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ABSTRACT: (4-Hydroxyphenyl)pyruvate dioxygenase (HPPD) catalyzes the second step in the pathway
for the catabolism of tyrosine, the conversion of (4-hydroxyphenyl)pyruvate (HPP) to homogentisate (HG).
This reaction involves decarboxylation, substituent migration, and aromatic oxygenation. HPPD is a member
of the a-keto acid dependent oxygenases that require Fe(ll) andlato acid substrate to oxygenate an
organic molecule. We have examined the binding of ligands to HPPD 8treptomyces w@rmitilis.

Our data show that HPP binds to the apoenzyme and that the apo-HPPLxomplex does not bind
Fe(ll) to generate active holoenzyme. The binding of HPP, phenylpyruvate (PPA), and pyruvate to the
holoenzyme produces a weak ligand charge-transfer ban8G@ nm that is indicative of bidentate binding

of the 1-carboxylate and 2-keto pyruvate oxygen atoms to the active site metal ion. For HPPD from this
organism the 4-hydroxyl group of (4-hydroxyphenyl)pyruvate is a requirement for catalysis; no turnover
is observed in the presence of phenylpyruvate. The rate constant for the dissociation of Fe(ll) from the
holoenzyme is 0.0006°$ and indicates that this phenomenon is not significantly relevant in steady-state
turnover. The addition of HPP and molecular oxygen to the holoenzyme is formally random. The basis
of the ordered bi bi steady-state kinetic mechanism previously observed by Rundgren (Rundgren, M.
(1977)J. Biol. Chem. 2525094-9) is the 3600-fold increase in oxygen reactivity when holo-HPPD is

in complex with HPP. This complex reacts with molecular oxygen with a second-order rate constant of
1.4 x 1® M~1 s 1inducing the formation of an intermediate that decays at the catalytically relevant rate
of 7.8 s%.

(4-Hydroxyphenyl)pyruvate dioxygenase (EC 1.13.11.27, Scheme 1
HPPD} catalyzes the extraordinary conversion of (4-

hydroxyphenyl)pyruvate (HPP) to homogentisate (HG), a o)

.o . . . . . Y H
reaction involving decarboxylation, substituent migration, and o 2 o
aromatic oxygenation (Scheme 1). This reaction is ubiquitous ©
in aerobic metabolism and is the second step in the pathway LN

for the catabolism of tyrosine. HPPD is a member of the OH CoO, OH

o-keto acid dependent oxygenases that require Fe(ll) and

an o-keto acid (typicallya-ketoglutarate) to oxygenate an  one of these inhibitors is used to treat type 1 tyrosinemia,
organic substrate. The most studied examples of this family an otherwise lethal inherited defect in the final step of
are prolyl hydroxylase, clavaminate synthase, and cephalo-tyrosine catabolismg 9). In plants, inhibition of HPPD has
sporin C synthasel(2). Within this large family of enzymes,  been found to have significant herbicidal activity, preventing
HPPD is the exception as it catalyzes the incorporation of the production of plastoquinond@—14).

both atoms of molecular oxygen into a single substrate; the e crystal structures of ferrous iron dependent oxygenases
requisiteo-keto acid is provided from the pyruvate substitu- pave revealed a common mononuclear iron binding motif

ent of HPP. . . in which the metal ion is coordinated to two histidines and
Continued interest in HPPD has arisen from a number of 5ne acid residue. Water molecules occupy the remaining
specific high-affinity inhibitors of the enzym&<7). Inman,  |igand sites of either square pyramidal or octahedral coor-

dination spheresl§). Due to facile oxidation of coordinated
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substrates and thus have provided significant geometricsulfate, ampicillin, and electrophoretic grade agarose were
insight into the activation of these enzymes toward a reaction obtained from ICN Biomedicals, Inc. Ferene S (3-(2-pyridyl)-
with molecular oxygen. In these structuresketoglutarate 5,6-bis(2-[5-furylsulfonic acid])-1,2,4-triazine) was purchased
is bound bidentate via one of the carboxylate ancotheto from Sigma. Plasmid pET17b was obtained from Novagen.
oxygen atoms. Recently, the crystal structure of oxidized Chemically competent TOP10 and BL21 (DE3jcherichia

HPPD fromPseudomonas fluorescewss solvedZ0). The coli were purchased from Invitrogen. Restriction and DNA
active site ligands to the iron are the same as those observednodification enzymes were purchased from New England
in other mononuclear Fe(ll)-dependent enzynizg. ( Biolabs. Plasmids were purified using the Qiagen midi prep

Steady-state kinetic experiments indicate that HPPD hasplasmid preparation kit and protocol.
an ordered bi bi mechanism in which HPP is the first  SubcloningThe 1.2 Kb gene for HPPD froi®. avermitilis
substrate to bind and carbon dioxide is the first product to was from the plasmid pCD664§). This gene was subcloned
dissociate 22). This suggests that HPP is an activating into pET17b (Novagen) by restriction witiidel andBamH
effector for the reaction of HPPD with molecular oxygen, . The ligation mixture was used to transform chemically
inducing the formation of the first oxygenated intermediate. competent TOPL1(. coli cells and spread onto LB agar,
This apparent substrate-induced activation of the enzyme is100 xg/mL ampicillin. Individual colonies were used to
consistent with what has been proposed for other Fe(ll)- inoculate 5 mL of LB broth, 10Q:g/mL ampicillin. The
dependent oxygenasek @3—27). plasmids from each of these cultures were then purified using

