APPLIED AND ENVIRONMENTAL MICROBIOLOGY, Aug. 1998, p. 3009-3013

0099-2240/98/$04.00+0

Vol. 64, No. 8

Copyright © 1998, American Society for Microbiology. All Rights Reserved.

Conversion of Phenylalanine to Benzaldehyde Initiated by an
Aminotransferase in Lactobacillus plantarum
MASJA N. NIEROP GROOT* anp JAN A. M. bpE BONT

Division of Industrial Microbiology, Department of Food Technology and Nutritional Sciences,
Wageningen Agricultural University, 6700 EV Wageningen, The Netherlands

Received 16 January 1998/Accepted 23 May 1998

The production of benzaldehyde from phenylalanine has been studied in various microorganisms, and
several metabolic pathways have been proposed in the literature for the formation of this aromatic flavor
compound. In this study, we describe benzaldehyde formation from phenylalanine by using a cell extract of
Lactobacillus plantarum. Phenylalanine was initially converted to phenylpyruvic acid by an aminotransferase in
the cell extract, and the keto acid was further transformed to benzaldehyde. However, control experiments with
boiled cell extract revealed that the subsequent conversion of phenylpyruvic acid was a chemical oxidation step.
It was observed that several cations could replace the extract in the conversion of phenylpyruvic acid to
benzaldehyde. Addition of Cu(II) ions to phenylpyruvic acid resulted not only in the formation of benzaldehyde,
but also in the generation of phenylacetic acid, mandelic acid, and phenylglyoxylic acid. These compounds have
been considered intermediates in the biological conversion of phenylalanine. The chemical conversion step of
phenylpyruvic acid was dependent on temperature, pH, the availability of cations, and the presence of oxygen.

The increasing consumer preference for products of natural
origin has directed research towards the exploitation of micro-
bial biosynthetic pathways to produce natural flavors. Natural
aromatic compounds, including benzaldehyde and vanillin,
represent a very large market in the flavor industry. In quan-
tity, benzaldehyde is, after vanillin, the most important of these
compounds (24). The natural benzaldehyde market in 1995
was about 100 metric tons/year and is growing at about 5% per
year (6). Natural benzaldehyde is found as a glycoside (amyg-
dalin) in the pits of almonds and cherries and can be released
by enzymatic hydrolysis. A drawback is that toxic byproducts,
such as hydrocyanic acid, may be formed.

Microbial production of benzaldehyde from phenylalanine
offers an attractive alternative way to produce benzaldehyde
which can be labeled “natural.” Benzaldehyde formation in
medium supplemented with phenylalanine has been reported
for cultures of Ischnoderma benzoinum (9, 14), Polyporus tu-
beraster (13), and Phanerochaete chrysosporium (12). Immobi-
lization of the white-rot fungus Bjerkandera adusta resulted in
an increased production of benzaldehyde in a medium con-
taining L-phenylalanine (15). Among bacteria, benzaldehyde
formation has been reported for a strain of Pseudomonas
putida. In this strain, benzaldehyde was formed as a metabolic
intermediate in the mandelic acid pathway during the degra-
dation of mandelic acid (22). Several metabolic pathways have
been proposed in the literature for the formation of benzalde-
hyde from phenylalanine.

Benzaldehyde was found in the volatile fractions of several
cheeses and may contribute to the flavor of these products (2,
19). Additionally, benzaldehyde was formed in a complex me-
dium inoculated with several different strains of lactic acid
bacteria (11, 21). However, there is no information about the
contribution of lactic acid bacteria to the production of benz-
aldehyde.
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In this study, we investigated whether a lactic acid bacterium
was able to produce benzaldehyde by using phenylalanine as a
substrate. Incubation of a cell extract of Lactobacillus planta-
rum with phenylalanine revealed that benzaldehyde was indeed
formed. More detailed studies of the mechanism involved re-
vealed that benzaldehyde formation was initiated by an ami-
notransferase, resulting in phenylpyruvic acid. The keto acid
formed was subsequently subjected to a chemical reaction,
leading to benzaldehyde. The chemical conversion of phenyl-
pyruvic acid was demonstrated under various mild conditions.

