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ABSTRACT: p-Hydroxyphenylpyruvate dioxygenase (HPD) plays a key role in the normal catabolism of
tyrosine. An Fét/oxygen-dependent enzyme, it convepthydroxyphenylpyruvate into homogentisate

and is part of the superfamily of-ketoglutarate-dependent enzymes that couples oxidative decarboxylation
of ana-ketoacid cofactor to oxidative modification of its substrate. In this caseytketoacid is part of

the substrate side chain. HPD shows strong homologyhttgdroxymandelate synthase (HMS), an enzyme
that catalyzes the formation pfhydroxymandelate fronp-hydroxyphenylpyruvate, an early step in the
biosynthesis op-hydroxyphenylglycine, which is a nonproteinogenic amino acid incorporated into several
biologically active secondary metabolites. Sequence alignment between the HPD and the HMS enzyme
families and analysis of thBseudomonas fluorescer®D crystal structure highlighted four residues
within each active site that may play roles in catalytic differentiation between the two products. We
attempted to conveftreptomyces@@rmitilis HPD into an engineeref. avermitilis HMS by site-directed
mutagenesis of these four residues individually and in combination. HPLC assay analysis of gach His
tagged mutant indicated that F3371 successfully prodgpelegdroxymandelate, along with homogentisate

and an unknown compound. The structure of the latter was determined to be an oxepinone derived from
the benzene-oxide intermediate long hypothesized in HPD catalysis.

p-Hydroxyphenylpyruvate dioxygenase (HPRarries out development of several high affinity inhibitord-{6), one
one of the most interesting transformations in amino acid of which is used to treat type | tyrosinemia, a fatal disease
catabolism. It catalyzes the oxidative decarboxylation and caused by a 4-fumarylacetoacetate lyase deficieBjcyHPD
rearrangement gf-hydroxyphenylpyruvate (pHPP) (revers- has been purified from a number of organisms including rat
ibly formed by transamination af-tyrosine) to homogen-  (7), human 8), and pig @), in addition to plants X0, 11),
tisate (HGA). Further degradation leads ultimately to fuma- fungi (12), and prokaryotes18—15). Eukaryotic HPDs
rate and acetate (Scheme 1). HPD occupies a central role  behave as homodimer)( whereas in bacteria the enzyme
in the catabolism of aromatic amino acids, and variants haveis active as a homotetramet5, 16).
been directly or indirectly involved in a number of metabolic
disorders. For example, the hereditary and life-threatening

disease tyrosinemia type il is caused.byadefic!ency in HPD couples oxidation of their substrate to the formation of
activity (2). .HPD also catalyzgs the first committed step in succinate and Cgrom o-KG. Unlike most members of this
the_synth_eS|s of both _plastoq_umone and tocophe_rols, the tWO1‘ami|y however, ther-ketoacid is not a cofactor but part of
major quinone constituents in chioroplasts of higher plants .  1hirate itself. Additionally, enzymes in this family show
(3). Owing to the central role HPD plays in quinone synthesis a requirement for ascorbaté?), which is believed to keep
and tyrosine catabolism, a concerted effort has been madet . o i ’

. L . : he active site iron in the reduced, ferrous state necessar
o study this enzyme in various organisms leading to the for activity. After nearly 50 years of investigation, the g
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Scheme 1: Formation of HGA and pHMA from pHPP
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a (i) Homogentisate oxidase; (ii) 4-maleylacetoacetate isomerase; and (iii) 4-fumarylacetoacetate lyase.

The Fé*/oxygen-dependent HPD shows strong primary active site pocket 16). These data, in conjunction with
sequence homology to members of fheydroxymandelate  sequence alignments and secondary structure predictions of
synthase (HMS) family of enzymes involved in secondary known HPDs and HMSs, highlight the similarities and
metabolism, specifically, the biosynthesisphydroxyphe- differences between the two enzymes. In particular, four
nylglycine (Scheme 1). HMS catalyzes the first step of the residues in HPD enzymes were identified that may play a
biosynthesis of this nonproteinogenic amino acid in which role in substrate binding, positioning, and directing catalysis.
pHPP is decarboxylated and hydroxylated to produige ( These residues, Pro214, Asn216, Phe337, and Phe341
p-hydroxymandelate (pHMA), as demonstrated in this labo- (numbered according te. fluorescen$iPD, P80064), were
ratory (S. Bantia, M. Gunsior, and C. A. Townsend, mutated individually and in combination to the corresponding
unpublished results) and othei4( 25). pHMA is further residues in HMS, Thr, lle, lle, and Tyr, respectively, in an
oxidized to L-p-hydroxybenzylformate (pHBF) and tran- effort to convert theStreptomyces :@rmitilis HPD into a
saminated top-hydroxyphenylglycine (pHPG)24). The novel S. aermitilis HMS. Stepwise, rational site-directed
lower homologue of tyrosine, pHPG, is incorporated into mutagenesis led to the isolation of a mutant HPD capable
several biologically active secondary metabolites including of producing the normal product, HGA, the desired product,
vancomycin 26), complestatinZ7), the5-lactam antibiotic ~ pHMA, and a third unexpected compound derived from a
nocardicin A 8), calcium-dependent antibiotic (CDA29), reaction intermediate. Site-directed mutagenesis of HPD
and ramoplanin30). L-pHPG biosynthetic genes were first active site residues provides the first structural evidence for
identified in Amycolatopsis orientalias part of the cluster  the involvement of an arerexide intermediate in the side

responsible for the production of chloroeremomycin, a chain migration previously postulated in HGA biosynthesis.
glycopeptide whose aglycon has the same structure as