A number of the fundamental aspects of the chemistry the Qiagen miniprep plasmid purification protocol and
carried out by HPPD are established. It has been shown thatsscreened usinglde | and BamH | restriction for the gene
only oxygen atoms from molecular oxygen are incorporated insert. The resulting 4489 bp plasmid, pPSAHPPD, was then
into HG. These form the 2-hydroxyl and one of the sequenced in the region of the HPPD gene and used to
carboxylate oxygens2@) (Scheme 1). It has also been transform chemically competent BL21 (DEB) coli cells.
established that a proton ortho to the pyruvate substituent Protein Expression and Purification of Apo-HPPBIi-
of HPP is lost during the migration of the decarboxylated, quots from frozen cell stocks were plated (240/L of
now aceto, side chain to the adjacent carb@f).( This culture) on LB agar, 10@g/mL ampicillin. After incubation
movement of the aceto side chain is perhaps the clearesfor 9—12 h at 37°C, the cells from two plates were
example in nature of what is known as the NIH shift. This resuspended in-10 mL of LB broth and used to inoculate
shift is a well documented, though poorly understood 1 L of LB broth, 100ug/mL ampicillin. The culture was
substituent migration phenomenon observed with P-450, grown with vigorous shaking (225 rpm) at 3T until the
pterin-dependent and other aromatic oxygena86s-38). cell density had reached an @pof 1.0. At this time, IPTG
In these enzymes, the mechanism of migration has remainedvas added to a final concentration of 0.2 mM and incubation
in dispute for more than 30 years and substituents larger thanwas continued for 2.5 h. The cells were harvested by
tritium typically migrate in only a minor fraction of total ~ centrifugation at 4664 for 30 min and used immediately
catalysis 85, 39—42). The 100% efficient migration of the  for protein purification.
large aceto substituent in HPPD is therefore unique. Unless otherwise stated, all subsequent purification pro-

Despite the medical and agricultural significance of HPPD cedures were undertaken af'@. Cells were resuspended
and the intriguing chemistry of the reaction catalyzed, there using 20 mL of 20 mM HEPES, 1 mM EDTA, pH 7.0, per
is a dearth of evidence that pertains to the chemical L of culture and lysed with sonication (2 5 min at 45 W)
mechanism. Plausible chemical mechanisms have beertsing a Branson sonicator fitted with a blunt tungsten tip.
offered but with little or no direct evidence for the existence The temperature of the solution was monitored to ensure that
of discrete catalytic step9, 43, 44). Recent pre-steady- it did not exceed 10C. The lysed cells were then centrifuged
state analyses of the-keto acid dependent dioxygenase, at 1120@ for 30 min, and the pellet was discarded.
TauD, have demonstrated that spectrophotometrically detect-Streptomycin sulfate in water was then added to the
able intermediates can occur in these enzyrd&s Here, supernatant to a final concentration of 1.5% wi/v. The mixture
we present for HPPD frorBtreptomyces:@rmitilis the first ~ was stirred for 10 min and centrifuged at 11 g0or 20
direct evidence for the order of substrate addition in turn- min. The supernatant was brought to 45% N8O,
over, the nature of substrate acquisition particularly with saturation over a period of 20 min and centrifuged at 5800
respect to molecular oxygen, and evidence of intermediatefor 10 min. The resulting supernatant was then brought to

accumulation. 65% (NH,).SO, saturation over a period of 20 min and
centrifuged at 780§ for 10 min. The pellet obtained from
EXPERIMENTAL PROCEDURES this step was redissolved in 20 mM HEPES, 1 mM EDTA,

pH 7.0, using 50 mL/L of initial culture and loaded directly

Materials HPP, HG, PPA, pyruvate, MES, HEPES onto a Q-Sepharose column (22 Trh~! of culture)
buffers, and iron(Il) ammonium sulfate were purchased from equilibrated in the above buffer. The protein was eluted
ACROS. (2-Hydroxyphenyl)acetic acid was purchased from with a linear 350 mL gradient to 400 mM NacCl in the same
Avacado Research Chemicals LédKetoglutarate was from  buffer. The fractions containing HPPD activity were com-
ICN Biochemicals. Ammonium sulfate was from Fisher bined (76-100 mL) and then concentrated+&8 mL using
Scientific. Dithiothreitol and sodium acetate were purchased a Biomax 10 kDa cutoff centrifugal filter and applied to an
from Sigma. Q-Sepharose and Sephacryl S-200 were ob-S-200 size exclusion column (245 &mat a flow rate of
tained from Bio-Rad. Pelleted Luria-Bertani broth (LB) was 1 mL/min. The enzyme was eluted with 20 mM HEPES,
purchased from BIO101. Isopropgithiogalactopyranoside  pH 7.0. The fractions containing HPPD were pooled and
(IPTG) was from United States Biochemicals. Streptomycin stored at—80 °C.
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Calibrated Size Exclusion Chromatograpkn S-200 size methods based on the known stoichiometry of the HPPD
exclusion column (220 cfhwas calibrated by loading a 2  reaction. A Hansetech oxygen electrode was used to measure
mL mixture of ribonuclease A (13.7 kDa, 2 mg/mL), the concentration of oxygen consumed when HPPRNR
chymotrypsinogen (25 kDa, 2 mg/mL), ovalbumin (43 kDa, final) was added to an assay mixture as described above, in
2 mg/mL), albumin (67 kDa 2 mg/mL) and blue dextran (1 which the concentration of HPP was limiting and its
mg/mL) in 20 mM HEPES, pH 7.0. The mixture was loaded absorbency was known. Using this method the equilibrium
and eluted at a flow rate of 1 mL/min in the same buffer. extinction coefficient of HPP was found to be 2,800'M
Individual proteins were detected as they eluted using a Bio-cm . The 280 nm extinction coefficient of HPPD was
Rad model EM-1 absorbance detector coupled to a Bio-Radcalculated for the unfolded peptide by the method of Pace
model 1327 chart recorder. A calibration curve was made (47) (40 465 M* cm™1). The absorbance spectrum of the
by plotting the elution volume against the logarithm of each folded apoenzyme was compared to that of the SDS (1%
components molecular weight. Purified HPPD (2 mL, 4 mg/ w/v) denatured protein to determine the 280 nm extinction
mL) was applied at a flow rate of 1 mL/min and eluted under coefficient for the folded state (41 200 ™cm™1).
the same conditions. Iron Determination.Dissolved iron concentrations were