MATERIALS AND METHODS

Chemicals. Phenylalanine, phenylpyruvic acid, a-ketoglutaric acid, pyridoxal
5'-phosphate (PLP), lysozyme, benzaldehyde, phenylglyoxylic acid, and phe-
nylethanol were obtained from Sigma Chemical Co. (St. Louis, Mo.). Phenyla-
cetic acid, trans-cinnamic acid, and mandelic acid were purchased from Acros
Chimica (Geel, Belgium), and benzoic acid was obtained from Merck (Darm-
stadt, Germany).

Strain, growth medium, and preparation of cell extract. L. plantarum URL-
LcL1 (Unilever Research Laboratory, Vlaardingen, The Netherlands) was used
in this study. The organism was routinely maintained in 10% sterile litmus milk
(Difco) and stored at —80°C until use. L. plantarum was cultured overnight at
30°C in MRS broth (Merck). The cells were harvested by centrifugation
(16,000 X g, 15 min, 4°C) and washed twice in 50 mM sodium phosphate buffer
(pH 7.0). The cells were resuspended in 50 mM triethanolamine buffer (pH 7.0)
containing 20% sucrose and 0.4 mg of lysozyme/ml. After incubation for 30 min
at 30°C, the suspension was centrifuged (12,000 X g, 30 min, 4°C) and resus-
pended in 50 mM potassium phosphate buffer (pH 7.0) containing 0.1 mM PLP.
The cells were disrupted by sonication for five periods of 30 s each on ice. Cell
debris was removed by centrifugation (20,000 X g, 30 min, 4°C) to give a crude
cell extract. The protein concentration in the cell extract was determined by the
method of Lowry et al. (18), with bovine serum albumin as the standard.

Phenylalanine catabolism by cell extract. The cell extract of L. plantarum was
incubated with phenylalanine in sterile sealed bottles which were agitated at
37°C. The reaction mixture and the cell extract were sterilized by passing them
through a sterile filter (0.2-wm pore size; Schleicher & Schuell, Dassel, Germa-
ny). Aliquots of 1 ml were withdrawn at various times to analyze the reaction
products by high-performance liquid chromatography (HPLC). The reaction
mixture contained 8 mM substrate, 2 ml of cell extract of L. plantarum, and 0.02
mM PLP in 8 ml of 50 mM Tris-HCI (pH 8.0). For incubations with phenylala-
nine as a substrate, 8 mM a-ketoglutaric acid was added to the reaction mixture.
In control samples, the cell extract was boiled for 10 min.

Chemical conversion of phenylpyruvic acid to benzaldehyde. The reaction
mixture for the chemical conversion of phenylpyruvic acid to benzaldehyde
contained 8 mM phenylpyruvic acid in 50 mM Tris-HCI (pH 8.0). Sealed bottles
were filled with reaction mixture, and CuSO, - 5SH,O was added from a stock
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solution in 50 mM Tris-HCl (pH 8.0) to a final concentration of 350 pM.
Incubations were performed at either 37, 30, or 25°C.

The effect of metal ions on the chemical conversion of phenylpyruvic acid to
benzaldehyde was studied with stock solutions of Fe,(SO,); * 5H,O, FeSO, -
7H,0, MnSO, - H,O, Mn(I1I) acetate dihydrate, ZnSO, - 7H,0O, MgSO, - 7H,0,
and CuSO, - 5H,0 in Tris-HCI (pH 8.0). The reaction mixtures were incubated
at 37°C, and samples were taken after 6 h of incubation.

The effect of pH on the chemical conversion of phenylpyruvic acid to benzal-
dehyde was studied with 50 mM sodium phosphate buffer (pHs 6.0, 7.0, and 8.0)
and 50 mM Tris-HCI buffer (pHs 8.0 and 9.0). All incubations were performed
at 37°C in the presence of 350 uM CuSO, - SH,O.