vancomycin 81). Homologues have also been identified in EXPERIMENTAL PROCEDURES
Streptomyces coelicoldB2), the producer of CDAAmMy-
colatopsis mediterrandB3), Streptomyces k&ndulaeg(34), Materials Microbiological media were purchased from
and Nocardia uniformis the organism that produces no- Difco Laboratories (Detroit, Ml). Restriction enzymes were
cardicin A (M. Gunsior, S. D. Breazeale, and C. A. obtained from Strategene (La Jolla, CA) and New England
Townsend, unpublished results). Biolabs (Beverly, MA). Escherichia coli BL21 (DES3)
The similarities in primary sequence (235% identity) expression cells and pET28lvector were purchased from
and function between these two internal dioxygenases raiséNovagen (Madison, WI). Platinum Tag polymerase, PCR4
an interesting question of catalytic differentiation. Both are Topo vector, ande. coli TOP10 cells were obtained from
Fe*"/0,-dependent and utilize pHPP as substrate, yet form Invitrogen (Carlsbad, CA). Econo-Pac 10DG Desalting
different products. The initial half-reaction, oxidative decar- columns were purchased from Bio-Rad (Hercules, CAJ"Ni
boxylation, is presumably the same for both enzymes, but NTA resin and Miniprep Plasmid Purification kits were
the product-determining stage in HPD and HMS must be obtained from Qiagen (Valencia, CA). pHPA, pHMA, HGA,
distinct. It has long been postulateddrKG/Fe*-dependent ~ pHPP, ascorbate, Fe(ll) ascorbate, bovine liver catalase, and
enzymes that the oxygenating intermediate is a reactive Fe-kanamycin were acquired from Sigma-Aldrich (St. Louis,
(IV)-oxo species. The first direct evidence for this proposed MO). IPTG was purchased from Fisher Scientific (Fairlawn,
intermediate was recently obtained from taurn&G di- NJ), T4 DNA ligase was obtained from Roche Diagnostics
oxygenase35). Corporation (Indianapolis, IN), and synthetic oligonucleotides
The recently published crystal structureRgeudomonas  were prepared by Sigma-Genosys (The Woodlands, TX).
fluorescendHPD reveals the amino acid residues lining the Plasmid pCD661 containing wild-typ®. avermitilis HPD
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was a generous gift of Dr. Claudio Denoya (Pfizer, Groton,
CT).

General MethodsPCR experiments were performed using
a GeneAmp PCR system 2400 (Perkin-Elmer; Norwalk, CT).
DNA manipulations (restriction digests, ligation reactions) op_ctermEcoRI-D AGGGGAATTGAGCTCGGTACS
were performed according to manufacturer’s directions. All ctermEcoNI ATCGECTCGAACAGGCCTTGATGTTGCC
sequencing was performed using the PRISM Dye Terminator Egiﬂ;evg é;gg gﬁégjgg?ggé?ﬁgggl?
Cycle-Sequencing Ready Reaction kit (ABI, Foster City, CA) N216Ir:\;—B OAGOOCOBECTCATCATCE
and the PE Applied Biosystems 377 Prism DNA Sequencer ya1gifor-C CGATCATCGAGCCCGCCCTC
at the Johns Hopkins School of Medicine Sequencing F341Yrev-B CGATCGCCTCGACAGGGCCTT
Facility, Department of Biological Chemistry. Secondary F341Yfor-C AAGGCCCTGRCGAGGCGATCG
sequence homology comparisons were performed using thePET28-ClalR GCGARTCGATTGTATGGGAAGCCC
PSIPRED Protein Structure Prediction Serv86)( For ~ *Restriction sites are indicated in italics, and the introduced mutation
phylogenetic analysis, peptide sequences were aligned using® " Pold:
ClustalW multiple sequence alignment softwaB&)(using
the following accession numbers: CAA04693, NP_108430, ligated into the corresponding cloning sites of pCD661-HPD
P23996, 1 CJX, AAK24504, F83537, C82211, 006695, resulting in plasmid pCD661-F3371, from which pET-F3371
CAC47521, Q55810, AAP07321, CAB51008, Q53586, plasmid was prepared as described for pET-Sa-HPD.
CAD70479, AAK48714, 042764, NP_058929, NP_002141, The mutant constructs P214T, N216l, F341Y, P214T/
AAF51601, Q18347, CAD42488, CAC48371, T17470, N216l, P214T/F3371, N2161/F337l, and P214T/N216l/F337I
CAB38519, AAM80551, and AAK81835. The distance were generated by PCR amplification using the overlap
matrixes were calculated from these alignments using theextension mutagenesis methodl) with templates and
Kimura protein distance algorithn8§), and phylogenetic  primers as detailed in Tables 1 and 2. Amplification products
trees were generated using the Neighbor Joining method ofwere blunt cloned into pCR4-TOPO vector and transformed
Saitou and Neig9) and visualized with TreeViewd(). Mass into E. coli TOP10, and mutation identities were confirmed
spectrometric analyses were performed at the Nebraskaby DNA sequencing. Clones containing the desired mutation-

Table 1: Synthetic Oligonucleotides Used for Site-Directed
Mutagenesis

primer name nucleotide sequencé 39
HPD-NtermNdel-A  TATACATATGACGCAGACCACACACCACAC

Center for Mass Spectrometry (Lincoln, NE).

Molecular Modeling All molecular modeling was per-
formed on an SGI Octane 2XR10000 workstation using
Insight Il software (Accelerys, San Diego, CA). The crystal
coordinates oP. fluorescen$HPD were obtained from the
Protein Data Bank (http://www.rcsb.org/pdb/; ID: 1QJX
The proposed intermediapehydroxyphenylacetate (pHPA)
was created with Builder Module and minimized using the
Discover DVFF force field. pHPA was manually positioned
into the active site using Insight Il. Four restraints corre-
sponding to iron coordination bonds with His161, His240,
Glu322, and the carboxylate of the pHPA molecule were
set in the range of 1:82.3 A. The CVFF force field Steepest
Descent algorithm (1000 iterations) was used to minimize

