Biochemistry2004,43, 12331+-12342 12331

4-Hydroxyphenylpyruvate Dioxygenase: A Hybrid Density Functional Study of the
Catalytic Reaction Mechanism

Tomasz Borowski,* Arianna Bassan, and Per E. M. Siegbahn

Department of Physics, Stockholm Center for Physics, Astronomy, and Biotechnology, Stockhelrsityni
S-106 91, Stockholm, Sweden

Receied March 12, 2004; Resed Manuscript Receed July 23, 2004

ABSTRACT. Density functional calculations using the B3LYP functional has been used to study the reaction
mechanism of 4-hydroxyphenylpyruvate dioxygenase. The first part of the catalytic reaction, dioxygen
activation, is found to have the same mechanism as-ketoglutarate-dependent enzymes; the ternary
enzyme-substrate-dioxygen complex is first decarboxylated to the iron(ll)-peracid intermediate, followed
by heterolytic cleavage of the-@D bond yielding an iron(1V)-oxo species. This highly reactive intermediate
attacks the aromatic ring at the C1 position and forms a radicamplex, which can either form an
arene oxide or undergo a €T2 side-chain migration. The arene oxide is found to have no catalytic
relevance. The side-chain migration is a two-step process; the cachdmon bond cleavage first affords

a biradical intermediate, followed by a decay of this species forming the ne® Bond. The ketone
intermediate formed by a 1,2 shift of an acetic acid group rearomatizes either at the active site of the
enzyme or in solution. The hypothetical oxidation of the aromatic ring at the C2 position was also studied
to shed light on the 4-HPPD product specificity. In addition, the benzylic hydroxylation reaction, catalyzed
by 4-hydroxymandelate synthase, was also studied. The results are in good agreement with the experimental
findings.

o-Keto-acid-dependent dioxygenases constitute the largestactivity (11). Therefore, inhibition of 4-HPPD is a new mode
family of mononuclear non-heme iron enzymes, and as a of herbicidal action 12).
consequence of their abundance, representatives of this Like othera-keto-acid-dependent dioxygenases, 4-HPPD
family are involved in many essential metabolic transforma- in the active form binds one ferrous ion per protein molecule
tions (L—8). In most cases, these enzymes utilize 2-oxoglu- (13). The physiological reaction of 4-HPPD involves keto
tarate (i-ketoglutaratea-KG),! which plays the role of a  acid decarboxylation, phenyl ring hydroxylation, and side-
cosubstrate binding to the iron(ll) active site and delivering, chain rearrangement (see Scheme 1). In other words, the
through oxidative decarboxylation, two electrons necessary pyruvic side chain is transformed into an acetic acid group,
for dioxygen activation. However, for a small subfamily, which migrates to the adjacent carbon of the ring, while the
comprising 4-hydroxyphenylpyruvate dioxygenase (4-HPPD) original position of the side-chain binding is hydroxylated.
and 4-hydroxymandelate synthase (4-HMAS), the primary Similar too-ketoglutarate-dependent dioxygenases, binding
substrates possess an inbuilketo acid functionality, which  of substrates and product release is sequential. 4-Hydroxy-
is used for dioxygen activation instead of #taeKG cosub- phenylpyruvate (4-HPP) binds to the enzyme prior to
strate. The catalytic mechanism of these two internal keto- dioxygen, while CQ is the first product released4, 15).
acid-dependent dioxygenases is the theme of the present qyjte recently, another internal keto-acid-dependent di-
theoretical report. _ o ~ oxygenase was identified. 4-Hydroxymandelate synthase (4-

4-Hydroxyphenylpyruvate dioxygenase is involved in  HMAS), which is involved in the biosynthesis of vancomycin
tyrosine catabolism and seems to be important for at leastangipjotics, is closely related to 4-HPPD. The two enzymes
two reasons. First, a hereditary disease, tyrosinemia, is relatethynibit 43% sequence similarity and have the same substrate,
to defective tyrosine degradation, and one type of this inborn i.e., 4-HPP 16). Furthermore, Townsend and co-workers
defect of metabolism can be treated with 4-HPPD inhibitors recently obtained point mutants of 4-HPPD exhibiting
(9, 10). Second, the biosynthesis of plastoquinons and 4.HMAS activity (17). 4-HMAS catalyzes the conversion
tocopherols, i.e., electron carriers and singlet oxygen scav-gf 4-HPP into 4-hydroxymandelate (4-HMA), i.e., the

engers essential for photosynthesis, depends on the 4-HPPLecarhoxylation and benzylic hydroxylation of 4-HPP (see

Scheme 1).
* To whom correspondence should be addressed. Telephbdé: . .
8 55378703. Fax:+4% 8 55378601. E-mail: borowski@phr))/sto.se. Isotope-labeling experiments performed for 4-HPPD and