HPLC analysis. Samples of the reaction mixtures were diluted to appropriate
concentrations with 50 mM Tris-HCI (pH 8.0). Each diluted sample (900 pl) was
mixed with 100 wl of 6 N HCI, and the supernatant fluid obtained after centrif-
ugation for 5 min was analyzed for reaction products. Analyses were performed
with a Hewlett-Packard (Waldbronn, Germany) HPLC Chemstation (Pascal
series) equipped with an HP 1050 pumping system. Reaction products were
separated onto a Chromspher5 C,3 column (Chrompack, Bergen op Zoom, The
Netherlands) with solvent A (0.115% trifluoroacetic acid) and solvent B (0.1%
trifluoroacetic acid, 60% acetonitrile) and detected by an HP 1040 M-series II
diode array detector. The products were separated by using the following linear
gradient (0.5 ml min~", 30°C): 25% solvent B at 0 min to 65% solvent B at 21 min
followed by equilibration under the initial conditions for 6 min. Detection was by
UV at 260 nm for benzaldehyde, 280 nm for phenylpyruvic acid, and 216 nm for
phenylacetic acid, mandelic acid, and benzoic acid. Concentrations were calcu-
lated from standard curves of the pure compounds.

GC-MS analysis. For gas chromatography-mass spectrometry (GC-MS) anal-
ysis, the reaction mixture was mixed with 10% (vol/vol) 6 N HCI. The acidified
reaction mixture was then extracted with ethyl acetate. The extract obtained was
used for analysis on an HP5973A quadrupole MS coupled to an HP6980 gas
chromatograph equipped with a fused silica capillary column (HP-5MS; 30 m by
0.25 mm inside diameter; film thickness, 0.25 um). The following operating
conditions were used: injector temperature, 220°C; temperature program, 70 to
250°C at 7°C min ™, hold 10 min; injection volume, 1.0 pl; split ratio, 1:50; flow
rate of carrier gas (helium), 1.0 ml min~'. Electron impact mass spectra were
obtained at 70 eV.

RESULTS

Incubation of cell extract of L. plantarum with phenylala-
nine. Incubation of the cell extract of L. plantarum with phe-
nylalanine in the presence of both a-ketoglutaric acid and PLP
resulted in the production of two compounds. The HPLC chro-
matogram showed two UV-absorbing peaks with the retention
times of phenylpyruvic acid and benzaldehyde, respectively.
The identities of the compounds were confirmed by GC-MS
for benzaldehyde and by comparison of the UV spectrum with
that of the pure compound for phenylpyruvic acid.

Figure 1 shows the formation of phenylpyruvic acid and
benzaldehyde over time. Neither phenylpyruvic acid nor ben-
zaldehyde was formed if a-ketoglutaric acid or PLP was omit-
ted from the reaction mixture or if boiled cell extract was used.
Phenylpyruvic acid reached a maximum concentration after
5.5 h, but the benzaldehyde concentration increased continu-
ously up to 0.36 mM after 14 h of incubation.

Pathway of phenylalanine degradation. The incubation of
cell extract with phenylalanine described above suggested that
an aminotransferase is involved in the initial formation of
phenylpyruvic acid, which is then converted into benzaldehyde.
However, information on the subsequent conversion of phe-
nylpyruvic acid to benzaldehyde was lacking. Therefore, both
phenylpyruvic acid and several other compounds (proposed in
the literature as intermediates in the degradation pathway of
phenylalanine) were tested as the substrate for benzaldehyde
production by the cell extract of L. plantarum. Phenylpyruvic
acid was converted by the cell extract and resulted in the
production of benzaldehyde at a rate six times higher than that
with phenylalanine (Fig. 2). Neither phenylethanol, phenylac-
etic acid, mandelic acid, phenylglyoxylic acid, nor cinnamic
acid was a substrate for the formation of benzaldehyde by the
cell extract. These results strongly suggested that phenylpyru-
vic acid is an intermediate in the pathway leading from phe-
nylalanine to benzaldehyde.
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FIG. 1. The formation over time of phenylpyruvic acid (®) and benzaldehyde
(A) from phenylalanine during incubation of a cell extract of L. plantarum.
Incubations were performed at 37°C in a reaction mixture containing cell extract
(8.6 mg of protein), 8 mM phenylalanine, 0.02 mM PLP, and 8 mM a-ketoglu-
taric acid in 50 mM Tris buffer (pH 8.0). Small amounts of phenylacetic acid,
mandelic acid, and phenylglyoxylic acid were detected at concentrations of 0.05,
0.02, and 0.02 mM, respectively, after 14 h of incubation.