Enzyme Assays and Steady-State Qlagiems. Routine measured using the Fe(ll) specific chelator Ferene S. The
enzyme assays were performed using a model DW1 Hansetecltomplex of Ferene S and Fe(ll) has an absorbance maximum
Oxygraph oxygen electrode. The 1 mL reaction mixture at 592 nm ésq; = 35500 Mt cm™) (48). To ensure all
contained 1Q«M ferrous ammonium sulfate, 1 mM dithio-  iron was in the ferrous form, ascorbate was added to a final
threitol, and HPPD (typically 56750 nM) in 20 mM HEPES  concentration of 1 mM prior to the addition of Ferene S. To
buffer, pH 7.0. After initial observation of the nonenzymatic determine iron-to-subunit ratios for pure enzyme samples,
rate of oxygen consumption due to Fenton chemistry, the SDS to a final concentration of 1% w/v was added prior to
enzymatic reaction was initiated by the addition of HPP. the addition of ascorbate. In each case, Ferene S was then
Dissolved oxygen concentration was controlled prior to the added to a final concentration of 400/.
addition of the enzyme by sparging the assay mixture for  Fe(ll) Dissociation.The rate of release of Fe(ll) from the
10 min with blended ratios of nitrogen and oxygen gases HPPDFe(ll) complex was observed with a stopped-flow
supplied from a MAXblend Maxtec gas mixer with an in- spectrophotometer under anaerobic conditions by mixing
line oxygen sensor coupled to Timeter low volume flow tube. limiting concentrations (1820 uM) of the complex with
Plots of activity versus substrate concentration were fit using excess (0.51 mM) of the Fe(ll) chelator, Ferene S, in 20
Kaleidagraph software (Synergy) to either the Michaelis mM HEPES, pH 7.0, at 4C. As Fe(ll) was released from
Menten equation (eq 1) or, in the case of substrate inhibition, the HPPDFe(ll) complex, the formation of the stable Fe(ll)
to eq 2 that has an additional term to account for the [Ferene S complex was observed at 592 nm and fit to a

inhibition and gives an estimate &. single exponential to determine the rate constant for Fe(ll)
dissociation.
_ VinadS] 1 Binding ofo-Keto Acids to HPPDTheo-keto acids, HPP,
v= K+ [S] @ PPA, pyruvate, and-ketoglutarate, were examined as active
site ligands for HPPDA 4 mL solution of apo-HPPD (400
VnadS] uM) in 20 mM HEPES buffer was made anaerobic by 36
2) cycles of vacuum and argon in a tonometer &C4 Once

U =
2
K+ [S] + ([S]7K) anaerobic, ferrous ammonium sulfate was added from a side

arm to a concentration of 398V. The tonometer was then
mounted onto a Hitech model-SF61-DX2 stopped-flow
spectrophotometen-Keto acid ligand solutions were pre-
pared anaerobically by sparging each with argon gas for 10
min prior to mounting onto the stopped-flow instrument.

Steady-state kinetic constants were determined for HPPD
by simultaneously varying the concentrations of molecular
oxygen (37254 uM) and HPP (6-818 uM). The 1 mL
assay mixture contained:BM ferrous ammonium sulfate, 1

mM dithiothrietol, and 200 nM HPPD in 20 mM H,EhPES'  Eacha-keto acid was fitrated to the holoenzyme &0tby
pH 7.0. For consistency, assays were initiated with equa mixing initially with a concentration that matched the holo-

volumes of serially diluted HPP stocks after the reaction | opp concentration and subsequently with increased con-
mixture had been sparged for 10 min in a defined oxygen centrations. The spectrum of the enzyme (300 nm) in
p_artial pressure. The d_ata obtaine_d were compiled !mo.athe presence of each ligand concentration was taken, and
single set which was fit to determine steady-state kinetic yno concentration of the ligand was increased until no further
constants using Nonlin (Rubelko Software) to eq 3 which ¢ nge in the spectrum between 400 and 700 nm was
describes an ordered bi bi steady-state system. observed. For each ligand, the spectral contribution of the
freeo-keto acid was subtracted and the pure ligand complex
spectrum was determined.
(VinadHPPIIO]) Substrate Specificity and Product Analyses deKeto
(Ki o) 1 (KypdO2l) + (Ko [HPP]) + ([HPP][G;]) Acids PPA, a-ketoglutarate, and pyruvate were examined
(3) as substrates for HPPD using an oxygen electrode. A series
of 2 mL reaction mixtures contained 1BV ferrous am-
Extinction CoefficientsAt equilibrium, under conditions ~ monium sulfate, 1 mM dithiothreitol, varied HPPD—%
of neutral pH, HPP has an absorbance maximum at 276 nmuM), and varieda-keto acid concentration (0-12.0 mM)
The extinction coefficient at this wavelength was measured in 20 mM HEPES buffer, pH 7.0. After initial observation
by a combination of spectrophotometric and electrochemical of the nonenzymatic rate of oxygen consumption due to