1 Abbreviations: 4-HPPD, 4-hydroxyphenylpyruvate dioxygenase; 4-HMAS indicate that one atom of dioxygen is incorporated
4-HPP, 4-hydroxyphenylpyruvate; 4-HMAS, 4-hydroxymandelate syn- into the carboxyl group of the product, while the second one

thase; 4-HMA, 4-hydroxymandelate; TauD, taurimedketoglutarate ; ; ; _
dioxygenase; 4-HPA, 4-hydroxyphenylacetate; DFT, density functional is found in hydroxyl groups of homogentisate or 4-HMA

theory; PES, potential-energy surface:KG, a-ketoglutarate; TS, (see Scheme 1). Howeve.r,.at least 50% of the oxygen at
transition state. these hydroxyl groups originate from the solvent, which
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Scheme 1: Native Reactions Catalyzed by 4-HPPD and 4-HMAS
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Ficure 1: (A) Crystal structure of the 4-HPPD active site. (B) Computational model used in this study.

implies that some intermediate capable of exchanging oxygenand sulfoxidation 23—25), which are typical reactions for
with water is formed in the catalytic cycle of the two heme-containing oxygenasezs)]. Therefore, a high-valent
enzymes 16, 18). iron-oxo species, similar to compounds | and Il in heme

Up to now crystallographic information is available only enzymes, was proposed to be the product of dioxygen
for one internal-keto-acid-dependent dioxygenase. In this activation in 4-HPPD. Interestingly, recent studies on taurine/
2.4 A resolution structure oPseudomonas fluorescens a-ketoglutarate dioxygenase (TauD) have provided strong
4-HPPD (PDB access code 1CJXp), the active-site iron  evidence for the catalytic relevance of such a high-spin iron-
is in the ferric oxidation state and coordinated by the side oxo speciesZ7—29). In addition, the ability of mammalian
chains of two histidines and one glutamate (His161, His240, liver 4-HPPD to oxidize fluoro and deoxy analogues of
and Glu322; see Figure 1). These ligands form a common4-HPP was interpreted as an indication that the 4-hydroxo
iron-binding motif found in many mononuclear non-heme group of 4-HPP is not absolutely necessary for the catalytic
iron enzymesZ0). The fourth coordination site of the e  reaction 80). Finally, it was suggested that arene oxide could
ion is occupied by acetate, which was present in the be an intermediate in the catalytic reaction because its
crystallization buffer, and the coordination geometry of the formation is consistent with the identity of some observed,
active-site iron is described as distorted tetrahedral. Eventhough usually abnormal, produc®1j. The recent studies
though the experimental structure of the enzyraebstrate by Townsend and co-workers showed that some point
complex is not available, 4-HPP was modeled into the active mutants of Streptomyces w@rmitilis 4-HPPD produce
site (19). In this computational model exploiting the structural  oxepinone, which is a product of arene oxide ring expansion
similarity between 4-HPPD and 2,3-dihydroxyphenyl dioxy- and ketonizationi7). On the other hand, there is also some
genase, thew-keto acid group of 4-HPP replaces the buffer experimental evidence against the catalytic intermediary of
acetate and chelates the ferrous ion, while the sixth coordina-the arene oxide, because its analogue does not show the
tion site, which is unoccupied, is proposed to be the place expected inhibitor activity32). Considering the rate of the
of dioxygen binding. catalytic reaction, recent studies on 4-HPPD frSirepto-

A number of experimental observations pertaining to the myces aermitilis showed that an oxygenated intermediate,
chemistry carried out by 4-HPPD shed light on the catalytic the identity of which is still to be determined, accumulates

mechanism of this enzyme. For example, it was establishedin turnover and decays at the catalytically relevant rate of
that acetic acid group shift occurs with the retention of 7.8 51 (15).

configuration around the migrating carbon{@ Scheme

1), while a proton, ortho to the acidic substituent, i.e., bound COMPUTATIONAL DETAILS

to the C2 carbon, is lost during the side-chain migratii (

22). Further aspects of the 4-HPPD chemistry were revealed The computational model of the 4-HPPD active site was

in experiments with nonphysiological substrates. For ex- constructed from the crystal structure available (PDB access
ample, rat liver 4-HPPD catalyzes aliphatic hydroxylation code 1CJX; see Figure 1). The protein ligands coordinating
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to iron were modeled by imidazoles and acetate. The buffer with respect to the isolated reactants, i.e., the 4-HPP active-
acetate found in the crystal structure was replaced by thesite complex and dioxygen.
substrate, i.e., 4-HPP. Like in the structure proposed for the
enzyme-substrate complex, 4-HPP binds to the ferrous ion RESULTS AND DISCUSSION
opposite to the two histidined 9). The sixth coordination
position, trans to glutamate, is unoccupied and this is the
proposed dioxygen-binding site.