(s) were digested withidd andHindlll and ligated into the
complementary sites of pET28b The mutant constructs
containing the F341Y mutation could not be obtained by the
overlap extension method due to the proximity of F341Y to
both the end of the gene and Phe337. To preserve possible
F3371 mutations, a method involving restriction digestion
and ligation was used. HPD and mutant gene constructs in
pET28bt vector contained twdsdH Il restriction sites, one
located between Asn216 and Phe337 and a second in the
lacl gene, which, when digested, yields two fragments of
2147 and 4318 bp. The larger fragment contains positions
337 and 341, while the smaller fragment contains residues
214 and 216. In this manner, pET-P214T/F341Y, pET-
N2161/F341Y, pET-F3371/F341Y, pET-N2161/F337I/F341Y,

large steric interactions, followed by the Conjugate Gradients and pET-P214T/N216l/F341Y were prepared by ligating
algorithm until the maximum RMS derivative was less than combinations of these fragments.
0.001 kcal/A. The mutant enzyme was created using HPD  Expression of Wild-Type and Mutant HPD Constructs
docked with pHPA; Phe337 was changed to lle and Cultures ofE. coli BL21(DE3) cells (5 mL) containing the
minimized as stated previously. recombinant pET28b plasmid were prepared by inoculating
Cloning of Wild-Type and Mutant HPD Proteinghe S. single colonies from agar plates into 3 mL of LB containing
avermitilis HPD gene was excised from pCD661 ushidd 25 ug/mL kanamycin and incubated overnight at°& with
andEcadRl, gel purified, and ligated to the complementary shaking (300 rpm). The saturated cultures were diluted 1:100
sites of pET28b-. Ligation products were transformed into in LB containing 25¢g/mL kanamycin and grown at 3TC
E. coliBL21(DES3) for heterologous expression and sequence with shaking (300 rpm) to an optical density at 600 g
analysis. The resulting construct, pET-Sa-HPD, contained of 0.6. Expression was induced with the addition of 1 mM
an N-terminal Higs affinity tag. The sequence of the IPTG and proceeded 24 h at the above conditions. Cells were
subcloned gene revealed the presence of three additionaharvested by centrifugation (50015 min), resuspended
bases at position 120 not part of the original published in 4 mL of lysis buffer (50 mM sodium phosphate, pH 8,
sequence, which results in a second tyrosine residue at300 mM NaCl, 10 mM imidazole), and stored -a20 °C.
position 40. The error was also noted in a recent paper Purification of Wild-Type and Mutant HPD Enzymes
regarding substrate addition fSt avermitilis HPD (19). The Purification was performed from 4 mL of resuspended cell
single mutant F3371 was obtained by PCR amplification of culture. Cultures were subjected to sonication ¢20 s
a subfragment of pCD661-HPD using the primers HPD- bursts with 10 s rests) using a tuned microtip at 40%

NtermNdd-A and CterniEcoNl, where EcoNl (Table 1)
introduced the desired ¥ A mutation. The amplified
product was gel purified, digested witdd and Eca\l, and

amplitude. The lysate was centrifuged at 10 @00 pellet
cell debris, and the supernatant was applieed 2 mL N7+-
NTA column. The column was washed with-205 mL of
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Table 2: Templates and Synthetic Oligonucleotides Used for Site-Directed Mutagenesis

template primer pairs product

pCD661/Sa-HPD HPD-NtermNdel-A, P214Trev-B; P214T
P214Tfor-C, HPD-CtermEcoRI-D

pCD661/Sa-HPD HPD-NtermNdel-A, N216lrev-B; N216l
N216lfor-C, HPD-CtermEcoRI-D

pCD661-F337I HPD-NtermNdel-A, P214Trev-B; P214T/F337I
P214Tfor-C, HPD-CtermEcoRI-D

pCD661-F3371 HPD-NtermNdel-A, N216lrev-B; N2161/F337I
N216lfor-C, HPD-CtermEcoRI-D

pET-N216l HPD-NtermNdel-A, P214Trev-B; P214T/N216I
P214Trev-B, HPD-CtermEcoRI-D

pPET-PT/FI HPD-NtermNdel-A, N216Irev-B; P214T/N2161/F337I
N216lfor-C, HPD-CtermEcoRI-D

pCD661/Sa-HPD HPD-NtermNdel-A, F341Yrev-B; F341Y

F341Yfor-C, HPD-CtermEcoRI-D

pPET-PT/NI/FI

HPD-NtermNdel-A, F341Yrev-B;

P214T/N2161/F3371/F341Y

F341Yfor-C, pET28-ClatR

wash buffer (50 mM sodium phosphate, pH 8, 300 mM
NaCl, 20 mM imidazole) followed yp a 4 mL elution of

elution buffer (50 mM sodium phosphate, pH 8, 300 mM
NaCl, 250 mM imidazole). The purified protein was desalted

(calcd M+ H* 169.050, GHgO4); MS/MS (M + H)* 123.0,
109.0, 67.02H NMR (D,0, 0.1% DCI)6 7.15 (d,J = 10.4
Hz, 1H), 6.95 (dd,J = 10.4, 0.8 Hz, 1H), 6.26 (d] = 10.4
Hz, 1H), 6.21 (d,J = 10.4 Hz, 1H), 5.04 (ddd] = 6.0, 5.2,

on an Econo-Pac 10DG desalting column equilibrated with 0.8 Hz, 1H), 3.03 (ddJ = 17.2, 5.2 Hz, 1H), and 2.97 (dd,

assay buffer (50 mM Tris, pH 8, 10% glycerol). A total of
4 mL of assay buffer was used to elute the protein.

J=17.2, 6.0 Hz, 1H).

Homogeneous enzyme was then concentrated to approxi-RESULTS

mately 1 mL using a Collodian apparatus equipped with a

10 000 MWCO membrane against 50 mM Tris, pH 8, 10%
glycerol.
Spectroscopy Circular dichroism measurements were

made in 0.2 mm cells in a Jasco J-810 spectropolarimeter

operated at a scan rate of 20 nm/min in the range of-190

Phylogenetic analysis was performed on the HPD/HMS

family of dioxygenases (Figure 1). The HPD protein family

clusters in three groups: the eukaryotes, Gram-negative
(including cyanobacteria) and Gram-positive eubacteria.
Interestingly, the Gram-positive eubacteria clade is composed

300 nm. Protein samples were prepared in 10 mM Tris (pH of only three members, all of which are soil microorganisms.

