicate that the 2000 s
intermediate Il, strongly suggesting that this intermediate is spectrum is significantly more intense than the 30 s spectrum
HG in complex with the ferrous enzyme, equivalent to inter- and thus that the direct comparative integration was funda-
mediate Il observed in single turnover reactions of SaHPPD mentally flawed in some way (Figure 7). An alternative
with HPP (7). The rate constant determined from the fit of approach was tried, where the contributions to the spectra
the data to the model depicted in Scheme 2, where koth  from theg ~ 4.3 lines were measured, and these integrated
andks were fixed to the values measured in absorbance basedo 40 uM for the 30 s sample and 63V for the 2000 s
pseudo-first-order experiments, gave a value of 33015 sample. Applying a somewhat arbitrary contribution of MS
s™!, consistent with this phase correspondingo = |4+3/2= 1/3, these suggest [Fe(llI} 0.12 mM for the

We also examined the reaction of AtHPfER(II)-PPA 30 s sample and [Fe(lll}} 0.19 mM for the 2000 s sample.
complex with dioxygen using rapid-mixing methods. The At 15 K, the 2000 s sample returned the total Fe(lll)
reaction in which the dioxgen was the limiting pseudo-first- concentration by direct integration 6f0.17 mM, and the
order reactant (ImM AtHPPBe(ll)-PPA, final mixed integration of theg ~ 4.3 line indicated 72 mM spins,
against 10uM dioxygen final) was hampered by photo- suggesting total [Fe(lll)]= 0.22 mM. Taken together,
reactivity of the excess AtHPPBe(ll)-PPA complex. After reasonable estimates for [Fe(lll)] would Be0.1 mM for
an initial increase, all data traces included a slow decreasethe 30 s sample arel 0.2 mM for the 30 min sample. These
that continued beyond 3000 s. It was concluded that this wasdata are generally consistent with the fraction of conversion
artifactual because the decrease continued to bleach theexpected from kinetic observations of inactivation in the
sample well outside of the time frame of inactivation and presence of PPA and strongly suggest that the oxidation of
below the absorbance of 90% of the enzyme, which doesthe metal ion is one contribution to a process that renders
not react with dioxygen under this reactant stoichiometry. the enzyme inactive.
However, the reaction of AtHPPD in the presence PPA with  An additional relatively low intensity~10%) free radical
dioxygen is stoichometric with dioxygen, renders the enzyme is observed ag = 2.0. This signal does not significantly
inactive, and does not involve multiple turnovers (Figure 3). change during inactivation and is consistent with a tyrosyl
Therefore, the reaction of limiting AtHPPBe(ll)-PPA radical @46—48). The active site of AtHPPD, however, has

Time (s)
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FiGure 7: Inactivation by dioxygen in the presence of phenylpyruvate. (A) Monophasic data trace and fit (----) of anaerobic AtHPPD
Fe(Il)-PPA complex (95«M final concn) mixed vs pseudo-first-order oxygen (284 final concn) monitoring at 380 nm. Inset: difference
spectra (final- intial). Left plot: difference spectrum (32440 nm) and right plot: expansion of difference spectra (48@0 nm). (B)

EPR spectra of AtHPPD 30 s (black) and 2000 s (red) after reacting with molecular oxygen in the presence of PPA. The anaerobic reaction
mixture of AtHPPD (205:M), Fe(ll) (200uxM), and PPA (4 mM) was open to atmospheric oxygen #£4385xM) and pH 7.0. Left plot:

spectra taken at 10 K, where= 9.631 GHzp = 5.016 mW, A, = 14 G, andNS= 9; right plot: the same sample was warmed to 40 K,

and the power was reducep £ 1.001 mW). Other experimental parameters 9.631,An, = 1 G, andNS= 40. (C) Mass spectra of (1)

active AtHPPD and (2) PPA inactivated AtHPPD. Inset: observed mass data (black) and fit (red) to the predicted molecular mass of
AtHPPD that has a posttranslationally cleawderminal methionine.

no tyrosine residues within 10 A of the active-site metal ion oKG and excess glutamate dehydrogenase activity are added
(38). This small fraction does not correlate with the 66% to the HPPD/PPA inactivation reaction (data not shown).