Because binding of 4-HPP most probably induces some

Presently, there seems to be a consensus that the first part
of the catalytic reaction of 4-HPPD and 4-HMAS, i.e., the
dioxygen activation, proceeds in the same way as-KG-
geometry changes at the iron site, no constraints Weredependent enz_yme_z,_(3, 7, 8). Because the results reported

! here confirm this opinion and-KG-dependent enzymes have

imposed on the atomic coordinates of the model. Obw_ougly, been examined by means of a similar computational approach
the model employed here cannot reproduce the steric field.

of the active-site pocket, hence the hydroxyphenyl side chain N a previous studyé(4), the oxidative decarboxylation Of.
of 4-HPP moves considerably when going through structures4'HPP IS only br_|efly gddr_essed here. Instead, the_ major
of the stationary points for the first part of the catalytic enpuflfDOf.the d|hscus|5|_on IS p_gto_n the_:‘jurthﬁr _cata_lytlc steps
reaction. However, while the range of these conformational Zn d- rearoﬁ;é(ati’zgtic?gy 'Ir'erg ?ﬂe?:rlg:j'i;tleg?nslo?vgjgriitlot?\;e
changes is probably reduced in the active-site pocket, it is suggested 4-HPPD .catalytic cycle and the possible side
believed that these geometrical variations should hardly aﬁedreactions are presented in Scheme 2. which is intended to
the energetics calculated. The possible significance of the P '

active-site steric field for the reaction mechanism is addressedaIOI with the regdmg of this gectlon. . L
in the Results and Discussion. Two mechanisms concerning the aromatic ring oxidation

Because of the fact that the crystal structure of 4-hydroxy- catalyzed by 4-HPPD have recently been proposed (see

mandelate synthase is not yet available, the same model waScheme 3)& 31). _ _ .
employed in the study of the benzylic hydroxylation reaction.  In one of them, involving speciés I, 9, Il , and8, itwas
This approach seems to be justified by the 4-HPPD/4-HMAS Suggested that the iron(lV)-oxo group attacks the phenyl ring
sequence alignment indicating that the same ligands coor-Of the substrate yielding an intermediate with a four-
dinate to iron in the two enzyme&?). membered ring comprising an £€ bond () (31). Then,|

All calculations were performed employing hybrid Density earranges to the arene oxide intermedia®, (vhich
Functional Theory (DFT) with the B3LYF3@, 34) exchange- ~ Subsequently opens the epoxide ring forming the cation
correlation functional. Two programs, Gaussi&5)(and complex (I). The 1,2 shift of the acetic acid side chain
Jaguar 86), were used. Geometry optimizations were transform_s Il into th_e ketone |ntermed|ate_8)( Whl_ch _
performed with a valence doublgbasis set coupled with ~ rearomatizes to the final produ_ct, hompgent|sate, either in
an effective core potential describing the innermost electronsthe active site of 4-HPPD or in solution. In the second
on iron. This particular basis set is labeled lacvp in Jaguar. Mechanism, comprising intermediatgdl , and8, the iron-
For the optimized structures, the electronic energy was (IV)-0xo species§) performs an electrophilic attack on the
computed with a bigger basis set of trigleguality with C1 carbon atom of the phenyl ring, which directly affords
polarization functions on all atoms (labeled lacv3p** in Il (3). Further cataly_t|c steps,_wh.lch lead frdimto the final
Jaguar). The solvent corrections were calculated with the self-Product, homogentisate, coincide for the two proposed
consistent reaction-field method implemented in Jagg@r (  Mechanisms.
38). A dielectric constant of 4 with a probe radius of 2250 A This paper reports the results of a computational study
was used to model the protein surrounding the active site, undertaken with the aim of improving our understanding of
while values of 80.4 and 1.40 A were used for modeling the the 4-HPPD catalytic reaction mechanism. More specifically,
enolization reaction in water. Although the actual dielectric the answers for the following mechanistic questions were
constant of the protein might be somewhat different from pursued: (1) Is the organo-iron intermediat feasible?
the chosen value, it should be stressed that the dielectric(2) What is the origin of the product specificity? (3)9sn
energy effects depend on the dielectric constant as {)/ obligatory intermediate in the enzymatic reaction? (4) Does
e. Therefore, the energetic effect of changing the constantthe rearomatization reaction proceed in the active site or in
between 1.0 and 4.0 is much larger than changing it betweensolution? The results reported here provide some clues
4.0 and, for example, 20.0. Because the dielectric effectsconcerning these issues.
usinge = 4.0 are quite small for the present reaction, using  Dioxygen Actiation in 4-HPPD and 4-HMAS.The
a different but feasible value of the dielectric constant would calculated potential-energy surface (PES) for dioxygen
hardly change the calculated energetics. activation in 4-HPPD and 4-HMAS is shown in Figure 2.