V=
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Fenton chemistry, the enzymatic reaction was initiated by ferrous holoenzyme (20M final concentration; comprised

the addition of then-keto acid and monitored for 10 min.  of 50 M HPPD and 4Q:M Fe(ll) initial concentration) was

The rate of oxygen consumption= 0—180 s) after to the  prepared as above and mixed with a range of oxygen

addition of a-keto acid was compared to rate of oxygen concentrations that gave pseudo-first-order conditions

consumption prior to its addition. (0.24-1.3 uM final concentration) at £#C. The observed
(2-Hydroxyphenyl)acetic acid is the expected product of rate constants were then plotted against oxygen concentration

coupled turnover of HPPD with PPA49). Each of the and fit to a straight line according to eq 5.

reaction mixtures described above for PPA was analyzed for

the presence of this product by HPLC. Each assay was Kops = KO, (5)

ultrafiltred through a Biomax 0.5 mL 10 kDa cutoff filter to

remove HPPD. This solution was then diluted 10-fold in 20 ¢ gpserve the reaction of the HPFR(I1)-HPP complex

mM HEPES, and 2QL of this solution was applied to & ith molecular oxygen, a 1.024 mM solution of the HPPD
Waters Xterra reverse phase (C18) analytical column (4.6 ypp complex (1.024 mM HPPD, 1.5 mM HPP) in 20 mM
x 50 mm). The components of the reaction were separatedHEpPES buffer, pH 7.0, was made anaerobic in a tonometer
isocratically at 1 mL/min in 20 mM sodium acetate pH 5.5 py 36 cycles of vacuum and argon. Once anaerobic, ferrous
using a Waters 600E multisolvent delivery system coupled 3mmonium sulfate in 10 mM HCl was added to a final
to a Waters 2487 dual absorbance detector for detection concentration of 1.0 mM from a calibrated threaded barrel
at 280 nm. Data were acquired and analyzed using Peaksyringe attached to the tonometer. The tonometer was then
Simple software (SRI). These data were compared t0 @mounted onto the stopped-flow instrument. A solution of
standard curve for (2-hydroxyphenyl)acetic acid (6 pmol  oxygenated buffer was prepared under atmospheric pressure
1.57 umol) prepared for the authentic compound under the py equilibrating a blend of nitrogen and oxygen to give
same conditions. _ 1.0 mM oxygen at £C. This solution was then mixed with
D|s§OC|a'g|on Constants for the HPEED__lgand Complexes the anaerobic HPPBe(ll)*HPP complex at £C, and the
The dissociation constant for HPP binding to apo-HPPD was reaction was monitored at 490 nm. The resulting absorbance
measured using a Jasco model J-715 circular dichroismiraces were simulated using Chemical Kinetics Simulator
spectrophotometer. Apo-HPPD (634) was titrated with  software (IBM) and compared using Kaliedagraph software
HPP to saturation which was observed as a small ellipticity (synergy) to provide estimates of extinction coefficients and
decrease between 238 and 244 nhfnfolar) ellipticity ~ yate constants. The inverse of the molecular oxygen con-
8Q00). From these values the unbound substrate concentratioBentration was plotted against time for the determination of
([ligand])) could be deduced for each concentration and the rate constant for the reduction of molecular oxygen by
plotted against the fractional saturatidiptp determine the  pe HPPDFe(ll)-HPP complex according to eq 6, where

[ligand);
__ (gandy 4 1/[0,] = 1/[0,], + kt 6)
K, + [ ligand] @) d oo

The dissociation constants for HPP and PPA binding to RESULTS

the HPPDFe(ll) complex were measured using a adaptation  Subcloning, Expression, and Purificatiohhe sequence
of the methods of Ryle et al4f). A 4 mL solution of apo- of the subcloned HPPD gene fro§ aermitilis revealed
HPPD was made anaerobic by 36 cycles of vacuum andthree additional bases at position 120 in the gene that are
argon in a tonometer at€C (260 and 40(M for respective not part of the published sequence for the HPPD gene from
HPP and PPA titrations). Once anaerobic, ferrous ammoniumthis organism (shown italicized; 509 GCG CAC TAC RAC
sulfate was added from a side arm to a final concentration TCC ACC GCC 3) (46). These bases span two codons and
10 uM less than that of HPPD. To provide accurate, code for an additional tyrosine corresponding to position 41
temperature-controlled mixing under anaerobic conditions, in the protein. It is suggested that these bases reveal an error
the tonometer was then mounted onto a stopped-flow in the published sequence since their inclusion produces
instrument and mixed with a range of anaerobic solutions improved homology to the amino acid sequences of HPPD
of ligand (HPP or PPA) prepared by sparging for 10 min from other organisms.
with argon. The binding of either HPP or PPA to the active = The T7 polymerase based pET expression system of
site of the enzyme could be observed as a broad, weakStudier 61) was used to express HPPD. Restriction sub-
absorbance signal with a maximum at500 nm. The cloning usingNdel andBamHI into plasmid pET17b placed
fractional saturation of the enzyme samf)enas determined  the HPPD gene 7 bases from the ribosome binding site. On
from the fractional change of this absorbance feature with the basis of SDS-PAGE densitometry for cell lysates
each ligand addition. From these values the free ligand harvestd 2 h after induction at 37C, HPPD was expressed
concentration ([ligand) could be deduced and plotted to as 36-35% of the total cell protein.
determine the dissociation constant according to eq 4. HPPD was purified in three steps over 36 h; these were
Stopped-Flow MeasuremenBre-steady-state analysis of (NH,),SO, fractionation, a Q-sepharose chromatography, and
HPPD was undertaken using a Hi-Tech model SF61-DX2 an S-200 size exclusion chromatography (Table 1). The
stopped-flow spectrophotometer. The measured dead timeenzyme was eluted from Q-Sepharose at a NaCl concentra-
of this instrument was 1.6 ms. The reaction of the HPPD tion of 180 mM. Calibrated S-200 size exclusion chroma-
Fe(Il) complex with molecular oxygen was observable as tography revealed that the elution volume of purified HPPD
an increase due to Fe(lll) formation at 320 nm. Anaerobic correlated with a molecular weight of 51 kDa most consistent
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Table 1: Summary of the Purification of HPPD frdg avermitilis
Heterologously Expressed frol L of BL21 DE3E. coli
protein tot. activity specific activity

