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Evaluation of models for the mechanism of action of 4-hydroxyphenylpyruvate dioxygenase 
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Summary. 4-Hydroxyphenylpyruvic acid was oxygenated with Various complexes of oxygen with Fe 2§ superoxide ion, 
hydroperoxide anion, triplet and  singlet oxygen. Oxidation occurred giving varying amounts of the 4-hydroxy derivatives 
of benzaldehyde, benzoic acid, phenol, phenylacetic acid and 4-carboxymethylquinone, but no homogentisic acid. 4- 
Hydroxyphenylperacetic acid was prepared and shown not to undergo self-oxidation. Its ferrous salt decomposed to 4- 
hydroxybenzyl alcohol. It is concluded that the a-keto carboxylic function is the site of oxygenation in the enzyme process 
and that a trioxalanone rather than a peracid intermediate may be implicated. 

The manner in which Fe2+-requiring dioxygenases catalyze 
the combination of molecular oxygen with organic sub- 
strates continues to attract attention ~. One such enzyme of 
long-standing interest 3, 4-hydroxyphenylpyruvate dioxyge- 
nase (E.C. 1.13.11.27), catalyzes the conversion of 4 -  
hydroxyphenylpyruvic acid (1) to homogentisic acid (5). By 
analogy with other a-keto carboxylic acid-decarboxylating 
dioxygenases, this enzyme is expected to engender 2 cata- 
lytic phases, namely a) the combination of molecular 
oxygen with the a-ketocarboxylate group to generate an 
oxenoid function (1 ~ 2) and b) the intramolecular transfer 
of the oxene oxygen atom to the aromatic nucleus (3) with 
subsequent rearrangement of the side-chain 4 (4 ~ 5) (eq. 1). 
In this study we investigate firstly how an enzyme might 
catalyze the combination of molecular oxygen with the 
substrate and secondly examine an intermediate which 
could transfer an oxygen atom to its own aromatic nucleus. 
In general, the catalytic ability of a metallo-enzyme may 
depend on the nature of enzyme-bound dioxygen ~. Accord- 
ingly, 4-hydroxyphenylpyruvic acid (1) was allowed to react 
with several dioxygen species; triplet and singlet oxygen, 
hydroperoxide anion, superoxide ion and various com- 
plexes of oxygen with ferrous ion 5. Oxidation occurred to 
give 4-hydroxy derivatives of benzaldehyde (6), benzoic 
acid (7), phenol (8), phenylacetic acid (9) and 4-hydroxy-4- 
carboxymethyl quinone (10) (table) (scheme). While not 
wishing to infer that the enzyme generates singlet oxygen, 
we have included the photo-oxygenation of 1 as it may 
clarify our understanding of the nature of the oxenoid 
species arising in the enzyme-catalyzed process. 
It is immediately clear that the slowness of reaction with 
ground-state molecular oxygen (entry 1) clearly demon- 
strates the need for catalysis. Although 1 exists in its keto- 
form under the experimental conditions 6, the reaction un- 
doubtedly involves the enol 11 which is easily oxygenated 7 
to give 6. 
The nature of the reactive species in oxygenated ferrous 
EDTA complexes depends on the concentration of ferrous 
ions 8. The superoxo form predominates at lower concentra- 
tions (entry 2), whereas the more active oxidant, the peroxo 
species, is found at higher concentrations (entry 3). Judging 
by the formation of the benzaldehyde 6, both complexes 
oxidize the enol tautomer l l .  Moreover, the appearance of 
benzoic acid 7 at higher ferrous ion concentrations is due to 
further oxidation of the aldehyde (6). The formation of 
some phenylacetic acid 9 reveals that oxidative decarbox- 
ylation of the keto tautomer I also occurs (entry 3) 9. 
Notwithstanding the suggestion that ferrous-bound diox- 
ygen radical is the reactive species in oxygenated ferrous 
ascorbate mixtures 8 (entry 4) ,  the products are essentially 
the same as those found for the other oxygenated ferrous 
complexes. In all cases the 3 ferrous/oxygen systems (en- 
tries 2-4) apparently initiate autoxidation of the enol 
tautomer (11)/and do not generate 'activated' oxygen. 
The reactions of the superoxide anion per se (entry 5) are 
difficult to interpret in view of its tendency to form other 
reactive species Lm. When protons are not available (en- 