Conversion of phenylpyruvic acid. More detailed studies of
the conversion of phenylpyruvic acid by the cell extract were
performed. Surprisingly, it was observed that the rates of ben-
zaldehyde formation were similar in incubations containing
either cell extract or boiled cell extract. However, no benzalde-
hyde formation from phenylpyruvic acid was observed when
the incubation systems containing either normal or boiled ex-
tract were flushed with nitrogen gas to create anoxic condi-
tions. These observations suggested that a chemical oxidation
reaction rather than an enzymatic step is involved in the con-
version of phenylpyruvic acid to benzaldehyde. However, phe-
nylpyruvic acid was not degraded if either boiled or untreated
cell extract was omitted from the reaction mixture, suggesting
that a component of the cell extract was essential for the
conversion of phenylpyruvic acid into benzaldehyde. Several
components present in the extract were tested, and it was
observed that several cations could replace cell extract in the
conversion of phenylpyruvic acid. Initially, the effects of Cu(II)
ions on the conversion of phenylpyruvic acid were studied.
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FIG. 2. Benzaldehyde formation by a cell extract of L. plantarum with phe-
nylalanine ([J) or phenylpyruvic acid (@) as a substrate. Incubations were per-
formed at 37°C in 50 mM Tris buffer, pH 8.0, containing 8 mM phenylalanine or
phenylpyruvic acid, cell extract (11.0 mg of protein), and 0.02 mM PLP. a-Ke-
toglutaric acid (8 mM) was added to the mixture containing phenylalanine.
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FIG. 3. Chemical conversion of phenylpyruvic acid (A) to benzaldehyde (B)
over time. Incubations were performed in a reaction mixture containing 8 mM
phenylpyruvic acid in 50 mM Tris buffer, pH 8.0, in the presence of 350 pM
CuSO, at 37 (A), 30 (m), and 25°C (@). Cell extract was omitted from the
reaction mixture.

Figure 3 demonstrates the conversion of phenylpyruvic acid
into benzaldehyde in the presence of 350 uM CuSO, at 37, 30,
and 25°C. The conversion of phenylpyruvic acid to benzalde-
hyde was temperature dependent. Decreasing the incubation
temperature to 30 or 25°C reduced the amount of phenylpyru-
vic acid converted after 8 h of incubation.

At 37°C, the conversion of phenylpyruvic acid was com-
pleted after 6 h of incubation, yielding 5.0 mM benzaldehyde,
which corresponded to 63% conversion to benzaldehyde on a
molar basis. Besides benzaldehyde, the substrate was con-
verted to phenylacetic acid (13% [Fig. 4C]) and mandelic acid
(5.6%) and phenylglyoxylic acid (5.3%) (results not shown).
The identity of these compounds was confirmed by GC-MS
(phenylacetic acid) and by UV spectra (mandelic acid and
phenylglyoxylic acid). Benzoic acid was only found in trace
amounts and could not account for the missing 13% of the
phenylpyruvic acid. Addition of CuSO, to phenylacetic acid,
mandelic acid, or phenylglyoxylic acid did not result in either
benzaldehyde formation or degradation of these compounds.

Effect of pH on the chemical formation of benzaldehyde.
Figure 4 shows the effect of pH on the chemical conversion of
phenylpyruvic acid to benzaldehyde. At 37°C in the presence of
CuSO,, the highest conversion rate was obtained with a Tris
buffer of pH 8.0. Either an increase or a decrease in the pH of
the reaction mixture resulted in a lower rate of phenylpyruvic
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FIG. 4. Chemical conversion of phenylpyruvic acid (A) and formation of
benzaldehyde (B) and phenylacetic acid (C). Incubations were performed at
37°C in the presence of 350 uM CuSO, in 50 mM Tris buffer, pH 8.0 (A) and pH
9.0 (A), or in 50 mM phosphate buffer, pH 8.0 (O), pH 7.0 (@), and pH 6.0 (®).
Cell extract was omitted from the reaction mixture.

acid conversion. After 8 h of incubation, 100 and 89% of the
initial 8 mM phenylpyruvic acid was converted in Tris buffer at
pHs 8.0 and 9.0, respectively, while percentages of 65, 51, and
9% were obtained in phosphate buffer at pHs 8.0, 7.0, and 6.0,
respectively. However, increasing the pH resulted in a higher
rate of phenylacetic acid formation.