procedure (mg) (U)2 (U/mgy
sonicate 190 532 2.8
streptomycin supernatant 151 453 3.0
45% A supernatant 122 366 3.0
65% AS pellet 65 391 6.0
65% AS supernatant 9 4 0.4
Q-Sepharose column eluate 44 370 8.4
S-200 column eluate 38 404 10.6 5

aU refers to enzymatic activity immol/min.® AS refers to am- 0 500 1000 1500 2000 2500

monium sulfate. HPP (uM)

. . . . FiIGURe 1: Steady-state kinetic analyses for HPP. Assays were
with the enzyme being predominantly monomeric (calculated performed using” a model DW1 Hansetech Oxygraph oxygen
monomer molecular weight, 41.7 kDa). electrode. The % mL reaction mixture ci](‘)r:tairled mr_?r?letﬁulatr I

i ; oxygen, 10uM ferrous ammonium ,1m ithiothreitol,

When purified in the absence of a chelator, the enzyme an)cligHPPD /(4500 AM) in 20 mM #EPSE% gfﬁer, oH 7.0’205 Tﬁeo
contained 0.4 Fe atoms/monomer and had an amethyst COIOIénzymatic reaction was initiated either by the addition of HPPD
due to a weak absorbance feature at 608 &y (m= 3062 (©), Fe(ll) @), or HPP Q) in the presence of all other reaction
M~1 cm™! based on the iron concentration). The yield and components.
specific activity of the purified enzyme was enhanced by
the inclusion of EDTA to 1 mM during the sonication, exclusively (2,5-dihydroxyphenyl)acetate (homogentistate).
streptomycin sulfate, ammonium sulfate precipitation, and No evidence of oxygen uptake could be observed in the
anion exchange chromatography purification steps. The presence ofa-ketoglutarate, pyruvate, or PPA. No (2-
omission of EDTA from the size exclusion chromatographic hydroxyphenyl)acetic acid could be detected by HPLC when
step permitted preparation of the apoenzyme devoid of thehigh concentrations of HPPD were incubated with a range
chelator. When EDTA was included from purification of PPA concentrations under conditions of atmospheric
buffers, the resulting purified enzyme contained no detectableoxygen. Prior to chromatographic separation each reaction
iron (<0.05 atom/monomer). A typical yield fro 1 L of was ultrafiltered to remove HPPD; the efficiency of elution
cells was 36-50 mg of purified enzyme with a specific ~ of (2-hydroxyphenyl)acetic acid from the filter membrane
activity of 10 umol HG produced/(min mg) (779) in the was 94.6%. Under the conditions chosen, the retention times
presence of ferrous ammonium sulfate. The enzyme in this of the keto and enol forms of PPA were 2.20 and 4.46 min,
form was stable at room temperature and could be stored atrespectively, while (2-hydroxyphenyl)acetic acid eluted at
—80 °C indefinitely without loss of activity. Relatively low  3.36 min when either injected as the pure dissolved com-
concentrations of HPPD<(100 uM) were stable at room  pound or when added to the enzymatic reaction mixtures.
temperature for at least 16 h, while solutions of higher The lower limit of detection under these conditions was 6
concentration slowly accumulated turbidity due to enzyme pmol of (2-hydroxyphenyl)acetic acid indicating that a
denaturation and as such were routinely studied &€ .4 turnover rate as low as 0.000 0t'swould have been

Rate of Dissociation of Fe(Il) from HPPThe release of detected. No additional components were observed in
Fe(ll) from the HPPBFe(ll) complex was observable inthe ~ Samples containing HPPD compared to control samples to
presence of the Fe(ll) specific chelator Ferene S. The Which the enzyme was not added.
formation of the stable, strongly absorbing Fe(Ferene Of the a-keto acids listed above, only HPP, PPA, and
S), complex was used as an indicator for the release of Fe(ll) pyruvate could be observed to form active site complexes
from the holoenzyme. When anaerobic HPP&(Il) was with holo-HPPD that produce a charge-transfer transition
mixed with excess Ferene S under anaerobic conditions, the(Figure 2) @5, 52—54). The absence of a charge-transfer
rate of formation of the 592 nm spectral feature was 0.0006 band in the presence ofketoglutarate may be a result weak
s ! and was independent of HPPD and Ferene S concentrabinding to the HPPEFe(ll)-a-ketoglutarate complex. How-
tions. In such an experiment, it is a requirement that the rateever, verification of a saturating condition for this ligand
of association of Ferene S with Fe(ll) be more rapid than was not possible as concentrations greater than 2 mM
the rate of release of Fe(ll) from the HPHE2(Il) complex. induced significant denaturation of the holoenzyme. To-
As such, the rate of formation of Ferene-Be(Il) complex gether, these data suggest that, for this form of the enzyme,
was measured separately under anaerobic conditions in 2ahe presence of the 4-hydroxyl of HPP is a requirement for
mM HEPES, pH 7.0, at 4C. The rate of formation of the  catalysis but not a requirement for bidentate association of
Fe(ll)-(Ferene S)absorbance feature was second order in an a-keto acid with the active site metal ion.