Because in several intermediates found in this study (e.g., The starting point for the reaction is the five-coordinated
quinteto complexes and quintet biradical and benzylic radical (5C) iron site with a bound substrate. The vacancy in the
species), spins on various parts of the complexes areiron coordination shell was previously shown to be of crucial
antiferromagentically coupled, a spin correction to the energy importance for the rate of the biomimetic reaction, and it
of these species was calculated using the broken symmetrywas also proposed that ixKG-dependent enzymes the 5C
approach 39, 40). The recommended strong localized limit iron center must be available for®inding 6, 45, 46). Even
was assumed, which means a zero overlap between theahough the trapping of dioxygen by the 5C site is calculated
magnetic orbitals40). This specific computational meth- to be thermodynamically unfavorable (by 6.3 and 3.8 kcal/
odology has successfully been applied to a wide range of mol for the quintet and septet states, respectively), the quintet
redox enzymes with transition metals at their active sites Fe—0O, species ?) needs to be formed for the reaction to
(41—-43). The energies reported are relative values calculatedcontinue. The electronic structure of this adduct is best
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Scheme 2: Suggested Mechanism of the 4-HPPD Catalytic Cycle and Possible Side Reactions
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described as Fe-0, . It is the superoxo character of the the 4-HPPD Catalytic Reaction which Involves the Phenyl

bound dioxygen together with the fact that the next inter- . e
mediate has a quintet ground state that make the quintet PEé?Ing Oxidation (Er= Enzyme)

optimal for the initial 2-electron reduction of dioxygen. The 1 Ao RN
transition statel'S1, presented in Figure 3A, connects the RN \F\eIV—En Jre e
quintet iron-dioxygen specie®)(with the iron(ll)-peracid e 0 - 9
complex @), in which a CQ molecule is very loosely bound

to iron. Therefore, it is concluded that @ released from

the active site at this stage of the catalytic cycle, which is in oH 9
accordance with the ordered Bi Bi kinetic mechanism
proposed for human liver 4-HPPD, where £© the first
product releasedld).

The final step of oxygen activation is the heterolytic \ o o o
cleavage of the ©0 bond in the F&peracid species4]. o—Fe!'—En | 49
This elementary reaction, which leads3@nd involves a —_ ° O o
low activation barrier (5.0 kcal/mol), can be viewed as a b
two-electron reduction of the peracid at the expense of I OH 8 OH
ferrous ion. The structures of the transition sta&2 and homogentisate
the product of this step are presented in Figures 3B and 4,
respectively. On the septet PES, the dioxygen activation Is o iqant used in the subsequent catalytic steps. This species
a one-step process. However, the septet transition state forhas three close lying spin states: the ground state quintet
concerted G-O bond cleavage and-keto acid decarboxy- 5,4 e triplet and septet states lying 3.6 and 12.5 kcal/mol
lation lies 8.2 kcal/mol above the quintEs1, which means above it, respectively (see Figure 2)
that the septet path is most likely not used by the enzyme. ' '

It is interesting to note here that a very similar two-step ~ Attack of the Actiated Oxygen Species on the Phenyl Ring.
mechanism on the quintet PES was previously found for The relative energies calculated for 4-HPBIhdicate that
tetrahydrobiopterin-dependent amino acid hydroxyla4@s ( all three spin states could in principle be involved in an
Also in this case, the first 2-electron reduction of Was electrophilic attack on the phenyl ring. However, the previ-
found to be the rate-limiting step, leading to the peroxo- ously calculated barrier heights for the biomimetic complex
bridged structure, which subsequently undergoes a heterolytidndicate that only the quintet and septet PES need to be
0O—0 bond cleavagen-Keto-acid-dependent dioxygen ac- explored for the initial step of the aromatic ring oxidation
tivation yields the iron(IV)-oxo species, which is a powerful (48).

OH 5 OH

O /Fe{I—En
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Ficure 2: PES for the dioxygen activation part of the 4-HPPD and 4-HMAS catalytic cycle, with the quintet (solid line), septet (dashed
line), and triplet (hashed line) spin states. The bold labels correspond to the quintet species and the septet spin state of the separate reactant:
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Ficure 3: (A) TS1, the transition state for the 4-HPP decarboxylation reactionT@), the transition state for the-G0 heterolysis.

lase (16.2 kcal/mol)49). The septet transition state for this
reaction lies 5.7 kcal/mol abovES3, while the product, i.e.,
the septet radical complex, has a very similar energy and
spin distribution as the quintet speci&$. (The formation of
an Fd'-radical @) rather than an Fearenium cationo
complex (1) can be attributed to the presence of two
negatively charged ligands in the iron coordination shell.
Indeed, in the previous study, it was found that two anionic
ligands stabilize the ferric state and hinder the transfer of
the second electron from the ring to irod9. A similar
FIGURE 4: 5, the iron(IV)-oxo intermediate in the quintet ground behavior was also observed for the biomimetic comphsy. (
state. Notably, the alternative mechanisms for the aromatic ring
activation were ruled out. First, the intermediate with an
The calculated energy diagram for the 4-HPPD phenyl ring iron—carbon bond I see Scheme 3) is not stable. During
oxidation reaction is presented in Figure 5. The reaction startsthe geometry optimization of this species, the ir@arbon
with an electrophilic attack 06 on the C1 carbon of the  bond breaks and the structure converges to the C2 raglical
phenyl ring, which leads througA'S3 to the radicalo complex (L1), which could be formed in an electrophilic
complex 6; see Figure 6). The calculated activation barrier attack of the iron-oxo species on the C2 carbon. Furthermore,
for the quintet PES (16.9 kcal/mol) compares favorably with the energy calculated for the optimized structure (constrained
the barriers reported previously for tleKG biomimetic optimization) with an iror-carbon bond length of 1.9 A is
system (14.9 kcal/mol¢@) and the phenylalanine hydroxy-  32.3 kcal/mol higher than that for optimizdd. Second, the
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attack on the C1 carbon (quintet PES; solid line), the arene oxide side reaction (quintet PES; dashed line), and the septet electrophilic attack
on the C1 carbon and the subsequent-Cg bond cleavage (hashed line). The bold labels correspond to the quintet species only.