8.0) at a concentration of M.

Activity Assay for Wild-Type and Mutant Enzym@éée
reaction mixture contained-12 uM enzyme, 50 mM Tris,
pH 8, 0.25 mM ferrous ion, 0.5 mM ascorbate, 0.1 mg/mL

bovine liver catalase, and 1 mM substrate, pHPP. The

Because other Gram-positive eubacteria do not contain this
enzyme, HPD activity likely reflects the metabolic adaptation
of both the Bacillus cereusgroup of organisms and the
streptomycetes. HPD dioxygenases appear to be more
common in Gram-negative eubacteria, as exemplified by the

reaction was started by the addition of substrate and allowed/@'9€" number of HPD sequences derived from genome

to proceed for a fixed time at room temperature. Following
the addition of acetonitrile (15% final concentration) to stop
the reaction, the solution was centrifuged for 20 min at
16 00Q.

Products were analyzed by HPLC on a Luna C1&1fh
analytical column (2506« 4.6 mm; Phenomenex, Torrance,
CA) at a flow rate of 1 mL/min. The solvents used were
ddH0/0.01% TFA (A) and acetonitrile/0.01% TFA (B). A
total of 100uL of each reaction was analyzed under the
following gradient conditions: 5 min 100% A/0% B, 20 min
linear gradient from 100% A/0% B to 80% A/20% B, 5 min
80% A/20% B, and 10 min 100% A/0% B. The elution of
components was monitored at 220 nm.

Isolation of OxepinoneThe standard reaction assay using
the P214T mutant was scaled up >d0and incubated
overnight at room temperature. Following the addition of
acetonitrile to stop the reaction, the solution was filtered
through a 0.22:m filter. HPLC separation was carried out
on a Luna C18 (5um) semipreparative column (250 10

sequencing projects. In addition, Figure 1 shows that Gram-
positive HPDs are more closely related to those of eukaryotic
origin than to other eubacterial HPDs. The HMS family of
dioxygenases has a relatively higher sequence identity (ca.
31%) with the Gram-positive eubacterial HPDs than either
the eukaryotic (ca. 26%) or other eubacterial HPDs (ca.
23%). For this reason, we chose to engineeShaermitilis

HPD into a novelS. aermitilis HMS.

Elucidation of aP. fluorescensHPD crystal structure
yielded insight into the residues lining the active site. Residue
conservation is not evenly distributed throughout the protein
(Figure 2). Most of the conserved residues are found in the
C-terminal domain of HPD, which contains the catalytic iron
essential for activityX6, 42). The smaller N-terminal domain
shows much lower homology and is not reported to have
any catalytic function, but mutations in this region can affect
activity. For example, patients suffering from Hawkinsinurea
possess an A33T mutation in HPR)(

A common structural motif among non-heme*H®,

mm; Phenomenex) at a flow rate of 5 mL/min using the same dependent enzymes is a 2-His-1-carboxylate facial triad in
gradient as detailed above. Fractions containing the unknownwhich two histidines and one aspartate/glutamate ligand

coproduct ¢ 18 min) were collected, concentrated under
vacuum to remove acetonitrile, and lyophilized to afford a
tan powder. MSWz 169.1 (M+ H)*, exact mass 169.049

occupy one face of the iron (II) coordination sphed@)(
Members of thea-KG-dependent dioxygenase family can
be further grouped based on the spacings among these three
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PFHPD GG HPD ligands. Of the remaining residues in the active site, five
are conserved among HPD enzymes but distinct in HMS.
Specifically, Leu199, Pro214, Asn216, Phe337, and Phe341
in HPDs have become Met, Thr, lle, lle, and Tyr, respec-
tively, in the HMS active site. These residues appear to be
the determining factor in a priori classification of HMS or
HPD activity. Active site modeling of the HPD enzyme
indicated that Leu199 would have minimal interaction with
substrate and thus was not chosen for mutation.
Generation and Purification of Recombinant Mutant
Enzymes A set of 16 mutants was constructed by PCR
amplification from the wild-type enzym®. avermitilis HPD.
The mutations P214T, N216l, F337l, and F341Y were
prepared individually and in combination. All mutants were
expressed adl-terminal Hig-tagged fusions in the heter-
ologous hosE. coliBL21(DE3). Each culture was incubated
for 24 h in the presence of IPTG to allow pigmentation to
develop; under alkaline and aerobic conditions, HGA oxi-
dizes and polymerizes to form an ochronotic pigment. This
pigment is dark brown and clearly discernible in growing

, , , ) , cultures. The intensity of the ochronotic pigment is propor-
Ficure 1: Phylogenetic tree illustrating the evolutionary relation-

ship between HPDs of various origin. The green clade representstlonal to HGA production, with wild-type HPD giving the
HPD of Gram-negative eubacterial origin, while those in red and darkest hue. F341Y, F3371, P214T, and N216l recombinant

blue are from Gram-positive eubacteria and eukaryotic organisms, mutants all produced pigmentation and are listed in order of
respectively. HMS enzymes cluster in a distinct orange clade. decreasing color intensity. The mutants were purified to

88 HPD

"'\\A%Zr;‘r’]i.ag%f‘s nﬂgt?‘sséogg‘r’]":dgl'ér%g%fré'.'ge%“%::mggg”ggr'r-{o homogeneity by Nit-affinity column chromatography as
izobiu iSO, W i , u - - . e .

nas fluorescensCC, Caulobacter crescentusPAs, Pseudomonas determined by S[)_S_PAG_E- A representative purlf_lcatl_on
aeruginosa VC, Vibrio cholerae VWV, Vibrio vulnificus SM, as well as the purified single mutants are shown in Figure
Sinorhizobium melgtiSS,Synechosystisp. PCC6803; BMacillus 3A,B.