try 5), 9 will form by nucleophilic attack of a superoxide 
ion on 11, while free radical oxidation of 11 accounts for 
benzaldehyde formation (6) 11. When protons are present 
(entry 6), superoxide ion co-exists with its conjugate acid, 
the hydroperoxy radical, as well as the product of acid- 
catalyzed dismutation, the hydroperoxide anion ~~ These 2 
species react by further oxidizing the aldehyde 6 to acid 7 
and hydroquinone 8 respectively 11. Hydroperoxide anion 
alone simply causes the rapid oxidative decarboxylation of 
the a-keto acid 1 to the 4-hydroxyphenylacetic acid 9 
(entry 7). 
Saito and co-workers 12 have previously found that the dye- 
sensitized photo-oxygenation of arylpyruvic acids is sol- 
vent-dependent. In methanol (entry 8) formation of the 
benzaldehyde 6 as the sole product is due to the predomi- 
nance of the enol 11. When the photo-oxygenation is 
carried out with rose bengal sensitization in water (entry 9), 
4-hydroxyphenylacetic acid (9) and hydroquinone (10) a re  
also formed. It is well to remember that, under aqueous 
conditions, photo-oxygenation of a-keto acids proceeds via 
2 competing processes, namely dye-initiated autoxidation 7 
of the enol 11 to the aldehyde 6 and reaction of the a-keto 
carboxylate function itself with singlet oxygen to give 9 
(v.infra) 13. We therefore conclude that the aforementioned 

Reaction of 4-hydroxyphenylpyruvic acid (1) with various dioxygen 
species 

Entry Proposed active Time for Product yields a 
number dioxygen species complete 

reaction 
(h) 6 7 8 9 10 

1 302b 300 100 - - 
2 (Fe_O2)+ +e 24 85 - - 15 - 
3 (Fe-O2-Fe) 4+d 24 30 55 - 15 - 

4 Fe-O-O .e 24 92 - - 8 - 

5 O~- f 24 65 - - 35 - 
6 O~-/HOi/HO~-g 24 - 10 80 10 - 
7 HO2 -h 1 - 100 - 
8 102/302, dye! 6 100 . . . .  
9 102/302 , dye) 6 30 - - 20 50 

a Products identified by isolation. Yields determined by NMR- 
spectroscopy of crude mixture. Average of 2 runs. b Oxygen- 
saturated aqueous solution of hydroxyphenylpyruvate, 1 mM; 
phosphate buffer pH 7.0, 100 mM. e Oxygen-saturated aqueous 
solution of hydroxyphenylpyruvate, 10 mM; FeSO4, 25 raM; ethyl- 
enediaminetetraacetic acid (EDTA) and acetate buffer; pH 5.6, 
10 mM. d As for c, but EDTA and FeSO4 both 250 mM. e As for c, 
but ascorbic acid 150 mM replaces EDTA. fTrisodium salt of 
hydroxyphenylpyruvic acid, 1.0 mmol (prepared by lyophilization 
with 3.0 mmol 50% NaOH) in DMSO, 50 ml under nitrogen 
atmosphere treated with 8.0 mmole potassium superoxide and 
0.4 mmol 18-crown-6-ether. g Free hydroxyphenylpyruvic acid, 
1.0 mmol as substrate, h 10-fold excess of alkaline 30% hydrogen 
peroxide, i Conditions of Saito et al)2; methylene blue in metha- 
nol. J Rose bengal in water (Saito12). 
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products 9 and 10 derive from the reaction of  singlet 
oxygen with the a-keto acid tautomer 1 which indeed 
predominates in equilibrated aqueous solution 6. 
The fact that none of the 9 different oxidizing systems 
produce homogentisic acid (2) clearly proves that none are 
models for the enzymatic process. Nevertheless, they show 
that molecular oxygen can react with the a-ketocarboxylic 
acid function and indicate the potential for catalysis. What 
needs to be shown next is that the putative oxene interme- 
diate is capable of transferring an atom of oxygen to the 
aromatic nucleus. 