Ferene S and had an association rate constant of-3 11& Steady-State Kinetic Analyses for HPPBteady-state
M~2s™L This indicated that, at the concentrations used, the kinetic parameters were determined for HPP and molecular
Ferene SFe(ll) association rate is at least 8000-fold more oxygen (Table 2). With HPP, significant substrate inhibition
rapid and thus sufficient to permit observation of the rate of was seen at elevated substrate concentrations when assays
Fe(ll) release from the holoenzyme complex. were initiated with either HPPD or Fe(lIK(= 0.82+ 0.12

Substrate SpecificitddPP, PPA, pyruvate, and-keto- and 1.32t 0.22 mM, respectively, Figure 1). Less inhibition
glutarate were examined as substrates for HPPD. Of thewas observed when HPP was used to initiate asdéys (
aromatic substrates, only HPP was oxygenated, producing4.524 0.99 mM). This strongly suggests that the apoenzyme
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Ficure 2: Difference spectra of HPPBe(ll) in the presence of

o-keto acids. An amount of 198V HPPD was mixed anaerobically

with (—) 800 uM (4-hydroxyphenyl)pyruvate,-( <) 2.5 mM
phenylpyruvate, +¢-) 5 mM pyruvate, and<{ — —) 2 mM a-ke- »
toglutarate in 20 mM HEPES, pH 7.0, at@. For each spectrum g
the contribution of the unbound ligand was subtracted.

0.02
Table 2: Steady-State Kinetic Parameters for HPPD f&m
avermitilis
param valug param valug %50 450 550 650
Vimax (5°9) 68+06  VKpr(MM-isl) 254+ 70 A (nm)
Khpp (4M) 27+6 VIKo, (MMt s7%) 98+ 21
Ko, (M) 69+ 19

aMeasured at 28C, in the presence of 200 nM HPPDy® ferrous
ammonium sulfate, 1 mM DTT, and 20 mM HEPES buffer, pH 7.0.

is able to bind HPP and the resulting complex (apo-HPPD
HPP) is slow to dissociate and does not permit the binding
of ferrous iron (Scheme 2). Steady-state kinetic parameters
were determined by simultaneously varying the concentra- . . ,
tions of molecular oxygen and HPP in a single kinetic 0 500 1000 1500 2000
experiment. From these data, the extrapolated turnover LigandFREE(uM)
number at 25C based on the fit to eq 3 is 7% TheK, for e _

Ficure 3: Titration of holo-HPPD with HPP and PPA under

molecu]ar oxygenowas o, |nQ|cat|ng that the enzyme is . _anaerobic conditions: (A) difference spectra observed in the titration
apprqxlmately 80% saturated in oxygen under atmospheric 5t 124 M holo-HPPD with HPP (7.51030xM); (B) difference
conditions. spectra observed in the titration of 28M holo-HPPD with PPA
Dissociation Constants for HPPD Complex&s.examine Eg“‘gofoﬂ'\/'g?P(AC[)G;raC“O”at' S";‘_t“ra]}_tt'?“ of ';1”3? D s frele HP dP
o ) ; and free concentration fit to eq 4. To avoid free ligan
th_e binding of HPP to apo HPI.DD’ the apoenzyme was tltratedspectral contributions, absorbance changes at 520 nm were used
with HPP and the perturbation of the CD spectrum was tor analysis.

monitored. In the absence of Fe(ll), a saturating spectral

phenomenon is observed as HPP is titrated to apo-HPPD.was systematically reduced in a series of such titrations until

The fit to eq 4 indicated a relatively low-affinity HPPD  significant curvature was observed in the plot of &bgmvs

HPP complex whose dissociation constant was 1796 HPPRy. When the fractional saturation from such an

uM at 25°C. experiment was calculated and plotted against free HPP
The binding of HPP and PPA to the holoenzyme could concentration the dissociation constant was determined from

be observed anaerobically in titration as a broad, weak the fit of the data to eq 4 (Figure 3). In contrast to the apo-

increase in absorbance-ab00 nm (Figure 2). To ensure a HPPDHPP complex, the dissociation constant for the holo-

measurable concentration of free ligands existed at equilib-HPPDHPP complex is 6-fold lower at 32.4 3.3 uM,

rium throughout the titration, the concentration of enzyme indicating a role for Fe(ll) in substrate binding to the

Scheme 2
K,=3.1x10* M’ k=1.4x10° M's7
HPPD + Fe(ll) HPPD.Fe(ll) + HPP HPPD.Fe(ll).HPP +O; > Intermediat
+ k=0.0006 s+ i
HPP 02 .
-1
K,=5.5x10°* M 4=39.4 M's’! k=7.857
*-measured at 25°C v