cereus SC, Streptomyces coelicolpBA, Streptomyces:@rmitilis; Biochemical Analysis of Catalytic Aelfy. HPD activity

NC, Neurospora crassaMAG, Magnaporthe griseaMG, My- in other systems is greatly affected by additives such as

cosphaerella graminicolaRN, Rattus noregicus HS, Homo tal d bate licati . t
sapiens DM, Drosophila melanogasteiCE, Caenorhabditis el- catalase and ascorbat&b), complicating comparisons to

egans NU, Nocardia uniformisAM, Amycolatopsis mediterranei  recent studiesl). Additionally, spontaneous decarboxyla-
AO, Amycolatopsis orientaljsST, Streptomyces toyocaensind tion of substrate can occur in the presence of such stimulators

SL, Streptomyces t@ndulae (1). pHPP exists in both enol and keto tautomeric forms, of
which the enol form has been shown to have an inhibitory
ligands. Group | enzymes possess the motif HXBXH effect on HPD fromPseudomonasp. P. J. 87445). The
and consists of enzymes such as isopenicillin N-synthaseeno| form predominates in ethanol solutions but quickly
(IPNS) and deacetoxycephalosporin C-synthase (DAOCS), equilibrates to approximately 97% keto tautomer under
group Il [HX(D/E)X13s-20H] includes the enzyme clavami-  aqueous conditionsly). To best assay the effect of each
nate synthase, and group Il members such as prolinemytation on wild-type activity, the change in HGA produc-
hydroxylase exhibit the motif HXD%-10:H (44). In contrast  tjon was monitored under a fixed-time assay and a given set
to othera-KG-dependent enzymes, however, HPD and HMS of conditions and then compared to the wild-type activity
enzymes do not fall into any of the previous three categories, (Taple 3). Negative controls with heat-inactivated enzyme
possibly because the-keto reaction partner is internal rather  ensured the conditions did not cause a spontaneous decar-
than external to the substrate. boxylation of pHPP. Ascorbate, bovine liver catalase, and
The crystal structure dP. fluorescen$iPD revealed the  exogenous P& were experimentally determined to be
residues involved in Fe(ll) coordination: His161, His240, necessary for optimal activity, as well as the addition of
and Glu322, all of which are conserved among known HMS substrate to start the reaction. The same activating effect of
and HPD enzymes (data not shown). These data also servéhe additives was noted in HPD fronPaeudomonaspecies
as a basis for comparison of secondary structure predictions(15). Preliminary analysis of the wild-type and mutant HPD
The predicted structural elementshf uniformisHMS and catalytic behavior indicated substrate inhibition, in ac-
S. aermitilis HPD are highly similar to the observed cordance with recent studies of the enzyme friSmever-
structure ofP. fluorescens$iPD, as shown in Figure 2, and mitilis (19) and other organismdl( 15.
suggest that the HMS and HPD enzymes possess the same As expected, wild-type HPD produced HGA without the
overall fold in vivo. Comparison of the two types of enzyme formation of side products. In older HPD enzyme prepara-
and the crystal structure data show distinct differences in tions, however, a small peak at approximately 22 min was
the residues lining the active site. Seven residues areobserved, which possessed the same retention time and UV
universally conserved in both families (Leu307, GIn309, spectrum as pHPA. This peak, absent in the negative control,
Phe311, Phe332, Gly333, Asn336, and Leu340). Otherwas shown to coelute with an authentic sample of pHPA
invariant residues (Aspl60, GIn239, and Arg326) are in- (data not shown). Uncoupling of the reaction, or formation
volved in hydrogen bonding interactions to iron-coordinating of CO, without hydroxylation, is known to occur in-KG-
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NU-HMS  eevvnennn MAAQAGSVFDGMTLDHTVEYVG G. .LVVLGTSETSS . . VRSVAVGGGSIRLVFSQATADDT
Sa-HPD  MTQTTHETPDEEROADPFPVKGMDAVVFAV! MQLVAYSGPENGSRETASYVLTNGSARFVLTSVIKPAT
PE-HPD  tevrvenvnvonans ADLYENPMGLMGFEFIELASPT| TKVATHRSK. . DV. ELYROGAINLILNNEPES . .
Nu-HMS  .... G GARPVAEPTEAD. . .G . AVLATIMGFGDVVETFVOR . « « + v ..« P
Sa-HPD  PWGH GDGVVDLAIEVPD GARSVAEPYELKDEHGTVVLAATATYGKTRETLVDRTGY . DGPYLP
PE-HPD  .... G ESEIlF RVKD QPIHIETGPME. . . . INLPATKGIGGAPLYLIDRFGEGSSIYDI
E * g 4
Nu-HMS  G...GAPGEDPESAGGLRVLDHFAVCLEA FRVVFEEK. . . IVVGAQAMNSKVVQSTSGAVILTLIEPD
Sa-HFD GYVAAAPTIVEPPAHRTFQATDHCVGNVE FTNMKEFVGDDIATEYSAIMSKVVADGTLKVKFPINEPA
Pf-HPD  DFVFLEGVDREPVGAGLKIIDHLTHNVYR FREIRYFD. . . IKGEYTGLTSKAMTAPDGMIRIPLNE . E
161 201 214 216
Nu-HMS  TSRKP GGAGVQHIAF. PTRYS LVD.EDQD
Sa-HPD  LAKKKS GGAGVQHIALN 'GDTRVP ILAD.RDED
Pf-HPD  SSK NGEGIQHV. PNHGEP| ILLDGSSES
240

Nu-HMS  ...GKLYQIFARSTHPRGTFFFEIIERAGAHTFGS ceae

Sa-HPD  ...GYLLQIFTKPVQDRPTVFFEIIERHGSMGFGK GNL. . .