Although we have no proof of  any of  the intermediates, the 
origin of  the arylaldehyde 6 undoubtedly springs from the 
rapid and exothermic decomposition of  the fl-hydroperoxy 
compound 12 7 . This intermediate would be expected to be 
unstable and fragment to a molecule of water and the 
oxides of carbon, thereby generating the aldehyde 6 (eq. 2). 
The provenance of the benzoic acid 7 and hydroquinone 8 
is attributable to the further oxidation of the benzalde- 
hyde". 4-Hydroxyphenylacetic acid (9) is produced from 
the hydroperoxytetrahedral intermediate 13 on decarbox- 
ylation (eq.3). This reaction (entries 2-7) identifies the 
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hydroperoxide ion as the oxidative decarboxylating agent. 
In any event, we have previously demonstrated that the 
oxidative decarboxylation of a-keto acids is easily accom- 
plished by peracids 14. Therefore, the 4-hydroxyphenylacetic 
acid 9 obtained in the singlet oxygen reaction comes from 
the interaction of peracid (14) with the a-keto acid 1 (v. 
infra) (eq. 4). 
Of  these 3 intermediates, namely  the/?-peroxycarboxylate 
(12), the a-peroxycarboxylate (13) and the peracid (14), the 
last is the best electrophile and the most likely to transfer 
an oxygen atom to an aromatic ring. This peracid has 
already been proposed as the intermediate in the enzyme- 
catalyzed processL The results of  photo-oxygenation (entry 
9) add further strength to this proposal. We have already 
ment ioned that the initially formed peracid rapidly com- 
bines with an a-keto acid to give a Baeyer-Villiger type 
intermediate (15) which generates 2 molecules of carboxyl- 
ic acid liberating 2 molecules of carbon dioxide for each 
mole of singlet oxygen consumed (eq.4) 13,14. However, the 
a-keto acid 1 produces an addit ional product, the quinol  10 
in which the aromatic ring has been oxidized. Saito and co- 
workers 12 originally suggested that this donor was singlet 
oxygen itself and that it had attacked the para position of 
the phenol moiety. Subsequent  cyclization (16 ~ 17) fol- 
lowed by intramolecular oxidative decarboxylation then 
gave the quinol  10 (eq.5). In fact, this reaction is well- 
documented and occurs with 4-hydroxyphenylacetic acid 12. 
However, it is unlikely to account for the enzymic process 
as it only occurs under  alkaline conditions and then too 
slowly, at about ~0 of the rate observed for the conversion 
of the a-keto acid 1 to the quinol  10. Indeed, Hecker et al. 15 
had earlier shown that the incubat ion of labelled 1 and 10 
with liver homogenate resulted in no incorporation of label 
in 10, thereby invalidating its intermediacy. 
Returning to the peracid 14, can it give the epoxide 3? We 
prepared a sample of 4-hydroxyphenylperacetic acid (14) 
(80% pure by titration). It was found to be stable at room 
temperature. No rearrangement to 3, 5 or 10 was detected. 
In boiling water it regenerated the parent acid 9. We 
therefore conclude that although 14 is formed in the photo- 
oxygenation of  1, it merely causes the decarboxylation of  1 
and does not give the quinol 10. Clearly, for intramolecular 
oxene transfer to occur, the acid side-chain must bear a 
more powerful oxidant than the peracid function. 
The most plausible candidate is the trioxalanone 18, not- 
withstanding the failure or ambiguity of experiments to 
trap it so far. By analogy with primary ozonides, 18 should 
readily cleave to carbon dioxide and the peracid (eq.6a). 
Moreover, the exothermicity of the liberation of carbon 
dioxide could be exploited by a suitable acceptor which 
undergoes mono-oxygenation.  This hypothesis has been 
partially corroborated 16,17. The aromatic nucleus in triox- 
alanone 18 could act as an acceptor as it is correctly placed 
to receive an intramolecular transfer of an oxygen atom, 
giving 3 and then 5 (eq.6b). Such a process might account 
for the formation of quinol  10 from 1 on photo-oxygena- 
tion 18. 
It is by no means certain whether an enzyme, without 
benefitting from the 23 kcal mo1-1 of extra energy available 
to singlet oxygen, could generate high energy molecules 
such as trioxalanone. If  the enzyme could find a less 
energy-demanding route to the peracid 14, it might still be 
able to increase its oxene-donating powers. For  example, it 
has been reported that ferrous ions reduce percarboxylate 
to give Fe(IV)-oxo species which when appropriately coor- 
dinated can oxygenate inert carbon atoms by a two-step 
free radical mechanism 19. The expectation is that the fer- 
rous salt (19) of  the peracid 14 would rearrange to its ferryl 
derivative 20 and then transfer an oxygen atom to give the 
epoxide 21, whence homogentisic acid 5 (eq. 7a). 

