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Abstract

The oxidation of phenylalanine to benzaldehyde was performed in vitro by a bi-enzymatic syast@mo acid oxidase-peroxidase. We
describe attempts to optimise experimental conditions and we propose a probable mechanism for the transformation.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction tems based on-phenylalanine and less available enzymes
L-amino acid oxidase ar-aminotransferasg].

The biotransformation of phenylalanine by cultures of mi-
croorganisms or moulds, and by crude extracts of enzymes
has previously been shown to produce variable amounts of
benzaldehyde. Researchers have found “natural” benzalde- 1 General
hyde production to be possible through these biotransfor-
mations[1-3], as an alternative to extraction from vegetable =~ GC was performed on an apparatus equipped with a
sources. Inthese studies, benzaldehyde was a product of comCP-SIL 19 CB column (Chrompack) using nitrogen as a gas
plex metabolic pathways that were more or less elucidated. vector. The temperature was increased from 150 to"250
Moreover, different enzymes were involved in these biotrans- at a rate C/min. Benzophenone was used as an internal
formations, which led to different intermediates of reactions. standard, added after the extraction step.

Less complicated systems were also studied. For example, “HNMR (200 or 250 MHz) of the organic extract was per-
Porter and Bright described an in vitro bi-enzymatic transfor- formed in CDC4, after cautious evaporation of the solvent.
mation ofL-phenylalanine by purified-amino acid oxidase =~ NMR of the aqueous phase was done iDafter complete

2. Experimental section

in the presence of horseradish peroxidgge evaporation. Sodium acetate was used as an internal standard.
Sincep-amino acid oxidase froriirigonopsis variabilis

and peroxidase fror€oprinus cinereuave become avail-  2.2. Enzymes and other catalysts

able in large quantities and at low cost, we decided to revisit

the mechanism of this transformation, usinghenylalanine. Two commercial enzymes were used: immobilised

Although we usea-amino acid as a starting material we be- amino acid oxidase frorii. variabilis (TvDAQ EC 1.4.3.3,
lieve that our results most probably can be transposed to sysfrom Fluka; specific activity: 28 U/g), and peroxidase from
C. cinereus(CIP, EC 1.11.1.7, from Novozymes; specific
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ethyl-benzothiazoline-6-sulphonate) is oxidised). SDS poly- ethyl acetate, and the organic phase was analyzed by GC and
acrylamide gel electrophoresis GfP indicated that it con- NMR.
tains a pure protein. However, directly before @@ was
dialysed against 0.5M NaCl to eliminate stabilizing addi-
tives, mainly low molecular weight polyethylene glycol. 3. Results and discussion

In certain cases Microperoxidase-11 (MP-11, an haem-
containing undecapeptide derived from cytochran&om
Sigma or Hemin (ferriprotoporphyrine [IX] chloride, the
prosthetic group of peroxidase and MP-11) from Fluka was
used in place of peroxidase.

For our investigations we chose immobilisgdmino acid
oxidase fromT. variabilisand peroxidase fror€. cinereus,
because both are industrial enzymes with excellent ther-
mostability and are available in large quantities. Recently
p-amino acid oxidase fror. variabilis was investigated as
a catalyst for industrial applicatiofi—8].

When we treated a solution ofphenylalanine with these
two enzymes, benzaldehyde was formed but with a conver-
sion of less than 20%. Thus, we decided to find out the con-
ditions for an optimal production. The results of this first step
of our work are reported in the below section.

2.3. Oxidation obL-phenylalanine

An amount of 125mg (3.5U) of immobilisedivDAO
were suspended in 20 ml of a buffered (0.15M pyrophos-
phate buffer pH = 8.3) aqueous solutiomefphenylalanine
(2 mmol). An amount of 1 mmol of additive [or 200 kU of
catalase (specific activity 70 kU/ml, from Fluka)] and 0.5 ml
of CIP (57.5kU) were added. The mixture was stirred in
an orbital shaker (300 rpm) at RT. All experiments reported  p-Amino acid oxidase catalyses at the expense @
in Table 1were done under an atmosphere of pure oxygen. oxidative deamination af-phenylalanine to the ammonium
The main advantage of this system is that a closed vessekalt of the corresponding-keto acid, phenylpyruvate. Con-
(equipped with aballoon) is used, avoiding any loss of volatile sequently, we reasoned that phenylpyruvate should be the ac-
product. However, we observed no difference in yield or rate tual substrate ofIP, and we first investigated its conversion
of production of benzaldehyde when air was used. The reac-to benzaldehyde. This transformation occurs at the expense
tion medium was then extracted with ethyl acetate, and the of molecular oxygen, and we checked that added hydrogen