Pf-HPD  GDKRLLLQIFSETLMG..PVEFEFIQRKGDDGFGE GVLSTD

309 311 322

337 341

Ficure 2: Secondary structure alignment of HPD and HMS enzymes .NNwmniformis Sa: S. arermitilis, and Pf: Pseudomonas fluorescens.

The residues highlighted in red are helical in structure, while those in yellow repiesimtets. Blue-asterisked residues are conserved
between the HMS and HPD enzymes; those denoted by a pink asterisk are conserved among each separate family and were chosen for
mutation. The residues in pale blue are different in the HMS family but distant from the active site.
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Ficure 3: (A) SDS-PAGE gel analysis of a representative

Table 3: Relative Activities of HPD Mutants with Respect to HGA
Formation

enzyme rel. act. (%)

100
1.6
0.15
0.67
16.9

wild-type
P214T
N216l1
F3371
F341Y

unexpected unknown compound. Characterization of the
unknown compound, described below, revealed it to be an
oxepinone (inset, Scheme 3). While mutants with three or
four amino acid changes were inactive, those with two
mutations did support product formation to a small extent,
if at all, as demonstrated by the low but detectable production
of ochronotic pigment (data not shown). Figure 4 illustrates
the product-forming behavior of selected mutants. The
qguadruple mutant, for which no activity was observed, serves
as a negative control. N2161 was the least active of the single
mutations with activity 667-fold less than wild-type HPD.

The largest amount of HGA (denoted by a white arrow in

purification of HPD and mutants. M: Invitrogen benchmark protein Figure 4) was produced by F341Y, in addition to a small
ladder; 1, uninduced sample; 2, induced sample; 3, cell free extract;amount of the oxepinone. Significant amounts of both HGA
4, flow-through; M; 5, wash; 6, elute; and 7, desalt fractions. (B) gn(g oxepinone (gray arrow, Figure 4) were formed by P214T
Zu'r!g%glgggldegwu':tgztls{(M; 1, wild-type HPD; 2, P214T; 3, N216l; - 504 F3371. None of the mutants achieved the desired goal

’ ' ’ ' of completely converting HPD product formation from HGA

to pHMA, although both P214T and F337l catalyzed

dependent enzymed&—48). The following mutants were  formation of pHMA (black arrow, Figure 4) in addition to
inactive, even after incubations greater than 12 h: P214T/HGA, as well as the unexpected oxepinone compound.
N216l, N2161/F337I, N2161/F341Y, P214T/N2161/F337I, Comparison of the wild-type enzyme, each single mutant,
P214T/N2161/F341Y, P214T/F3371/F341Y, N216I/F337I/ and the quadruple mutant by CD spectroscopy revealed no
F341Y, and the quadruple mutant P214T/N216I/F337I/ significant conformation changes among the proteins as
F341Y. shown in Figure 5.

The remaining mutants (P214T/F3371, P214T/F341Y,and  Structure Determination of the Oxepinorfelarger scale
F3371/F341Y) produced small amounts of one or both of incubation of the P214T mutant was undertaken, and the
the two postulated products, HGA and pHMA, or a third unknown coproduct was isolated by preparative reverse-
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Scheme 2
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Scheme 3: Proposed Mechanism of HGA and Oxepinone Formation
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a|nset: coupling constants of oxepinone structure.
phase HPLC. A'H NMR spectrum was recorded in,D. of the observation of two isolated alkene spin systems, apart

Immediately striking were two pairs of doublets at low field from a contiguous ABX system, the oxepinone structure
indicative of an olefinic rather than aromatic product, and shown in Scheme 3 was readily advanced for the unknown
the AB part of an apparent ABX pattern was visible at a compound. This assignment was further substantiated by an
higher field. The vicinal coupling constant of all four alkene exact mass determination and MS/MS fragmentation of the
hydrogens was 10.4 Hz, a large value consistent with their parent ion to yield cleavage products in keeping with loss
presence in a seven-membered ring. One alkene doublet abf water and carbon monoxide and of the acetyl side chain.
0 6.95 was further split by a 0.8 Hz coupling. Homonuclear ~ Modeling The crystal structure of HPD shows homology
decoupling of this resonance caused the alkene doubdet at to the extradiol dioxygenase familg®) whose members are
6.21 to collapse to a singlet and simplified a multiplebat  not a-KG-dependent, nor do they require ascorbate for
5.04. The latter signal was assigned to H-2 (inset, Schememaximal activity. Circular dichroism and crystal studies of
3) in the oxepinone, and the decoupling experiment allowed a-ketoacid-dependent dioxygenasd®-{51) indicate that
H-3 and H-4 to be assigned as well. As expected, irradiation o-KG binds to the six-coordinate ferrous center in a bidentate
of H-7 ato 7.15 caused its coupling partner H-686.26 manner during the first stage of the catalytic mechanism.
to reduce to a singlet. Finally, irradiation of the H-2 methine Binding of substrate results in a shift from six- to five-
simplified the upfield AB pattern establishing it as the X of coordinate geometry at the active site in preparation for
the ABX spin system. The geminal coupling constant of 17.2 oxygen binding$1, 59. The first stage of binding is believed
Hz measured between the diastereotopic AB hydrogens atto be identical in the catalytic mechanisms of internal
C-8 was consistent with a directly attached carboxylate in dioxygenases HPD and HMS, except that thdetoacid
keeping with comparisons to models and the deduced cofactor is part of the substrate itself. This unusual circum-
structure of the oxepinone (inset, Scheme 3). On the basisstance may account for the observation thafluorescens
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Ficure 5: CD spectra of the wild-type HPD, single mutants P214T,
N216l, F3371, F341Y, and the quadruple mutant. Each sample was
scanned three times from 190 to 300 nm.
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The postulated pHPA intermediate minimized within the
active site of the wild-type enzyme showedstacking
interactions with Phe337, in addition to a hydrogen bond
between the terminal phenol and Asn216. In contrast, the
single amino acid replacement F337I slightly reduces the
steric bulk of this residue and removes the possibilityr ofr
interaction. As a consequence, the aryl ring of the substrate
rotates toward the site of mutation and twists to change the
orientation of both th@-hydroxyphenyl ring and the benzylic
methylene hydrogens of pHMA to the iron site, as shown in
Figure 6. While productivity of the mutant enzyme drops
about 150-fold from that of wild-type, oxepinone and low
levels of pHMA are produced in addition to HGA.