HPPD.HPP HPPD.Fe(lll) + 02 HPPD.Fe(ll) + CO, + HG
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Ficure 4: Oxidation of the HPPBre(ll) complex by molecular
oxygen as observed at 320 nm. The anaerobic HP&[) complex Ficure 5: Reaction of the HPPBe(ll)-HPP complex (512M
(25uM HPPD, 20uM Fe(ll) final) was mixed with various oxygen  final) with molecular oxygen (512M final) at pH 7.0 and £C as
concentrations in a stopped-flow spectrophotometer &.4 observed at 490 nm. The simulation of these data to Scheme 3
with rate constants defined &= 1.4 x 10° M™* s7! (Ae = 90
holoenzyme. The dissociation constant for the holo-HPPD gl/l_ttl (ijml'_l) and k|2 = 7-8ﬂ5:1 (%E =b152 Mt_l Cm‘ll) lSt_ShéJV\{n asa
PPA complex was 243 20 uM, 8-fold higher than the otted line overlaying the absorbance trace. Inset: determination

. . R of the second-order rate constant for the reaction of the HPPD
native substrate under the same conditions. This indicates ar¢g(j1)-HPP complex with molecular oxygen as calculated from the

relatively small energetic contributiodMAG = —4.6 kJ/ initial increase in absorbance fit to eq 6.
mol) of the HPP 4-hydroxyl to the formation of the HPPD
Fe(ll)*HPP complex. Scheme 3

Oxygen Reduction by HPPRoth the free holoenzyme
and the holoenzyme in complex with HPP react with ks
molecular oxygen. When anaerobic enzyme was mixed with Intermediate ———— E.Fell + HG + CO,
molecular oxygen, the oxidation of the free holoenzyme (20 , ) ,
uM final) was observed at 320 nm. At this wavelength, the MS could be fit to a single exponential where the observed
HPPDFe(lll) complex has significant absorbaneg nm~ intermediate decayed at the catalytically relevant rate of
2200 Mt cm?). Approximately 90% of the observed -8 s L. The entire reaction trace could be simulated to two

amplitude could be fit to a single exponential. A plot of the Kinetic steps in which a bimolecular reaction is followed
observed rate constant for this process against molecula®y 2 first-order process whele was defined 1.45¢ 10°
oxygen concentration (0-2L mM) is linear and intercepts M ' S and k; was 7.8 s%, consistent with the values
the origin. The second-order rate constant for addition of détermined from our analysis of the data (Scheme 3). On

oxygen to the enzyme calculated from the slope was 39.2 the basis of the measured rate constants, the maximal
0.8 Mt s1 (Figure 4). fractlo_nal accumulation _of t_he mterr_n_edlate is 60%. The
The HPPDFe(ll)-HPP complex was observed to react with magnitude of the net extinction coefﬁuen_t changg for both
molecular oxygen using a stopped-flow spectrophotometer Phases of the trace is 75 Mcm™, consistent with the
at wavelengths between 245 and 750 nm. While it was cleardisappearance of the long-wavelength charge transfer ob-
that this phenomenon has an oxygen dependence, accuratgeved in the holoenzymesubstrate complex resulting from
assignment of the rate constants (particularly at low oxygen the proposed bidentate binding of HPP to the active site metal
concentration) was hindered by the low extinction coefficient 10 (Figure 2). This biphasic process was not observed in
changes for this process. To measure the magnitude of thepontrol expenments conducted under the same conditions
rate constant for the reduction of molecular oxygen by the in the absence of either the enzyme or the substrate.
HPPDFe(ll)-HPP complex, matched concentrations of both
reactants (HPP®-¢e(ll)-HPP and Q) were used (Figure 5). DISCUSSION
In such an experiment the integrated rate expression is not HPPD is a member of the-keto acid dependent oxyge-
exponential (eq 6). nases, all of which have highly similar coordination environ-
A plot of the inverse of the reactant concentration against ments for the mononuclear Fe(ll) ion and could be predicted
time yields a straight line for second-order processes, theto have similar strategies for the reduction of molecular
intercept of which should equal the inverse of the concentra- oxygen. HPPD is the exception within this family as it has
tion of either reactant at time zero (inset Figure 5). The rate two rather than three substrates and incorporates both atoms
constant, derived from the slope, was 1:430° + 1.6 x 10° of molecular oxygen into a single organic molecule (Scheme
M~! s71, based on an extinction coefficient change of 90 1). For these oxygenases a consensus is emerging as to the
M~tcmt, 3600-fold faster than the reduction of molecular order of binding of substrates. Thorough steady-state analyses
oxygen in the absence of HPP. The absorbance change ahow exist for prolyl hydroxylases, 56), thymine hydroxy-
this wavelength is biphasic, indicating the reaction of the lase §7), lysyl hydroxylase %8), deacetoxyvindoline hy-
enzyme-substrate complex with molecular oxygen coincides droxylase §9), and HPPD 22). In all cases patrtially or fully
with the accumulation of an intermediate. Due to the apparentordered steady-state mechanisms are observed, in which
large rate constant differential between the first and the typically the a-keto acid is the first substrate to bind and
second phase of this process, absorbance data beyond 8CQO; is the first product to dissociate. Since HPPD has only

