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Abstract The gene loci ech, encoding enoyl-CoA hy-
dratase/aldolase, and fcs, encoding an unusual feruloyl-
CoA synthetase, which are involved in the bioconversion
of ferulic acid to vanillin by the Gram-positive bacteri-
um Amycolatopsis sp. strain HR167, were localized on a
4,000 bp Pst fragment (P40). The nucleotide sequence
of P40 was determined, revealing open reading frames
of 864 bp and 1,476 bp, representing ech and fcs,
respectively. The deduced amino acid sequences of ech
exhibited 62% amino acid identity to the enoyl-CoA
hydratase/aldolase from Pseudomonas sp. strain HR199
and the enoyl-CoA hydratase/lyase from P. fluorescens
strain AN103. The deduced amino acid sequences of fcs
exhibited up to 37% amino acid identity to long-chain
fatty acid coenzymeA ligases but no significant similarity
to the feruloyl-CoA synthetase of Pseudomonas sp.
strain HR199. Fragment P40 was cloned in pBluescript
SK™ and fecs and ech were expressed in Escherichia coli.
Recombinant strains were able to transform ferulic acid
to vanillin. In crude extracts of these recombinant
strains, feruloyl-CoA synthetase and enoyl-CoA hydra-
tase/aldolase activities were detected by photometric
assay and high-performance liquid chromatography.
The obtained data suggest that ferulic acid degradation
in the Gram-positive Amycolatopsis sp. strain HR167
proceeds via a pathway similar to that recently described
for the Gram-negative P. fluorescens strain AN103 and
Pseudomonas sp. strain HR199.

Introduction

The Gram-positive bacterium Amycolatopsis sp. strain
HR167 is able to utilize ferulic acid as sole carbon and
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energy source for growth. This strain was isolated dur-
ing a screening for microorganisms which were able to
convert ferulic acid to vanillin; and it is used for the
biotechnological production of vanillin (Rabenhorst and
Hopp 1997). Vanillin is frequently used for the pro-
duction of flavors for foods and there is a growing in-
terest to produce ‘‘natural” vanillin from natural
substrates by biotransformation (Hagedorn and Kap-
hammer 1994; Krings and Berger 1998; Rabenhorst
1996). Since vanillin occurs as an intermediate in the
degradation routes of eugenol, ferulic acid and lignin
(Chen et al. 1982; Overhage et al. 1999a; Priefert et al.
1999; Steinbiichel et al. 1998; Toms and Wood 1970),
these compounds can be used as vanillin precursors in
biotransformation processes. We are currently investi-
gating the physiological and genetic basis of the vanillin
production process based on the biotransformation of
ferulic acid by Amycolatopsis sp. strain HR167 (Rab-
enhorst and Hopp 1997).

Many microorganisms are able to degrade ferulic
acid. In many cases the initial step is catalyzed by a
decarboxylase; and the formation of 4-hydroxy-3-
methoxystyrene is observed (Rosazza et al. 1995). With
respect to biotechnological approaches a second mech-
anism, initiated by shortening the ferulic acid side chain
for a C, unit, is of greater interest. A deacetylation to
yield vanillin was proposed for Comamonas (formerly
Pseudomonas) acidovorans (Toms and Wood 1970), Ba-
cillus subtilis (Gurujeyalakshmi and Mahadevan 1987),
Burkholderia cepacia (Andreoni et al. 1984) and Strep-
tomyces setonii (Muheim and Lerch 1999; Sutherland
et al. 1983), but detailed biochemical investigations of
the mechanism are not available. Only recently, a novel
CoA-dependent, non-f-oxidative pathway for ferulic
acid cleavage was identified in P. fluorescens AN103
(Gasson et al. 1998; Narbad and Gasson 1998) and
Pseudomonas sp. strain HR199 (Overhage et al. 1999a).
An accumulation of vanillin, which is the product of this
reaction, was not observed in Pseudomonas sp. strain
HR199, but was observed in mutants with an inactivated
vanillin dehydrogenase gene (Overhage et al. 1999b).
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In the present study, we investigated ferulic acid ca-
tabolism in the Gram-positive Amycolatopsis sp. strain
HR167, which is most probably also initiated by the
CoA-dependent, non-f-oxidative cleavage of ferulic acid
and proceeds via vanillin, vanillate and guaiacol (Fig. 1).

Materials and methods

Bacterial strains and plasmids

The strains of Amycolatopsis, Pseudomonas and Escherichia coli as
well as the plasmids used in this study are listed in Table 1.