N2l6l

12

DISCUSSION

Wild-1ype _] l__._,_._‘k_ 1
—t The highly similar enzymes HPD and HMS provide a
unique opportunity to study the residues in an enzyme active
site that mediate catalytic differentiation from a common
intermediate during product formation. Both enzymes couple
the oxidative decarboxylation of the pHPP keto-acid side

chain to presumably the same reactive ir@xygen species

HPD possesses an uncommon distorted tetrahedral geometrand complexed pHPA but partition and restrict chemistry to

noo1s 19 min

Ficure 4;: HPLC chromatograms illustrating the product forming
behavior of HPD and mutants. 1: HPD, 2: N216l, 3: P214T, 4:
F3371, 5: F341Y, and 6: quadruple mutant. White arrow, HGA;

gray arrow, oxepinone; and black arrow, pHMA.

about Fe in the absence of substrdt)(
Further studies of HPD enzymes have shown &ahii

the formation of one of two distinct products. Initial
decarboxylation of pHPP leads to the propopduydroxy-

mechanism in which substrate pHPP is the first to bind and phenylacetate/ironoxygen active site complex. Formation

CO;, is the first product to dissociatelq, 53). Circular
dichroism studies oB5. avermitilis HPD revealed a weak

of pHPA by wild-type HPD in an apparent uncoupling of
the reaction strongly supports the intermediacy of this

ligand charge-transfer band at 500 nm indicative of bidentate reaction partner. HPD goes on to produce HGA through a

substrate binding in accord with the behavior @KG

postulated areneoxide intermediate, while HMS is thought

dependent oxygenasekd]. In the next step, oxygen binding to carry out a conventional hydrogen abstraction and hy-
and decarboxylation are proposed to occur to form a reactivedroxylation at the benzylic carbon. Sequence alignments and
iron—oxo intermediate analogous to that recently character- secondary structure comparisons suggest a well-conserved
ized for the first time with taurine dioxygenas8&5|. topology and similar active site binding pockets leading to
Decarboxylation of pHPP results jrhydroxyphenylacetate  the question of which residues are involved in directing
(pHPA), believed to be bound to the active site Fe in a product formation.

monodentate manner, analogous to studies done on other Publication of a high-resolution crystal structure of a
Fet/a-KG-dependent dioxygenases, in which decarboxy- bacterial HPD provided insight into the active site architec-
lation of a-KG results in monodentate binding of succinate ture, confirming the identification of possible residues that
(54). For the cases of HPD and HMS, we propose that the guide reaction to either of the two products. Four residues
respective active sites govern the reaction of this potentthat uniquely map to either HPD or HMS activity dictated
oxidant to partition between the two products to give either the specific changes to be made. Other residues in the active
arene oxidation or hydroxylation at the reactive benzylic site were conserved across both enzyme families. Thus,
locus. P214T, N216l, F3371, and F341Y were prepared singly and
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Ficure 6: Stereoview of the superimposed wild-type HPD and F337I mutant active sites with modeled pHPA intermediate. Dark blue
structures and the black intermediate correspond to wild-type enzyme, while light blue structures and the gray intermediate represent the
F3371 mutant. The catalytic iron atom is yellow.

in combination, and the product profiles were analyzed by R318C, located approximately 15 A from the active se.
HPLC. fluorescengdoes not contain this residue, nor do any other
Spectroscopic analyses were performed on the wild-type members of the Gram-negative eubacterial HPD clade (green,
enzyme and selected mutants to ensure that the mutatedrigure 1). However, among the remaining dioxygenases and
residues did not adversely affect folding. CD spectra of the Synthases, including th&. coelicolorand S. aermitilis
single and quadruple mutants were highly similar to that of €nzymes, an arginine or lysine occurs at this position. R318C/
wild type. As the quadruple mutant retains the wild-type fold, F3371 was obtained in pure form and did not support the
the same was expected for the double and triple mutants.formation of HGA, while F3371 alone did. R318C, an outer-
Therefore, the changes in catalytic activity observed in the Sphere mutation, thus has a large effect on activity of the
mutants are believed to result from alterations in the active Wild-type enzyme. The absence of this residue frm
site and interactions with substrate rather than misfolding. fluorescensand hence in the crystal structure, precludes
Of the 16 HPD mutants, double mutations showed only slight analysis of interaction strictly with residues close to the active
activity that could not be usefully measured under the assaysite. However, the conservation of arginine across other
conditions employed. Triple mutations and the quadruple orthologs and the loss of activity i§. aermitilis HPD
mutant were devoid of any detectable activity suggestive of suggests it to be important.
diminished binding capacity for substrate. Those mutants None of the directed mutations singly abolished activity
bearing only one amino acid substitution, however, retained implying that they do not participate directly in catalysis, or
considerable catalytic activity. The most active of these, significantly affect iron coordination, but instead serve an
F341Y, possessed approximately 17% of wild-type activity important function in the positioning and likely stabilization
relative to HGA formation and produced a small amount of of the substrate for oxidation at the iron center. The initial
the new oxepinone product. This result is consistent with intent to create an engineered HPD enzyme capable of
the position of this residue within the active site somewhat producing pHMA was partially successful and yielded the
distant from substrate. Mutants P214T and F3371 were both unexpected observation of an oxepine derived shunt product.
modgrately active in addition to producing the unexpected  pp from a variety of organisms has been studied for
oxepinone product and low amounts of pHMA. Oft_hese two nearly 50 years, yet its mechanism of action has been
mutants, F3371 was chosen for molecular modeling based iy ted for much of that time. Hydroperoxidation of the

on the presumption that substitution of the Phe wo.uld distort 4 omatic ring followed by rearrangement has been proposed
the structure less and afford a more accurate view of the (55), as well as formation of the peracid of pHPA.