In an exploratory experiment, we mixed the peracid 14 with 
an equal quantity of ferrous perchlorate in acetonitrile. 4- 
Hydroxybenzyl alcohol 23 was the main  product. It can be 
thus inferred that 23 is the result of  a one-electron process, 
giving the precursive carboxyl radical 22 (eq. 7b). It is not  
clear how an enzyme, even by appropriate coordination of 
Fe 2+, could bring about the two-electron reduction 
required for formation of  homogentisic acid (eq. 7 a). 
Of  the other possibilities, 1,4-oxygenation of the enol 11 
has been discounted r~ An intriguing alternative, which we 
will discuss elsewhere, is that ferrous a-keto carboxylate 
(24) in the enzyme complex generates a counterpolarized 
keto function (25) which is readily oxidized to the zwit- 
terionic peroxide 26 or  its tr ioxalanone tautomer 27 (eq. 8) 2. 

1 Acknowledgments. We thank a referee for drawing our atten- 
tion to the work of Hawkinsin and we are indebted to the 
Swiss National Science Foundation for the support of this 
work (grant No 2.418.0.79). 

2 C.W. Jefford and P.A. Cadby, in: Progress in the Chemistry 
of Organic Natural Products, vol.40, p. 191. Ed. W. Herz, 
H. Grisebach and G.W. Kirby. Springer Verlag, Wien/New 
York 1981. 

3 O. Hayaishi, M. Nozaki and M.T. Abbott, in: The Enzymes, 
vol. 12, p. l19. Ed. P.D. Boyer. Academic Press, New York 
1975. 

4 G.A. Hamilton, in: Progress in Bio-organic Chemistry, vol. 1, 
p.83. Ed. E.T. Kaiser and F.J. K~zdy. Wiley-Interscience, 
London 1971. 

5 G.H. Wada, J.H. Fellman, T.S. Fujita and E.S. Roth, J. biol. 
Chem. 250, 6720 (1975); B. Lindblad, G. Lindstedt, S. Lind- 
stedt and M. Rundgren, J. biol. Chem. 252, 5073 (1977); 
S. Lindstedt, B. Odelh6g and M. Rundgren, Biochemistry 16, 
3369 (1977). 

6 As determined by NMR-spectroscopy of D20 solutions of 1 
(C.W. Jefford, A. Exarchou and P.A. Cadby, unpublished 
work). 

7 C.W. Jefford, W. Kn6pfel and P.A. Cadby, J. Am. chem. Soc. 
100, 6432 (1978). 

8 R.O.C. Norman and J.R. Lindsay-Smith, in: Oxidases and 
Related Redox Systems, vol. 1, p.131. Ed. T.E. King. John 
Wiley, New York 1965. 

9 C.W. Jefford, A.F. Boschung and P.A. Cadby, in: Singlet 
Oxygen Reactions with Polymers, p. 192. Ed. B. R~nby and 
J.F. Rabek. John Wiley, London 1978. 

10 E. Lee-Ruff, J. chem. Soc. Rev. 6, 195 (1977). 
11 C.W. Jefford and P.A. Cadby, Helv. chim. Acta 62, 1866 

(1979). 
12 I. Saito, Y. Chujo, H. Shimazu, M. Yamane, T. Matsuura and 

H.J. Cahnman, J. Am. chem. Soc. 97, 5272 (1975). 
13 C.W. Jefford, A. Exarchou and P.A. Cadby, Tetrahedron Lett. 

1978, 2503. 
14 C.W. Jefford, A.F. Boschung, T.A.B.M. Bolsman, R.M. 

Moriarty and B. Melnick, J. Am. chem. Soc. 98, 1017 (1976). 
15 J. Schweizer, R. Lattrell and E. Hecker, Experientia 31, 1267 

(1975). 
16 R.E. Keay and G.A. Hamilton, J. Am. chem. Soc. 98, 6578 

(1976); N.C. Yang and J. Libman, J. org. Chem. 39, 1782 
(1974). 

17 R.M. Moriarty, A. Chin and M.P. Tucker, J. Am. chem. Soc. 
100, 5578 (1978), R.M. Moriarty, K.B. White and A. Chin, J. 
Am. chem. Soc. 100, 5582 (1978). 

18 It is worth mentioning that evidence for epoxide 3 as an 
intermediate in the homogentisic acid rearrangement could be 
construed from the isolation of (2-cysteine-S-yl-1,4-dihydroxy- 
cyclohex-2-en-1)acetic acid (Hawkinsin) in an Australian fami- 
ly suffering from a defective dioxygenase metabolism (A. 
Niederwieser, S.K. Wadman and D.M. Danks, Clin. chim. 
Acta 90, 195 (1978), and references cited therein). 

19 J.T. Groves and M. Van der Puy, J. Am. chem. Soc. 98, 5290 
(1976). 

20 H. Kotsuki, I. Saito and T. Matsuura, Tetrahedron Lett. 1981, 
469. 