Effect of metal ions on the chemical formation of benzalde-
hyde. Apart from Cu(Il) ions, Fe(Ill), Fe(1I), Mn(II), and
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TABLE 1. Benzaldehyde formation from phenylpyruvic acid in the
presence of different metal ions

Benzaldehyde produced (mM)

Addition to reaction mixture®

NO AddItION ...ttt <0.001
350 pM Cu(II) .. 4.19
100 uM Cu(II) .. 213
S50 pM Cu(II) v 1.03
100 uM Cu(II) + 200 pM EDTA.... <0.001
100 uM Cu(II) flushed with N, gas. ....<0.001
100 M Fe(II) .o e 022
100 wM Fe(III) ..... ... 1.88
FTLO TR B Y41 T 1.57
10 WM MN(ID) o 0.55
10 wM Mn(III).. . 038
100 wM Zn(II) .. ..<0.001
350 M ME(ID) et eeeeecseesecacneenes <0.001

“ Each reaction mixture contained 8 mM phenylpyruvic acid in 50 mM Tris
buffer, pH 8.0. Incubations were performed at 37°C. In all cases, SO,%" was the
counterion of the metal ion added.

Mn(III) ions also catalyzed the conversion of phenylpyruvic
acid to benzaldehyde at different rates (Table 1). Fe(III) cat-
alyzed the conversion more effectively than Fe(II). Due to its
poor solubility, Mn(III) was only tested at 10 uM and showed
a slightly lower conversion of the substrate than did Mn(II) at
this concentration. Mg(II) and Zn(II) ions had no effect on the
conversion of phenylpyruvic acid. The effect of Cu(II) was con-
centration dependent, and benzaldehyde formation was com-
pletely inhibited in the presence of the metal ion chelator
EDTA or in the absence of oxygen.

DISCUSSION

The production of benzaldehyde from phenylalanine has
been studied in various microorganisms. Fungi were investi-
gated in most studies, but we have studied the production of
benzaldehyde from phenylalanine by lactic acid bacteria be-
cause these organisms are important in the generation of flavor
in dairy products.

Benzaldehyde was formed from phenylpyruvic acid, which
accumulated from phenylalanine. Keto acids can be formed
from amino acids by various enzymes, including amino acid
oxidases (3, 10, 17), aminotransferases (10, 16), and dehydro-
genases (1, 7, 10). In L. plantarum, a transaminase reaction,
which depended on a-ketoglutaric acid as an amino group
acceptor and on the cofactor PLP, was active. In lactic acid
bacteria, very little is known about the degradation of amino
acids. Only recently, aminotransferases acting on several aro-
matic and branched-chain amino acids were purified and char-
acterized from Lactococcus strains (8, 25).

Various research groups have worked on the biotechnolog-
ical production of benzaldehyde from phenylalanine, and sev-
eral metabolic pathways for benzaldehyde formation have
been postulated. Krings et al. (14) suggested that phenylala-
nine degradation is initiated by a deamination step leading to
phenylpyruvic acid in the fungus I benzoinum. In the next steps,
phenylpyruvic acid was converted by decarboxylation, oxida-
tion, and hydroxylation reactions. Intermediates suggested in
this pathway include phenylacetaldehyde, phenylacetic acid, man-
delic acid, and phenylglyoxylic acid. Benzaldehyde in turn could
either be oxidized to benzoic acid or reduced to benzyl alcohol.

Another pathway proposed for benzaldehyde formation in-
volves the enzyme phenylalanine ammonia-lyase, resulting in
cinnamic acid as an intermediate, as described for several fungi
(12, 13). Benzaldehyde formation through 2-phenylethanol was
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suggested by Fabre et al. (9). However, intermediary molecules
derived from phenylalanine consumption were not detected.