3.1. Practical studies

organic phase was analyzed by GC and NMR. peroxide had no influence on its course.
It has already been mentioned few times in the literature
2.4. Oxidation of phenylpyruvate that MnCb alone can promote the oxidation of phenylpyru-

vate by oxygenTable 1 Entry 3), probably by a mechanism

Sodium phenylpyruvate (0.5mmol) was dissolved in different to that used by a peroxidg$:9,10] The presence
20 ml of 0.15 M pyrophosphate buffer pH = 8.3, with 1 mmol of a catalytic amount of manganese salts can also acceler-
of additive and 0.5 ml (57.5kU) oEIP (or the correspond-  ate the tautomeric keto-enol equilibrium of phenylpyruvate,
ing molar amount of Hemin or MP-11). The mixture was thus facilitating its oxidatior{3]. With the combination of
stirred in an orbital shaker (300rpm) at RT, under air or manganese salts a@iP, clearly acting in a synergetic way
oxygen during 24 h. The choice of gas did not affect the (Table 1 Entry 5), benzaldehyde was obtained with yields
conversion. The reaction medium was then extracted with of up to 50%. Hemin (dispersed on Hyflo Super ®eind

Table 1

Oxidation of phenylalanine or phenylpyruvate into benzaldehyde catalysed by various haem-containing catalysts

Entry Substrates Catalysts Additives Yield of benzaldeRyde
1 Phenylpyruvate - - .6
2 Phenylpyruvate CIP - 55
3 Phenylpyruvate - MnGl 35
4 Phenylpyruvate CIP Ascorbic acid <Ql
5 Phenylpyruvate CIP MnCl; 50
6 Phenylpyruvate Hemb MnCl; 21
7 Phenylpyruvate MP-11 Mnegl 12
8 pL-Phe TvDAO - <01
9 pL-Phe TvDAO+ CIP Thioanisole, MnCl 35

10 pL-Phe TvDAO+ CIP Catalase (200 kU), MnGlI 38

11 pL-Phe TvDAO+ CIP Thioanisole 29

12 pL-Phe TvDAO+ CIP - 20

a Relative top-phenylalanine; estimated by GC, with benzophenone as an internal standard.
 Hemin due to its low solubility in water was used on mineral support (Hyflo Supé&)@éer immobilisation in ratio 3.25 mg of Hemin to 1 g of Hyflo
Super Cé? [12].
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MP-11, used instead &fIP, also permitted some conversion enzymatic transformation af-phenylalanine to benzalde-
although less efficientlyTable 1, Entries 6 and 7). hyde through phenylpyruvate is different from that deter-
Next we studied the overall transformation of phenylala- mined for the metabolic conversion afphenylalanine in
nine to benzaldehyde. It was rapidly recognised thiat vivo by moulds and bacteria or by bacterial cell free extracts

phenylalanine (either from commercial sources or chemi- [1-3].
cally synthesised from-phenylalanine by racemisati@til]) The possibility of a benzylic oxidation of phenylpyruvate
could be used as a substrate. catalysed bCIP[17] was ruled out by testing phenylserine as
Previous reports on the enzymatic synthesisxefeto a potential substrate of the bi-enzymatic system. This com-
acids from amino acids usingamino acid oxidase indicate  pound was not transformed to benzaldehyde. Phenylacetic
that the formed hydrogen peroxide has a deleterious effectacid was also ineffective as a precursor of benzaldehyde. Al-
on the enzym§l 3—16] Moreover, the formed phenylpyruvic  though this compound was found in our reaction media, it
acid has also been shown to be sensitivet@4i phenylpyru- was not an intermediate but rather a by-product of the trans-
vate can be decarboxylated to phenylacetate in the presencéormation. We found in the literature few results regarding
of H,O3 [16]. Thus, hydrogen peroxide must be completely the transformation of phenylpyruvate by vegetable systems.
eliminated from the medium for the reaction to be completed. Conn and Seki first shortly reported an oxidative conversion
For this to occur, a third enzyme (catalase) should be used.to benzaldehyde by mitochondrial preparati¢t®]. These
Guisan and co-workers have shown that not less than 31 kUauthors mentioned that GOs the sole by-product. Peroxi-
of catalase in combination with 15 U pfamino acid oxidase = dase and manganese ions were described for the first time in
must be used to give a 100% yield of phenylpyruvate frem  this paper as effective catalysts. In another study conducted
phenylalaning16]. Following Guisan’s observation we used later with partly purified sweet clover peroxidase, the con-
a very large amount of peroxidase (and catalase) in all ourversion of phenylpyruvate to benzaldehyde was ruled out,
experiments. The best conversion during the oxidatiop-of ~ but the final products of oxidation were not identifid®].
phenylalanine to benzaldehyde was obtained when 200 kU ofVillablanca and Cilento reported the horseradish peroxidase
catalase was preseriiaple 1, Entry 10). Alternatively, in or- catalysed conversion of phenylpyruvic acid to oxalic acid and
der to remove KHO,, a co-substrate oxidisable by peroxidase an “excited form of benzaldehyde”. Consequently, they pro-
could be added to the reaction medium. Our best co-substratgposed a one step mechanism for the oxidative cleavage of
was thioanisoleTable 1 Entry 9), which in this process was phenylpyruvic acid9].
oxidised byCIP to the corresponding sulphoxiftEs]. Other Our own attempts to characterise the formation of oxalic
potential oxidisable co-substrates such as tyrosine or iodideacid during this process were unsuccessful. The colorimetric
ions did not increase the yield significantly (data not shown). method we used for that purpose also excluded the possibility
In summary, under optimal conditions (thioanisole + of glyoxilic acid formation[20]. Finally, using another spe-
MnCl; or catalase + MnGladded), yields of benzaldehyde cific colorimetric method21], we proved the formation of