Growth of bacteria

Cells of E. coli were cultivated at 37 °C in Luria-Bertani (LB) or in
M9 mineral salts medium (Sambrook et al. 1989). Cells of Amy-
colatopsis sp. HR167 were cultivated at 42 °C in YMG medium
(0.4% w/v yeast extract, 1% w/v malt extract, 0.4% w/v glucose,
pH 7.2) or TYN medium (1.0% w/v tryptone, 0.25% w/v yeast
extract, 0.5% w/v NaCl, pH 7.2). Cells of Pseudomonas sp. strains
were cultivated at 30 °C either in a nutrient broth (NB) medium
(0.8% w/v; Bacto Difco) or in MM (Schlegel et al. 1961) or HR-
MM (Rabenhorst 1996) mineral salts media supplemented with
carbon sources as indicated. Ferulic acid and vanillin were dis-
solved in dimethyl sulfoxide and were added to the medium at final
concentrations of 0.1% w/v. Tetracycline and kanamycin were used
at final concentrations of 25 pg/ml or 300 pg/ml for Pseudomonas
sp. strains, respectively. Growth of the bacteria was monitored with
a Klett-Summerson photometer.

Qualitative and quantitative determination of catabolic
intermediates

Culture supernatants obtained by centrifugation were analyzed for
excreted intermediates of ferulic acid catabolism by liquid chro-
matography without prior extraction, using a high-performance
liquid chromatography (HPLC) apparatus (Knauer, Berlin, Ger-
many). Separation was achieved by reversed-phase chromatogra-
phy on Nucleosil-100 C;g (5 pm particle size, 250 mm x 4.0 mm
column) with a gradient of 0.1% v/v formic acid (eluant A) and
acetonitrile (eluent B) in a range of 20-100% v/v eluant B and at a
flow rate of 1 ml/min. For quantification, all intermediates were
calibrated with external standards. The compounds were identified
by their retention times and the corresponding spectra were ob-
tained with a diode array detector (WellChrom Diodenarray-
Detektor K-2150, Knauer).

Preparation of the soluble fractions of crude extracts

Cells were disrupted either by a two-fold French press passage at
96 MPa, or by sonication (1 min/ml cell suspension with an am-
plitude of 40 um) with a Bandelin Sonopuls GM200 ultrasonic
disintegrator. Soluble fractions of crude extracts were obtained by
centrifugation at 100,000 g at 4 °C for 1 h.

Enzyme assays

Feruloyl coenzyme A (feruloyl-CoA) synthetase was assayed
spectrophotometrically at 30 °C by a modified method described by
Zenk et al. (1980). The reaction mixture (1 ml) contained 100 mM
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Fig. 1 Proposed route for the catabolism of ferulic acid in Amyco-
latopsis sp. strain HR167. Fine arrows indicate f-oxidation analogous
to that of fatty acid catabolism
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Table 1 Bacterial strains and plasmids used in this study
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Strain or plasmid Relevant characteristics

Source or reference

Amycolatopsis sp.

HR167
Mutants of Pseudomonas sp. Strain HR199
SK6167
protocatechuate positive
SK6202

protocatechuate positive
Escherichia coli

Wild type, ferulate positive, vanillin positive, vanillate positive

Ferulate negative, vanillin positive, vanillate positive,

Ferulate negative, vanillin positive, vanillate positive,

(Rabenhorst and Hopp 1997)

(Overhage et al. 1999a)

(Overhage et al. 1999a)

(Bullock et al. 1987)

(Simon et al. 1983)

XL1-Blue recAl endAl gyrA96 thi hsdR17 (rk™, mk™)
supE44relAl, -, lac”
[F’ proAB lacIZAM15, Tnl0(tet)]
S17-1 recA, harboring the tra genes of plasmid RP4 in
the chromosome, proA, thi-1
Plasmids
pVK100 Tc', Km", cosmid, broad host range

pBluescript SK™

Ap" lacPOZ’, T; and T; promoter

(Knauf and Nester 1982)
Stratagene, San Diego, Calif.

potassium phosphate buffer (pH 7.0), 2.5 mM MgCl,, 0.7 mM
ferulic acid, 2 mM ATP, 0.4 mM coenzyme A and an appropriate
amount of extract. The assay was started by the addition of
ATP and the initial absorbancy increase due to the formation of
feruloyl-CoA (¢ = 10 cm? pmol™") was measured at 345 nm.

The activity of the enoyl-CoA hydratase/aldolase was deter-
mined by a modified method described by Gasson et al. (1998).
Extracts were incubated at 30 °C in a reaction mixture (0.5 ml)
containing 90 mM sodium phosphate buffer (pH 7.0), 3 mM MgCl,
and an appropriate amount of 4-hydroxy-3-methoxyphenyl-f-hy-
droxypropionyl-CoA (HMPHP-CoA). HMPHP-CoA was prepared
according to Gasson et al. (1998). The conversion of HMPHP-CoA
to vanillin was confirmed by HPLC analysis. Since the concentration
of HMPHP-CoA was not determined, only qualitative determina-
tion of enoyl-CoA hydratase/aldolase activity was performed.