yield of the PA product and suggests self hydroxylation of ~ |pnipitor Binding and Dissociation Kineticst has been
the enzyme at some stage during expression or purification, crystallographically and spectrally shown that the triketone
prior to PPA inactivation. This tyrosine fraction of the PPA-  innipitor associates in a bidentate arrangement with the Fe(ll)
inactivated enzyme can then reduce the ferric ion to form 5tom bound to the HPPD active sit@4( 35, 38, 50).
the phenolic radical during inactivatiort). Stopped-flow spectrophotometry was utilized to observe the
Mass Spectral Analysis of the Ina@ted EnzymeBoth rates of association of both NTBC and Mesotrione with
PPA-inactivated HPPD and the enzyme as isolated were AtHPPD. The anaerobic holoenzyme complex (G2/bfinal
subject to mass spectral analysis to determine molecularconcn) was mixed against various pseudo-first-order con-
weight (Figure 7C, 4& charge state shown). The masses centrations of the anaerobic inhibitor (8:6.73 mM final
of the proteins were found to be withind83 1 mass units of ~ concn). The increase in absorbance due to metal-to-ligand
the mass expected (48650 Da) for posttranslatiaxal charge transfer upon the mixing of the holoenzyme and the
terminal methionine removal from AtHPPD. Both samples inhibitor was monitored from 0.001 to 100 s. The kinetic
show some evidence of #16 mass unit fraction that can data obtained for NTBC and Mesotrione are remarkably
be best modeled te-5% of sample, and this fraction may similar. At all concentrations, a biphasic increase was
account for the small fraction of the apparent tyrosyl radical observed (Figure 8A). The rate constant associated with the
observed in the EPR data (vide supra). Reconciling the totalfirst of these phases hyperbolically titrated with the inhibitor
loss of activity and an apparent inability to reactivate the concentration to an asymptote of-426 s%, indicating weak
enzyme with+1 change in mass leads to two possible binding constants of 93% 101 M for NTBC and 602+
explanations. The first is that covalent modification of the 108uM for Mesotrione, prior to the appearance of the first
enzyme occurs prior to the bifurcation reaction that yields charge-transfer absorbance. The rate constant associated with
two-thirds of the decarboxylated, phenylactate product and the second phase was independent of inhibitor concentration
that this modification does not survive mass spectral analysis.(~0.6 s%). These data indicate that the mechanism of binding
The second possibility is that the covalent modification of triketone inhibitors to AtHPPD is entirely consistent with
results in an increase in mass of 1 Da (under the acidic the previous inhibitor binding mechanism proposed by
conditions used), such as in the conversion of an amide sideKavana and Moran for NTBC binding to SaHPPB4).
chain to an acid (Glr-Glu, Asn—Asp) with the displacement  Moreover, the association of both inhibitors is ostensibly
of ammonia. This latter possibility was ruled out by the irreversible and suppresses dioxygen reactivity of the metal
observation that no NADPH consumption is observed when ion because no evidence of loss of the ferrous ion to inhibitor



6052 Biochemistry, Vol. 45, No. 19, 2006 Purpero and Moran

14

C
002} —
9 - / 11
c ‘0 =
g ~_¢.§ ol “‘a’-\
3 = . w L; - L] 5 P
06 ~
2 oof 77 -
/ 402
1] i L L L 5 | - 1 L L L L
0.001 01 10 0 0.002 0.004 0.006
time (s) [Triketone] (M)
1500 0.06
D
~1000 . ooaf
¥ £
§ 8
s i |~ .
® 500 | < oo02f
0 L L L 1 o] L L "
400 500 600 o 2 4 "
A (nm) time (hr)

Ficure 8: Inhibitor-binding kinetics monitoring the formation of the metal-to-ligand charge-transfer bands of the irt#ilti?PD complex

for NTBC (blue) and Mesotrione (black). (A) Kinetics of binding of NTBC and Mesotrione to AtH#FeDI) (62.5uM final concn). The
holoenzyme complex was mixed with varied inhibitor concentrations (6:5933 mM NTBC; 0.5-4.0 mM Mesotrione) and monitored

at 475 nm at £C in 20 mM HEPES at pH 7.0. (B) Difference spectra of NTBC and Mesotrione bound to AtHFRID (200uM) in 20

mM HEPES at pH 7.0. (Inhibitor and holoenzyme contributions were subtracted.) (C) Observed rate cdnst{d@ts]) andks (@, H)

for NTBC (O) and Mesotrionel) are plotted vs inhibitor concentration from a two exponential fit of the original data traces in A. (D)
Monitoring the stability of the charge-transfer absorbance at 525 nm of the AtHRPID-NTBC and Mesotrione complexes. The complex
was made anaerobic and then opened to atmospheric oxygen &haeriod.