ments, usually inferred to as NIH shifts, are observed for
other aromatic ring oxidizing enzymes, though the migrating
group is usually a hydrogen atom and the efficiency of the
rearrangement is usually lower than 100%26,(55—59).
Therefore, this reaction is one of the most intriguing parts
of the 4-HPPD catalytic cycle.

In regards to the prerequisites for this rearrangement, it is
interesting to note that both mechanisms, shown in Scheme
3, assume that the alkyl-chain migration takes placd in
and not in9. The computational results are consistent with
this proposal, because the direct migration of the side chain
in 9 was found untenable. In this and previous theoretical
FIGURE 6: (A) TS3, the transition state for the electrophilic attack Studies, all attempts to find a transition state connecting
of the iron-oxo species on the C1 carbon. @Yhe radical Clo with 8 gave very steep energy increases along the ap-
complex in the quintet ground state. proximate reaction coordinatedq 51).

As for the mechanism of the rearrangement, it was found
direct formation of9 from 5 was also found to be energeti-  that this reaction consists of two elementary steps connected
cally unfavorable. In a series of restrained optimizations, py an unstable biradical specieg 6ee Scheme 4). First,
where the C+0O and C2-O bond lengths were kept equal, the C1+Cp bond cleaves leading throughS4 to 7 (see
an approximate stationary point leading frdo 9 was Figure 7). Because it turns out that tHi§4 is the highest
localized. However, the energy calculated for this geometry energy point along the pathway for the productive decay of
is high (25.7 kcal/mol with respect &), and the frequency 5, the calculated accumulated barrier for this process is 17.7
analysis indicates that it is not a transition state but rather akcal/mol. This value compares well with the 15.1 kcal/mol
second-order saddle point characterized by two imaginary parrier estimated from the decay rate of an oxidized
frequencies. Like in the computational study on ethane jntermediate recently observed Streptomyces @rmitilis
epoxidation by cytochrome P-45(06(), one frequency  4-HPPD (5). In 7, spins on the fragments that are supposed
Corresponds to the Symmetrical oxygen insertion into the to make a new bond are of Opposite Sign, which suggests
double bond, while the second one leads to the ordinary that the next catalytic step should be very easy. Indeed, the
transition states for the electrophilic attack on either of the calculated activation energy for the rebound process at the
two carbon atoms. Therefore, the reaction coordinate for C2 position S5) is only 2.6 kcal/mol.
symmetric oxygen-atom insertion does not lie on the  The low activation barrier for the decay of the biradical
minimum energy path. This conclusion is strongly cor- intermediate is in line with the experimental observation that
roborated by the results of previous theoretical studies the side chain migrates with retention of configurati@)(
dedicated to the arene and olefin oxidation by high-valent |n the carboxy-methyl radical, the calculated barrier for
iron-oxo species49—54). rotation around the €C bond is 8.6 kcal/mol, which is

Acetic Acid Side-Chain Migratio.he 100% efficient 1,2  substantially higher than the barrier for the rebound process,
shift of the relatively large side chain is a fascinating feature and hence, the racemization at the €rbon does not take
unique to the 4-HPPD activity. Analogous 1,2 rearrange- place. Interatomic distances and spin populations reported
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Scheme 4: Two Mechanisms for the NIH shift in the 4-HPPD Reaction: (A) Two-Step Mechanism Found in this Study and
(B) Carbocation Mechanism (En Enzyme)
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for TS5 in Figure 8A are consistent with the rebound
mechanism for the side-chain migration; the spin populations
on the carbons forming the new bond are of opposite sign,
while the distance between the migrating carbof)(&nd

the C2 position (2.75 A) is smaller than the @3 . 3
separation (3.17 A). Moreover, the Hessian calculations show y o004 G504
that there is only one imaginary frequency, and it corresponds
to the reaction coordinate describing the -&25 bond
formation.

On the septet PES, the cleavage of the—C# bond
proceeds in an analogous way as on the quintet PES (for
energetics, see the hashed line of Figure 5). However, even
though the septet bi_radical species was found 10.3 kcaIImOIFIGURE 7: (A) TS4, the first transition state for the side-chain
more. stable thar, It. must be stressed that the catalytic . migration, C1-Cj bond cleavage. (B, the biradical intermediate
reaction cannot continue on the septet PES. The reason igormed during the side-chain shift.
that, to form the G—C2 bond, antiparallel spins on the two
fragments are necessary, while in the septet species, all open-
shell electrons have parallel spins. Therefore, it is concluded
that if the septet species are formed, they have to be (de)-
excited into the quintet PES so that the enzymatic process
can continue.