The soluble protein was determined as described by Bradford
(1976).

Isolation and manipulation of DNA

Plasmid DNA and DNA restriction fragments were isolated and
analyzed by standard methods (Sambrook et al. 1989).

Transfer of DNA

Competent cells of E. coli were prepared and transformed by using
the CaCl, procedure (Hanahan 1983). Conjugations of E. coli
S17-1 (donor) harboring hybrid plasmids with Pseudomonas strains
(recipient) were performed either on solidified NB medium
(Friedrich et al. 1981), or by a minicomplementation method
(Priefert et al. 1997).

Construction of a genomic library of Amycolatopsis sp.
strain HR167

Partially EcoRI-digested genomic DNA of Amycolatopsis sp. strain
HR167 was ligated with EcoRI-linearized cosmid pVK100. The
ligation mixture was packaged in A particles and subsequently
transduced into E. coli S17-1. About 5,000 transductants were
selected on LB-Tc agar plates and the hybrid cosmids of these
strains were conjugatively transferred to the ferulic acid-negative
mutants SK6167 and SK6202, respectively.

DNA sequence determination and analysis

DNA sequences were determined by the dideoxy chain termination
method (Sanger et al. 1977) with a 4000L DNA sequencer

(LI-COR Biotechnology Division, Lincoln, Neb., USA). A Thermo
Sequenase fluorescence-labelled primer cycle-sequencing kit with
7-deaza-dGTP (Amersham Life Science, Little Chalfont, UK) was
used as specified by the manufacturer, together with synthetic flu-
orescence-labelled oligonucleotides as primers. Nucleotide and
amino acid sequences were analyzed with the Genetics Computer
Group sequence analysis software package (GCG package, version
6.2, June 1990; Devereux et al. 1984) or with the “Blast™ programs
(Altschul et al. 1997).

Chemicals

Restriction endonucleases, T4 DNA ligase, A DNA and enzymes or
substrates used in the enzyme assays were obtained from Roche
Molecular Biochemicals (Mannheim, Germany) or from Gib-
coBRL Life Technologies (Karlsruhe, Germany). Agarose type
NA, radioisotopes, chromatography columns and chromatography
matrices were purchased from Amersham Pharmacia Biotech
(Freiburg, Germany). Synthetic oligonucleotides were purchased
from MWG-Biotech (Ebersberg, Germany). All other chemicals
were from Haarmann & Reimer (Holzminden, Germany), Merck
Eurolab (Darmstadt, Germany), Serva Feinbiochemica (Heidel-
berg, Germany), or Sigma-Aldrich Fine Chemicals (Deisenhofen,
Germany).

Nucleotide sequence accession number

The nucleotide and amino acid sequence data reported in this paper
have been submitted to the EMBL, GenBank and DDBJ nucleo-
tide sequence databases and are listed under accession no.
AJ290449.

Results

Biotransformation of ferulic acid by Amycolatopsis sp.
strain HR167

Amycolatopsis sp. strain HR167 is able to degrade ferulic
acid. A complete conversion of 5.1 mM ferulic acid by
Amycolatopsis sp. strain HR167 cells pregrown in YMG
medium was observed within 6.5 h (Fig. 2). Vanillic acid
was the first intermediate detectable in the culture me-
dium after 1 h incubation. Vanillin was accumulated to
a maximum of about 2.6 mM after 6.5 h, but was
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Fig. 2 Biotransformation of ferulic acid by Amycolatopsis sp. strain
HR167. Cells were cultivated for 15h at 42 °C in 50 ml YMG
medium. Cells were harvested, washed and resuspended in 50 ml
mineral salts medium containing 5.1 mM ferulic acid. Incubation was
performed at 42 °C, and samples were taken and analyzed by high-
performance liquid chromatography. O Ferulic acid, @ vanillin, [J
vanillyl alcohol, B vanillic acid, A guaiacol

completely degraded within a further 4 h. Guaiacol was
accumulated in the medium to comparable concentra-
tions as vanillin but with delay. Vanillyl alcohol was
only accumulated to less than 0.4 mM during the incu-
bation (Fig. 2).