kq
E.Fe(ll).HPP + Oy ——— > Intermediate
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two substrates, the order is HPIe-Keto) followed by whena-ketoglutarate binds the holoenzyme. The transitions
molecular oxygen. With such a high degree of accord for shift slightly to shorter wavelengths and the transitions
the steady-state mechanisms of such enzymes, there is littldbecome more resolved when the second organic substrate is
impetus to independently determine by such methods theadded to this complex. The consensus for these enzymes is
substrate binding mechanism for HPPD fr@mavermitilis. that when both substrates are bound, reactivity toward
Instead, more explicit evidence for both the order of addition molecular oxygen increases though this has not been formally
of substrates to HPPD and the equilibrium constants and/orquantified. For these enzymes square pyramidal iron geom-
rate constants for the formation and decay of such complexesetry is observed in the presence of both organic substrates,
was the primary objective of experiments described here. leaving the octahedral ligand site opég6). On this basis,
HPPD fromS. aermitilis expresses to high levels . it is reasonable to speculate that in the presence of its native
coli and can be purified in three steps to a specific activity a-keto acid substrate, HPP, the active site iron of holo-HPPD
of 10 umol of HG produced/(min mg) (7-9). This rate of is largely five coordinate and poised to react with molecular
turnover compares favorably with that observed in prepara- oxygen.
tions of HPPD from carrot (1.91°% (60), from Pseudo- To probe the oxygen reactivity of holo-HPPD in the
monas fluorescen.67 st) (20), human (0.71 s (22), presence and absence of HPP, the free holoenzyme and the
and pig (8.3 s') (61). Calibrated size exclusion chromatog- substrate in complex with the holenzyme were reacted with
raphy of the purified enzyme suggests that this form of HPPD molecular oxygen. The 3600-fold acceleration in the rate of
is predominately monomeric in solution. This is consistent oxygen reduction in the presence of HPP definitively
with what has been observed by such methods for HPPD establishes an activating effector role for th&eto substrate
from other bacteria and eukaryotes. However, for HPPD from in this enzyme. Furthermore, this is the basis of the steady-
these other organisms, analytical ultracentrifugation methodsstate observation of ordered addition in productive catalysis
reveal weak associations for the formation of tetramers and(Scheme 3). The fact that the reciprocal of the oxygen
dimers for bacteria and eukaryotes respectivél®—64). concentration during the first phase of the reaction is linear
Thus, the observation of a monomer here is useful in the with time throughout a concentration change of 504
preparation of the pure enzyme but remains to be verified suggests that this reaction is reliant solely on collision and
as the true oligomeric state in solution. there is no formal requirement for oxygen to reversibly bind
Observation of HPPD in the steady state using varied HPPto the HPPDFe(ll)-HPP complex for catalysis to occur.
concentrations reveals significant substrate inhibition when Alternatively, the dissociation constant for molecular oxygen
assays are initiated with either Fe(ll) or apo-HPPD, and little from the HPPDFe(Il)-HPP O, complex may be relatively
inhibition is observed when HPP is used. This implies that large &500«M). Of considerable interest is the accumula-
HPP and Fe(ll) bind randomly to the apoenzyme and the tion and decay of an intermediate when the HPR&II)-
apo-HPPDBHPP complex is unable to bind Fe(ll) (Scheme HPP complex reacts with molecular oxygen. The first-order
2). The dissociation constant of the apo-HPRBP complex oxygen dependence of the formation of this intermediate
(~180 uM) is consistent with this assertion and would indicates that this is the first oxygenated species to ac-
suggest that when assays are initiated with either apo-HPPDcumulate in turnover. Furthermore, the accurate simulation
or Fe(ll), measured initial rates would be determined for of these data to a minimal kinetic scheme establishes that
enzyme that is partially inhibited by the HPP concentration the time frame of these processes is relevant to turnover and
used. within reach of freeze quench experiments for characteriza-
Possibly the most intriguing observation of this investiga- tion of the intermediate using other spectroscopies. We are
tion is that PPA is not a substrate for HPPD fro#h currently undertaking experiments under pseudo-first-order
avermitilis. Though PPA binds only 8-fold less tightly to  conditions to define the spectrum of this and other observable
the holoenzyme than does HPP, HPLC product analysis andintermediates in the hope that the intermediate can ultimately
oxygen uptake experiments clearly show that PPA does notbe trapped and further characterized.
significantly activate HPPD for a reaction with molecular =~ The above data reveal random combination of the apo-
oxygen and that it is not a substrate. It is therefore clear thatenzyme with Fe(ll) and HPP and random combination of
the 4-hydroxyl group of HPP is a requirement for substrate the holoenzyme with HPP and molecular oxygen. However,
recognition yet has only a modest contribution4(6 kJ/ classification of the steady-state substrate binding mechanism
mol) to the HPP binding energy. This differs from mam- as ordered remains accurate as a consequence of the
malian HPPD isoforms that are reported to use HPP, PPA, respective slow release of Fe(ll) from the holoenzyme, low
and o-ketoisocaproate as substraté8, (65). affinity of the apoenzyme for HPP, and slow rate of oxidation
The absorbance feature-ab00 nm observed when holo-  of the holoenzyme in the absence of HPP.
HPPD is titrated anaerobically with HPP, PPA, or pyruvate  These data are the first to define actual complex affinities
is similar in shape and intensity to those observed with the for HPPD from any source and are the basis for the order of
mechanistically related enzymes TauD and (2,4-dichloro- addition of substrates to the enzyme in normal turnover.
phenoxy)acetate dioxygenase (TfdAp(52) (Figure 2). The Knowledge of the magnitude of these affinities will serve
crystal structure of TauD in complex witl-ketoglutarate as the foundation for further biophysical investigation of this
shows that this substrate is bound bidentate to the active sitemedically and agriculturally important enzyme.
iron through coordination to the 1-carboxylate and 2-keto
oxygen atoms 7). This feature has recently been probed ACKNOWLEDGMENT
using resonance Raman and is believed to be associated with We are grateful to Claudio Denoya (Pfizer) for supplying
transition from thea-keto/carboxylate HOMO to itst* plasmid pCD661 containing the HPPD gene fr@maver-
LUMO (54). For TauD and TfdA, this absorbance is present mitilis. We also thank Robert Ponton (University of
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