Arene Oxide Side Reactiofmhe results reported in the
two previous subsections show tl€aScheme 2) can neither
be formed directly frond nor is it a necessary intermediate
for the NIH shift. Therefore9 is not a catalytic cycle
intermediate. Notably, a similar conclusion was previously
drawn from experimental and theoretical studies on other
enzymes proposed to utilize the high-valent iron-oxo complex
for oxidizing aromatic rings49, 51, 55, 57). Nevertheless,
the formation and possible reactionsofere investigated, fFIGURE 8: (A) TS5, the second transition state for the side-chain
first, because there is strong evidence for the presence of ">-~= ©- " ; )
this species among the products of some 4-HPPD point?h'girgt:g%rgﬁz;ﬁﬁtﬁ: rglfokrer?oar':g)rilr.]tgm,etgigtpe)foduct of the side-
mutants 17) and, second, to gain a full picture of the

chemistry performed by this interesting enzyme. the cleavage of the G20 bond can restor. Second, the
The epoxide ring 00 is formed by constituting a bond cleavage of the other epoxide bond, €2, affords a

(TS6) between the oxygen atom and the C2 carboi®.in  different radical, nowl1l The consequences and energetics

This process is relatively easy, because it involves the lowestof this reaction are discussed in the next subsection. Finally,

barrier available fo6 (8.5 kcal/mol; see Figure 5). On& the third bond in the epoxide ring, €2, can also be

is formed, the reaction can continue in three directions. First, cleaved TS7), and this reaction yields an oxepine species
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(10). This reaction "_WOlveS a_bamer of the same SI_Z€_ @S Taple 1: Calculated Activation Energies [kcal/mol] for Electrophilic
that for the arene oxide formation (8.5 kcal/mol), and itis @ Attack at the C1 and C2 Positions of 4-HPPD Substrates Possessing
reversible reaction because its energy is only 1.6 kcal/mol. Different Aryl Ringst

In summary, the energetics obtained for the arene oxide  ring type CIAE* C2AE* AAE' C1/C2 product ratio
brgnc_h of th_e 4-HPP_D catalytic cycle indicate tIGamQ/ 4-hydroxyphenyl  16.9 197 58 1131
exist in equilibrium with9 and10. Although these species  phenyl 18.8 19.3 05 231
are not directly involved in the main catalytic reaction of 4-fluorophenyl 18.0 20.0 2.0 29:1
4-HPPD, they might be produced and released to solution 3-thienyl 18.0 151 29 1:143
by mutated forms of the enzyme, which lack the native  2Activation energy difference is used to calculate the product
product specificity 17, 60). distribution at room temperature.

C2 Path and 4-HPPD Product SpecificitPne of the

intriguing aspects of enzymatic catalysis is the high product 5
specificity usually exhibited by enzymes. In the case of £
4-HPPD, it is manifested by the fact that only homogentisate § 307
is produced by the native enzyme, while other possible T 5o ﬂ‘ 16.9
products, like arene oxide or products of hydroxylation at g ' —_—
positions other then C1, are normally not observed. When § 107 , ‘ﬁf——-m-.‘
the fact that the observed 4-HPPD product selectivity most oL 00 9 s L5 arene oxide
likely results from an intricate interplay of various factors o a
was recognized, the contribution from the electronic and  -10 L:.é §
geometrical structure of the iron site was investigated as a o0 6
part of this study. With this aim in mind, two possible S
branching points on the PES, which might lead to products  -30+ g =829 5 1 otone
different from homogentisate, were analyzed. First, the s
electrophilic attack o5 at the C1 and C2 carbons of various 407
5 TS8 11 TS9/TS10 912

substrates was studied to check if any of these two adjacent
sites is preferred. Second, the reaction initiated either by the Reaction coordinate
C1-0 bond cleavage i® or by the electrophilic attack at Ficure 9: PES for the hypothetical reaction following the elec-
the C2 carbon of 4-hydroxyphenylacetate (4-HPA) and trophilic attack of the iron(IV)-oxo species on the C2 carbon.
leading to the C2-hydroxylated product was investigated. The
results of this analysis, reported in this subsection, provide in the case of the C1 carbon. This activation energy
insight into the factors affecting the 4-HPPD product difference can be used to estimate the expected concentration
specificity. ratio of the C1 and C2 products. At room temperature, the
5 produced in the first part of the 4-HPPD catalytic cycle C1/C2 ratio amounts to 113:1, which shows that already the
is a h|gh|y reactive intermediate, which performs the relatively small model used in this StUdy Correctly predicts
electrophilic attack on the C1 carbon of 4-HPA. Because no the preferred position of hydroxylation. Moreover, the
other positions in the aromatic ring are hydroxylated, the calculations performed for other substrates of 4-HPPD also
question of mechanistic importance is why the C1 carbon is Properly predict the favored site of the electrophilic attack,
favored. Although there are three alternative sites of the i-€., 4-fluorophenylpyruvate is oxidized at the C1 position,
aromatic ring hydroxylation, in the present study, only the While 3-thienylpyruvate is predicted to react at the C2 site
C2 position was taken into account. This particular choice much easier than at the C1 site. It can be noticed that only
seems to be justified by the following facts. First, the C2 Phenylpyruvate has a low activation energy difference, but
carbon is the nearest one to the C1 position, and therefore’it is currently not known if, for this substrate, the side chain
the geometrical structures of the intermediates resulting from migrates, the C2 position is directly hydroxylated, or both
an attack at these two sites should not be very different. This, of these pathways are used by the enzyme. Most importantly,
in turn, should minimize the difference of the steric effects hOWEVEI’, the difference in the calculated barriers for attacks
exerted by the protein envelope. Second, there is anat C1 and C2 carbons is sufficient to explain the identity of
experimenta| precedence for the oxidation at the C2 position the products derived from the four substrates. The calculated
in the case of 3-thienylpyruvate. Finall§1, which is the C1/C2 product ratio is in all cases in favor of the actual
product of the electrophilic attack at the C2 carbon, can also Product observed experimentally.