mutant protein and its interactiqn with pHPA. Minimizations Synthesis of the latter failed to give HGA, and fundamental
of the wild-type enzyme harboring the substrate/iron complex .Jnsideration of the chemistry led more recently to hypoth-

reveals ayr-_stacking arrangement be_tvveen_ _subst_ra'Fe and ggis of 2 metalated ketyb{). The possible intermediacy of
Phe377, while a F3371 mutation at this position eliminates 5 4rene oxide, which would be prone to undergo rearrange-
thesr—z interaction resulting in displacement of the aryl ring - et and side chain migration in a classic example of the
toward the site o_f mutation and rotation of it and the b_enzyhc NIH shift, underlies many of these proposals. Notwithstand-
methylene relative to the iron center, as shown in Figure 6. ing, evidence to support the existence of this pivotal

Notably, in both the wild-type and F337] minimized intermediate is indirect. For example, patients suffering from
structures, a hydrogen bond between the phenol and Asn21Ghe disease Hawkinsinurea excrete the cysteine adduct
is evident signifying movement of the side chain of this hawkinsin £8). This disorder is attributed to a defect in HPD
active site residue to maintain interaction and some degree(2), and the formation of this metabolite has been rationalized
of substrate orientation in the active site. Removal of this by the Opening of the hypothet|ca| epoxide intermediate to
interaction in the N2161 mutant yielded the least active the electrophilic dienone shown in Scheme 2A. Glutathione
single-site mutant, N2161, giving a 667-fold decrease in HGA (GSH) is present in relatively high concentrations in human
production. The interaction of Pro214 with substrate and the cells 69) and could read“y scavenge this reactive Species
effect of the P214T mutation are less easily interpreted. The to give a stable addition product, which upon reduction and
P214T mutant had a 60-fold loss in HGA production, while proteo|y3is can be visualized to afford hawkmsm)(
producing the oxepinone, and a small amount of pHMA.  Similarly, 3-thienylpyruvate is both a substrate and a

Additionally, a double mutation, R318C/F337I, was devoid mechanism-based inactivator of HPD. A single product is
of activity. This mutant possessed an accidental mutation, formed, 3-carboxymethyl-3-thiolene-2-one, which has been
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Scheme 4: Ketonization Products of Conjugated Systems  tonation could occur at the-carbon and give this product

A OH o directly. The estimated rate of initial ketonization of 20
H,0 s 1 in aqueous solution could be further slowed by enol-
stabilizing interactions in the enzyme active site. Taken

together, k.o for HPD is at least 1Dtimes faster than
tautomerization/isomerization to oxepine-derived products.

B o 2 We interpret the appearance of the oxepinone among the
products of the single-site mutants as a partial release of the
Hp0 + isomers arene oxide/oxepine into solution and its subsequent descent

HO o to the energetically favorable oxepinone.

major It could be argued that the barrier to the interconversion
aA: Ketonization of a 1,3-cyclohexadienol. B: Ketonization of of the_ enzyme bound be_nzene OX'de_ to t_he oxepine WO[_JId
3-hydroxy-3,5,7-estratriene-17-one. be raised owing to steric compression in the active site

hindering seven-membered ring formation. However, given
proposed to arise by epoxidation of the thiophene ring and the 1@-fold higher rate of this process in solution as
rearrangement as depicted in Scheme 2B to give the productompared to the turnover of the enzyme, it seems unlikely
(60). Finally, and of particular significance to the evolution  that the rate of electrocyclization would cease to be competi-
of HPD to HMS, Pascal showed that when HPD from tive with HGA formation. More complex oxidative rear-

Pseudomonasp. was presented withg{hydroxyphenyl)- rangement mechanisms than proposed in Scheme 3 could
thio]pyruvate, oxidative decarboxylation took place in the also take place involving, for example, diol formatids8y.
presence of molecular oxygen to giv@fydroxyphenyl)-  On the other hand, these would entail additional steps in the
sulfinyl]acetate (Scheme 2C§1). Whether the sulfoxide is  formation of the benzene oxide required for the appearance
formed stereospecifically was not determined. of the oxepinone.

In view of the evident similarity of HPD proteins to the
broader class ofo-KG-dependent oxygenase$4( 62),
current mechanistic thinking favors oxidative decarboxylation
of pHPP to a complex of pHPA and a highly reactive iron
oxo species I8, 19). The partitioning of this complex in

The recent kinetic analysis of HPD frof. aermitilis,
in keeping with the earlier determination of an ordered; bi
bi steady-state mechanis®3j, demonstrates a second-order
reaction of the holo-enzyme in complex with pHPP upon
X Sy . \ the introduction of oxygen. An intermediate is formed whose
HPD and HMS to ring epoxidation or benzylic hydroxylation, - firt order decay to product occurs at the catalytically relevant
respectively, as illustrated in Scheme 3, is supported by the o+« ¢ 7.8 s On the basis of the findings we have

findings described in this paper. In particular, for the first described, we believe this intermediate is the transiently
time, the existence of the long-postulated benzene oxidesymed arene oxide/oxepine or an oxygenated species
intermediate is revealed by its valence isomerization to an ., dinated to the active site iron (Scheme 3) in preference
oxepine and tautomerization/isomerization to the more ;, pHPA. The question of how HPD catalyzes the efficient

thermodynamically stable oxepinone. Kinetic studies of the o rangement of the benzene oxide intermediate to HGA
bgnzene omdeqxepme vaIenp_e _|somer|zat|on have peen against the thermodynamic trap of oxepinone formation
hindered by a bias in the equilibrium toward one species or o -ins to be answered.

the other. For several aryl substitution patterns where the

equilibrium constant is near unity, however, the activation ockNOWLEDGMENT
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