reached 35-38% relatively tephenylalanine. formic acid in the reaction medium (one molar equivalent rel-
atively to benzaldehyde). Thus, our results are in discrepancy
3.2. Mechanistic studies with those of Villablanca and Cilentf®]. When the reac-

tion was carried out under argon in a carefully deoxygenated

The first goal of mechanistic studies was to solve why the medium, we isolated tiny traces of phenylacetaldehyde,
yield of benzaldehyde is so low (50% from phenylpyruvate, whichwe unambiguously characterised by GC and MS. Since
38% from p-phenylalanine). An extraction of the reaction independently to the above-mentioned studies, a peroxidase
medium at pH 8.3 with ethyl acetate gave only pure ben- catalysed conversion of phenylacetaldehyde to benzaldehyde
zaldehyde, as shown by GC and NMR. A second extraction and formic acid had been demonstraiz®], we investigated
from the acidified aqueous solution showed in GC a signifi- this reaction on commercial phenylacetaldehyde under our
cant peak of benzoic acid, and large amount of a compoundconditions. Indeed, we found that this compound was effi-
identified as phenylacetic acid. When phenylpyruvic acid was ciently transformed to benzaldehyde 6Y. Some benzoic
used as a substrate @GiP, it was completely oxidised af- acid was also formed, but no trace of phenylacetic acid could
ter 24 h under pure oxygen, giving 50% benzaldehyde, 34% be found. Thus, if benzoic acid probably comes from the over-
phenylacetic acid, and 16% benzoic acid. We have not ob- oxidation of benzaldehyde, phenylacetic acid is not a product
served any other by-products by GC or NMR. of oxidation of phenylacetaldehyde, but comes directly from

Similarly, starting fromp-phenylalanine as a substrate of phenylpyruvic acid. The known oxidative decarboxylation of
the bi-enzymatic system, the same proportions of productsphenylpyruvate caused byB, must be eliminated, because
were obtained. However, 18% of phenylalanine still remained hydrogen peroxide was absent in our conditions. Thus, the
after 24 h, as a result of inactivation ®/DAQ probably formation of phenylacetic acid from phenylpyruvic acid is
by reactive intermediate species produced by oxidation of probably catalysed bgIP at the expense of oxygen, through
phenylpyruvate. a similar mechanism to that described by Chiou and [Q8E

We considered a priori several possible mechanisms for for a-keto acid decarboxylation that occurs in the presence
this transformation. Clearly, the pathway of the described bi- of molecular oxygen and a E&/tripodal ligand catalyst.
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Scheme 1. Proposed pathway of the transformatiantiienylalanine to benzaldehyde via phenylpyruvic acid and phenylacetaldehyde, catalysed by the bi-
enzymatic systerivDAQCIP. Thin arrows: uncatalysed or auto-catalytic steps; thick arrows: enzyme-catalysed steps; dotted arrows: formation of by-products.
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When the oxidative transformation of either phenylpyru- phenylacetaldehyde as substrates@diP-catalysed forma-
vate or phenylacetaldehyde was conducted in deuterated wation of benzaldehyde. Moreover, we found that oxidation of
ter, up to 50% of the formed benzaldehyde contained one deu-either phenylpyruvate bZIP or phenylalanine by oufv-
terium atom in the formyl group, as determined by GC-MS. DACQ/CIP bi-enzymatic system led to the same compounds in
This confirms an easy equilibration of the two substrates with the same proportions. Consequently, we propose a new path-
their respective enol forms. In the presence of ascorbic acid,way for the conversion of phenylalanine to benzaldehyde via
the conversion of phenylpyruvate was completely inhibited, phenylpyruvic acid and phenylacetaldehyde.
what strongly indicates the formation of radical intermedi-
ates {able 1 Entry 4). No inhibition was observed in the
presence of mannitol or superoxide dismutase, which rules
out the implication of superoxide ion or hydroxyl radi{2d]
presence during the reaction. The successful replacement of
CIP with either Hemin or MP-11Table 1 Entries 6 and
7) indicates that the reaction takes place on the metallopor-
phyrin centre, regardless of the role of the apoprotein. These
results led us to propose the following mechanistic pathway:
a non-oxidative decarboxylation of phenylpyruvate (or of its
enol form) into phenylacetaldehyde, and then an oxidative
deformylation of the enol form of phenylacetaldehyde lead-
ing to benzaldehyde and formic acid, most probably through References
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