be produced by the C10 bond cleavage i®. This last In regards to the second possible branching point, from
species was indirectly observed for some point mutants of Figure 9, it follows that the activation energy associated with
4-HPPD (7). the C1-0O bond cleavage in the arene oxide> 11) is

Considering the first possible branching point, the transi- 15.4 kcal/mol, while from the comparison of Figures 5 and
tion states for electrophilic attacks at the C1 and C2 carbons9, it is clear thatll is 4.6 kcal/mol less stable thaf
in four 4-HPPD substrates having different aromatic rings Although the calculated activation energy for the<1 bond
were optimized, and the calculated activation energies arecleavage is higher than that for the analogous process
gathered in Table 1. In addition to the physiological substrate, involving the C2-O bond @ — 6; 11.3 kcal/mol), the energy
4-HPP, phenylpyruvare, 4-fluorophenylpyruvate, and 3-thie- of this transition stateTS9) calculated with respect t6is
nylpyruvate were taken into account. From the data reportedcomparable with the activation energy for the productive
in Table 1, it follows that the activation energy for the attack decay of6 (16.9 versus 17.7 kcal/mol). This means that under
at the C2 carbon in 4-HPA is 2.8 kcal/mol higher than that steady-state conditions some fraction ©imay open the
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Ficure 10: (A) TS11, the first transition state for the proton transfer in the ketone intermediate rearomatizatidrg, (B¢ phenolate
intermediate formed during the rearomatization process.

Scheme 5: Energetics of the Rearomatization Reaction Calculated for the Ketone Intermediate Released from the 4-HPPD
Active Site

AQ
H-o }_\[; -0
9 0 =50 0
B —
OH OH
0.0 kcal/mol -9.2 kcal/mol -27.7 kcal/mol
!
.0. O
VHH - t SHT
B VeV I N
O o o o 0
H O 0
B —
OH OH
0.0 kcal/mol 13.5 kcal/mol 26.1 keal/mol

epoxide ring and forni1l However, this process would be in the epoxide ring. This interaction, of a few kcal/mol,
practically irreversible because the latter complex very should guarantee that only homogentisate is produced in the
readily undergoes an irreversible hydride NIH shift leading enzymatic process.
to the C2 ketonel(?). Thus, to maintain the observed product ~ Rearomatization ReactioiThe final step in the transfor-
specificity of 4-HPPD, in the real enzyme, the formation of mation of 4-HPP to homogentisate is the enolizatior8,of
9 and/or its opening td1 should be slightly more difficult, which means a proton transfer from the C2 carbon to the
by a few kcal/mol, than that in the computational model ketone oxygen. In principle, because the ferrous oxidation
employed here. For example, in light of the fact thatis state of the active-site iron is restored at this stage of the
more bulky thar6 (they have six- and seven-membered rings catalytic cycle, this tautomerization reaction can occur either
comprising iron, respectively), it seems reasonable to specu-at the active site of 4-HPPD or in solution. Interestingly,
late that the steric strain of the protein could contribute a the computational results indicate that the rearomatization
few kcal/mol to the barrier height for the transformation of process can efficiently take place in any environment because
9to 11 Of course, this kind of steric interaction destabilizing the acetic acid side chain facilitates the proton transfer. In
11 with respect to6 would also increase the difference of the first step, the proton bound to C2 is transferred to the
the activation energies for the direct electrophilic attacks at carboxyl oxygen of the side chain (see Figure 10 and Scheme
these positions of 4-HPA. As a result, the productive decay 5). This step involves a barrier of 16.1 and 9.6 kcal/mol at
of 6 would be faster than the formation dfl, and the the active siteTS11) and in solution, respectively. Therefore,
observed 4-HPPD product selectivity would be maintained. even though the barrier in the active site is considerable, it
In summary, the results discussed in this subsectionis still smaller than that for the rate-limiting step. Once the
indicate that the electronic effects are at least partially proton is transferred to the carboxyl group3), the ring
responsible for the observed product specificity of 4-HPPD. regains an aromatic character and the keto oxygen becomes
While the activation energy differences calculated for the a basic phenolic one. Thus, the transfer of the proton from
direct electrophilic attack at the ring are sufficient to explain the carboxyl group to the phenolic oxygen is an easy and
the preference in the oxidation position, it is proposed that exothermic process (at the active siteE*= 6.6 kcal/mol;
some steric interaction between the residues lining the active-for structures ofTS12 and 14, see Figure 11). Additional
site pocket an® should disfavor the CtO bond cleavage  calculations performed for a model, where a water molecule
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Ficure 11: (A) TS12 the second transition state in the rearoma-
tization reaction. (B)L4, the final homogentisate-active-site com-
plex.