charge transfer is observed under conditions of atmosphericreaction of the enzyme with PPA, AtHPPD behaves in a
oxygen at 4°C. manner very similar to the form frorBtreptomyce#4, 7,

34).
DISCUSSION The reaction mechanism of HPPD has had relatively little

HPPD catalyzes the first committed step of tyrosine published to support the identity of catalytic intermediates.
catabolism. The function of this reaction is to further activate Recently, three intermediates were observed in a single
the aromatic ring of HPP to make it more susceptible to turnover with the enzyme frorStreptomyceg7). Evidence
cleavage. Early research of the enzyme was concerned withfom stopped-flow fluorescence and kinetic isotope effects
the mechanism to gain an understanding of the rather suggest that the third intermediate was the complex of the
intriguing conversion that produces HG from HPP (Scheme enzyme with the product HG and that the release of HG is
1), a reaction that involves decarboxylation, aromatic oxy- rate-determining in turnover. On the basis of kinetic isotope
genation, and substituent migratidk8(15, 18, 51—53). For effects with ring deuterated HPP, the identity of the second
the last two decades, however, the inhibition of HPPD has intermediate is likely to be either an epoxide-like species or
been the area of primary research interest. This has been @ nonaromatic dienone of the product. In this earlier study,
consequence of the key role of HPPD in a number of rare no evidence was found for the identity of the first intermedi-
diseases in mammals and in the production of redox cofactorsate. Two intermediates can be observed to accumulate in a
vital to photosynthesis in plant27, 31, 54-57). HPPD single turnover reaction of AtHPPD, and these would appear
inhibitors have proven very effective as drugs and herbicidesto be equivalent to intermediates | and Ill, observed with
because of their tight, specific association with their target, SaHPPD. The spectrum of the first and most strongly
low toxicity in animals, and high stability. It could be argued absorbing intermediate is the same as that observed with
that the two inhibitors of greatest prominence are NTBC, SaHPPD 7). However, the rate constant for the formation
which is sold as Nitisinone by Orphan Pharmaceuticals for of this intermediate is an order of magnitude slower, and

the treatment of tyrosine catabolism defe@Ss) @nd Meso- maximum accumulation occurs around 200 ms under the
trione, which is a broad-leaf-selective herbicide sold as reaction conditions used (Figure 5). The increase in fluo-
Callisto by Syngenta2). rescence associated with the accumulation of the second

Despite the fact that a number of X-ray crystal structures intermediate is suggestive of HG complex formation in this
of plant HPPDs have been published, in the presence andphase (Figure 6). The decay of this complex is also the rate-
absence of inhibitory molecule8g, 58), no study has yet  limiting process of turnover with AtHPPD. In the presence
conducted a comprehensive kinetic characterization of plantof excess substrate, the release of product is observed as the
HPPD with regard to catalysis or inhibition. The data re-formation of the spectrum of the charge transfer associated
obtained in this study indicate that with the exception of the with the ferrous enzymeHPP complex (Figure 5C).
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AtHPPD monophasically reacts with PPA in a noncatalytic dietary intake, which suggested that PPA is a less than
event that results in the stoichiometric, with respect to optimal substrate for mammalian HPPD. This is consistent
dioxygen, irreversible inactivation of the enzyme. The with the primary manifestation of PKU, the accumulation
reaction is bifurcated and decarboxylates two-thirds of the and excretion of PPA1Q@). Having examined two pure and
bound PPA to produce phenylacetate (Figures 3 and 7) andhighly active forms of HPPD in some detail, we suggest that
is first-order with respect the enzyme concentration (inset PPA is generally not a substrate for HPPD from plants or
in Figure 3). The inactivated enzyme is in the Fe(lll) bacteria and is, in all probability, not a native metabolic
oxidation state and has the same molecular weight within substrate for any form of HPPD.
error as the active enzyme as isolated (Figure 7). This latter Tyrosine catabolism has a unique and vital role in plant
observation is most unexpected because the PPA-inactivateanetabolism. A branch in the pathway from HG vyields
enzyme resists all attempts at reactivation, strongly suggest-plastoquinone that is required both for photosystem function
ing that inactivation is a result of some covalent chemical and also carotenoid pigment synthesis as the cofactor of
transformation. As such, the fates of 66 % of the oxygen phytoene desaturastdj. HPPD catalyzes the step of tyrosine
atoms that enter the reaction are unknown. However, the catabolism that produces HG and, thus, is a particularly good
majority of bound PPA is decarboxylated, and presumably, target for herbicide development. There are at least three
this reaction is analogous to the decarboxylation of HPP in commercially available herbicides that target the inhibition
the production of the homogentisate. However, in the absenceof HPPD. The primary herbicide of this type for sale in the
of more definitive evidence for the inactivation reaction, we United States is Callisto and contains the active ingredient
are inclined not to draw speculative mechanistic conclusions. Mesotrione (Chart 1). Mesotrione is appropriate for herbicide
What is clear is that PPA is not a substrate for AtHPPD. use in maize because it specifically inhibits broad-leaf plants