In our study, none of the intermediates in the conversion of
phenylpyruvic acid to benzaldehyde suggested by the above-
cited authors was converted by a cell extract of L. plantarum.
However, it was demonstrated that phenylpyruvic acid was
converted to benzaldehyde in the presence of boiled cell ex-
tract, indicating that the conversion of phenylpyruvic acid in
the system under study involves a chemical rather than an
enzymatic step. Strong support for this conclusion is provided
by the observation that the addition of Cu(II), Fe(III), Fe(II),
Mn(II), or Mn(III) ions to phenylpyruvic acid catalyzed the
formation of benzaldehyde under aerobic conditions in the
absence of cell extract. Benzaldehyde formation in the pres-
ence of either untreated or boiled cell extract may therefore be
due to the introduction of metal ions with the extract.

The results of the present study throw new light on the
biological conversion of phenylalanine to benzaldehyde. Incu-
bation of phenylpyruvic acid in the presence of catalyzing
metal ions resulted not only in the formation of benzaldehyde
but also in the generation of phenylacetic acid, mandelic acid,
and phenylglyoxylic acid. These compounds were considered
by Krings et al. (14) to be intermediates in the route leading to
benzaldehyde. These compounds did not seem to be involved
in the chemical pathway leading to benzaldehyde, since no
degradation of the separate compounds was observed in the
presence of Cu(II). They rather seem to derive from phe-
nylpyruvic acid through a different reaction.

The role of the chemical conversion of phenylpyruvic acid to
benzaldehyde in phenylalanine degradation pathways has re-
ceived no attention in the literature. Nevertheless, oxidation of
phenylpyruvic acid to benzaldehyde and oxalic acid had been
reported by Pitt (20) as early as 1962. He observed that it was
not the keto acid itself but the enol tautomer of the compound
that was oxidized. The presence of bivalent metal ions can ac-
celerate this tautomerization reaction (4). Based on the results
of the present study, a proposed enzymatic-chemical pathway
for benzaldehyde formation from phenylalanine is presented in
Fig. 5. Phenylpyruvic acid is formed enzymatically from phe-
nylalanine and is an unstable compound. The presence of cat-
alyzing metal ions or alkaline conditions can enhance the enol
tautomer of the keto acid, which is chemically converted to
benzaldehyde, phenylacetic acid, mandelic acid, and phenyl-
glyoxylic acid in the presence of oxygen. Benzaldehyde may be
further oxidized to benzoic acid, although in our study only
trace amounts of this compound were detected. More recently,
Casey and Dobb (5) converted microbially produced phenyl-
pyruvic acid to benzaldehyde by heating the fermentation broth
containing phenylpyruvic acid to 90°C at pH 9.5. The results of
the present study show that in the presence of catalyzing metal
ions, the conversion of phenylpyruvic acid to benzaldehyde can
occur under far milder conditions.

The phosphate buffer may bind the metal ions in the reac-
tion mixture and thereby reduce their availability. This can
cause the difference between benzaldehyde formation at pH
8.0 in phosphate buffer and that in Tris buffer. The reduced
conversion rate of phenylpyruvic acid to benzaldehyde at pH
9.0 compared with that at pH 8.0 in Tris buffer may be ex-
plained by a dual effect of the pH on the chemical conversion
rate. The formation of the enol tautomer is induced by alkaline
conditions (20). This effect may be opposed by the reduced
solubility of metal ions under alkaline conditions. It can be
speculated that the effect of pH on the chemical conversion of
phenylpyruvic acid is a combination of these two effects.

Amino acid degradation is believed to be important for fla-
vor development in cheese. Straight-out chemical reactions are
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FIG. 5. Proposed mechanism for benzaldehyde formation from phenylalanine by both enzymatic and chemical steps.

not believed to play a major role in the production of cheese
flavor but rather seem to be enhanced by enzymes (23). In this
study, benzaldehyde formation was initiated by an aminotrans-
ferase present in the cell extract of L. plantarum. Aminotrans-
ferases from lactic acid bacteria have shown activity under
cheese-ripening conditions (8, 25), but the low oxygen concen-
tration, low ripening temperature, and low pH in cheese do not
favor the chemical conversion of phenylpyruvic acid to benzal-
dehyde. However, considering the long time involved in cheese
ripening, this mechanism may still make a significant contribu-
tion.
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