mediates a proton transfer, showed that the solvent does no
catalyze this reaction; i.e., the barrier is higher than that for
the direct proton transfer (see Scheme 5).

In conclusion, the rearomatization reaction was found to
proceed most easily in solution, but the activation barrier
calculated for the active-site model is not prohibitively high,
either. Therefore, the kinetics Bfdissociation should control
the actual place of rearomatization.

HMAS Actiity: Benzylic Hydroxylation.The high se-
guence similarity between 4-HPPD and 4-HMAS along with
the fact that some point mutants of 4-HPPD exhibit 4-HMAS
activity support the assumption that both enzymes have
similar iron-binding sites X7). After this, the reaction
mechanism for benzylic hydroxylation was studied with the
same model as the 4-HPPD catalytic cycle. While a full
account of this study can be found in the Supporting
Information, here, we only note that the 4-HMAS catalytic
reaction involves a 15.4 kcal/mol barrier for the rate-limiting
step, which is similar to the value of 17.7 kcal/mol found
for the 4-HPPD reaction. Therefore, it is concluded that the
precise orientation of the reactant, 4-HPA, at the active site
controls the product specificity of these enzymes. Indeed, a
single-point mutation of an amino acid located close to the
iron-binding site was reported to spoil the product specificity
of 4-HPPD, because apart from homogentisate, 4-hydroxy-
mandelic acid and oxepinone were also produced by the
4-HPPD point mutantsl().

CONCLUSIONS

In the work reported here, the catalytic reaction mechanism
of 4-HPPD was studied by means of the hybrid DFT. In
summary, it was found that the decayaas the rate-limiting
step in the catalytic cycle. The calculated barrier for this
reaction agrees well with the available experimental kinetics
data. Interestingly, the acetic acid side-chain migration, which
is unique to the 4-HPPD reaction, turned out to be a two-
step process involving. A fast productive decay of this

species guarantees that the configuration around the migrat-

ing carbon is retained. Furthermore, the computational results
strongly suggest tha is not a necessary intermediate in
the reaction leading to homogentisate. The final rearomati-
zation reaction was found to proceed with efficient rates both
at the 4-HPPD active site and in solution. In addition, the
product specificity of 4-HPPD is proposed to rely, at least
partially, on the difference between activation barriers leading
to 6 and11. The difference found for the electrophilic attack

Borowski et al.

of the iron(IV)-oxo species on the aromatic ring would be
sufficient to explain the selectivity, if the barrier for the
opening of9, which leads tdl 1, would be slightly increased
(by a few kcal/mol) by the steric field of the active-site
pocket. Finally, for the 4-HMAS activity, it was found that
the first step, i.e., the £-H bond cleavage, is rate-limiting.

In conclusion, it is believed that the results reported here
have clarified some issues concerning the 4-HPPD/4-HMAS
catalytic mechanisms and may stimulate further experimental
and theoretical studies on these interesting enzymes.

SUPPORTING INFORMATION AVAILABLE

Short summary of the previous computational results for
the dioxygen activation im-KG-dependent enzymes and
heir biomimetic system; short summary of the previous
omputational results for the electrophilic attack of the iron-
oxo species on the phenyl ring in the biomimetic complex;
results and discussion pertaining to the 4-HMAS catalytic
reaction; table reporting the relative energies;-Pedis-
tances, and spin distributions for the three spin species of
the iron-oxo intermediate; Scheme S1 presenting the sug-
gested reaction mechanisms involving arene oxide; Scheme
S2 with the reactions catalyzed by 4-HPPD involving deoxy
and fluoro derivatives of 4-HPP; Scheme S3 showing the
two possible reaction channels originating from two modes
of the epoxide ring opening; Figure S2 presenting the
structure of9 and TS6; Figure S3 showindlO and TS7,
Figure S4 presenting the structureldfandTS8; Figure S5
showing the structure of the transition states for the
transformation of the C2 complex to the arene oxid& $9)
and for the NIH shift in the C2 complex [S10); Figure
S6 presenting the structure @®, Figure S7 showing the
structures of two transition states involved in the 4-HMAS
catalytic reaction. This material is available free of charge
via the Internet at http://pubs.acs.org.
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