A number of research articles and texts have described a(23). In addition, it has a relatively short half-life in
secondary role of HPPD in the conversion of PPA to mammalian metabolisn26), high stability, and very low
2-hydroxyphenylacetic acid¢-18). However, the majority  toxicity (63). The common moiety of these inhibitors is a
of these studies (8/11) offered as evidence the results of assay,3-diketone that forms a bidentate association with the
methods that either monitored the depletion of PPA or active-site Fe(ll) metal ion of HPPD, physically preventing
detected the release &1CO, from the PPA labeled at the access of the substrate and suppressing dioxygen reactivity
carboxylate and did not directly establish the production of at the metal ion 34, 35). The recent observation that the
the 2-hydroxyphenylacetic acid. Furthermore, the HPPD usedtriketone inhibitor NTBC associates with HPPD fr@irep-
in these assays was either crude or of unknown concentratiortomycesn three steps, the last two of which are irreversible,
so that the processivity and/or catalytic function of the and forms metal-to-ligand charge transfad)(was at odds
enzyme with respect to this ligand could not be established.with much of the literature that had assumed simple
Two studies have verified 2-hydroxphenylacetic acid produc- reversible single-step binding to measuregl@alues with
tion from preparations of mammalian HPPD (vide supra) HPPD. Because HPPD froltreptomyces not a normal
(13, 15). or intended target of such inhibitors, verification of the

An examination of the literature associated with 2HPA observations made in this earlier investigation seemed
indicates that it is a dead-end product that has no metabolicwarranted. Plant HPPD is the primary target of all such di
role in any organism, and PPA, in all probability, is not a and triketone inhibitors, including the drug NTBC, which
native substrate for HPPb9). The evidence for this in  was originally developed and patented for herbicidal purposes
bacteria is thatE. coli cannot grow when 2-hydroxy- (25). Thus, AtHPPD is an appropriate form of this enzyme
phenylacetic acid is offered as the sole carbon sow6e ( from which to establish whether the earlier observations
and also that HPPD frons. aermitlis does not produce  made with NTBC and HPPD fror8treptomyceapply more
2-hydroxyphenylacetic acid4). Indirect evidence would  generally. To investigate the kinetic mechanism of binding
suggest, however, that under abnormal conditions mam-for NTBC and Mesotrione inhibitiors, rapid-mixing experi-
malian HPPD can convert PPA to 2-hydroxyphenylacetic ments were conducted in which the anaerobic holoenzyme
acid. In mammalian metabolism, phenylketonuria (PKU) and anaerobic inhibitor were mixed. These data indicate an
results from a deficiency of phenylalanine hydroxylase association mechanism equivalent to that proposed by
activity (61). The excess phenylalanine is converted to PPA Kavana and Moran (Scheme 434j, where a weak pre-
by aminotransferase enzymes. Early studies in humanequilibrium precedes the formation of two metal-centered
subjects with PKU determined that the accumulation of binding events, both of which produce charge transfer.
phenylalanine in the blood directly correlated with increased NTBC was found to be irreversibly associated with HPPD
excretion of 2-hydroxyphenylacetic acid in urine; this from StreptomycesThis was the observation that ultimately
strongly implicated PPA as the metabolic intermedi&®.( lead to solving the crystal structure of the ferrous holoenzyme
However, the proportion of total phenylalanine to be of SaHPPD with NTBC bound. The AtHPPBe(Il) complex
converted to 2-hydroxyphenylacetic acid wa$0% of the was found also to be irreversibly associated with NTBC and
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Mesotrione (Figure 8D). This observation is congruent with

the proposal of Brownlee et al., where it was noted that with

one exception all of the residues in the active site to contact
the inhibitor were fully conserved and that species selectivity
would therefore derive from bio-processing of the various

triketones and not differences in HPPD structure across
kingdoms 85).
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