Cloning of the genes involved in ferulic acid
catabolism of Amycolatopsis sp. strain HR167

To identify the genes involved in the ferulic acid de-
gradation pathway of Amycolatopsis sp. strain HR167,
we took advantage of recently isolated nitrosoguanidine-
induced ferulic acid-negative mutants (SK6167 and
SK6202) of the ferulic acid-utilizing Pseudomonas sp.
strain HR199 (Overhage et al. 1999a), which were cho-
sen as recipients for the genomic library of Amycolat-
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opsis sp. HR167. Four transconjugants of mutant
SK6167 and two transconjugants of mutant SK6202
were isolated, which were complemented by the received
hybrid cosmids and thus were able to grow again on
ferulic acid. One of the corresponding hybrid cosmids
(pVK15-1) harbored only one 20-kbp EcoRI fragment
(E200), which also occurred in all other complementing
hybrid cosmids together with different EcoRI fragments.
E200 was isolated and cloned in the vector pBluescript
SK7, resulting in the plasmid pSKE200.

Subloning of the genes ech, fcs and aat

Fragment E200 was isolated from EcoRI-digested pla-
smid pSKE200 and was digested with different restric-
tion endonucleases. Resulting fragments were cloned in
the vector pBluescript SK™ and the obtained hybrid
plasmids were used as template DNAs in sequencing
reactions together with universal and reverse primers.
Using synthetic oligonucleotides as primers, the nucle-
otide sequences of the fragments B72.7, B10 and a part
of B30 were determined and eight open reading frames
(ORF) were identified (Fig. 3). The putative transla-
tional product of ORF2 exhibited significant similarities
with different coenzymeA ligases from various sources
(Fig. 4) and was thus a candidate for the feruloyl-CoA
synthetase (Fcs) gene fcs. The translational start codon
GTG of fes overlapped with the TAG stop codon of
ORF3, which was referred to as ech since its putative
translational product exhibited significant similarities
with the enoyl-CoA hydratase/aldolase (Ech) of
Pseudomonas sp. strain HR199 and the enoyl-SCoA
hydratase/lyase of P. fluorescens strain AN103 (Fig. 5).
At a distance of 3,247 bp upstream of the translational

Fig. 3A—C Localization of fcs, ech and aat. A Restriction map of a
part of EcoRI restriction fragment E200 from hybrid cosmid
pVK15-1. B relevant subfragments used in this study. C Structural
genes of the feruloyl-CoA synthetase (fcs), enoyl-CoA hydratase/
aldolase (ech), f-ketothiolase (aaf) and open reading frames (ORF)
localized on fragment E200
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start codon ATG of ech, ORF7 was detected, which was
transcribed in the opposite direction and was referred to
as aat, since its putative translational product exhibited
significant similarities with f-ketothiolases (Aat) from
various sources. Typical Shine-Dalgarno sequences
(each GGAQG) preceded the translational start codons of
fes, ech and aat at distances of 5, 6 or 6 nucleotides,
respectively. The G + C contents of fcs, ech and aat
were 74.1, 70.3 and 72.9 mol%, respectively; and the
codon usages of fcs, ech and aat were very similar.

The putative translational products of the other
identified ORFs (Fig. 3) exhibited highest similarities
only with some hypothetical proteins from various
sources.

Properties and putative functions of the ech, fcs
and aat gene products

The relative molecular masses of Ech, Fcs and Aat cal-
culated from the amino acid sequences deduced from
ech, fes and aat, were 31,915, 51,883 and 41,540 Da,
respectively.

The amino acid sequences deduced from the genes
ech, fcs and aat were compared with those collected in
GenBank. With the ech gene product, highest similarity
was obtained with the enoyl-SCoA hydratase/lyase of
P. fluorescens strain AN103 [62% identity in 267 amino
acid (aa) overlap; Gasson et al. 1998]. The relationship
of the Ech from Amycolatopsis sp. strain HR167 to other
enzymes of the enoyl-CoA hydratase/isomerase family is
shown in Fig. 5. With the fes gene product, highest
similarity was obtained with the fadD5 gene product
from Mycobacterium tuberculosis (41% identity in 491
aa overlap; Cole et al. 1998), whereas it exhibited only
low similarity with the Fcs of Pseudomonas sp. strain
HR199 (Fig. 4b). The relationship of the Fcs from
Amycolatopsis sp. strain HR167 to other coenzymeA
ligases is shown in Fig. 4. With the aat gene product,
highest similarity was achieved with the fadA6 gene
product of M. tuberculosis (49% identity in 386 aa
overlap; Cole et al. 1998).

Heterologous expression of ech and fcs in E. coli

Since there was only weak similarity of the fes gene
product of Amycolatopsis sp. strain HR167 to the feru-
loyl-CoA synthetase of Pseudomonas sp. strain HR199,
this enzymatic function was assigned to the fcs gene
product of Amycolatopsis sp. strain HR167 by heterol-
ogous expression of the gene in E. coli. Fragment P40
(Fig. 3) was isolated from PstI-digested pSKE200 and
cloned in pBluescript SK™ with the genes ech and fcs
colinear to and downstream of the /acZ promoter. The
resulting hybrid plasmid pSKP40c conferred Fcs
(Table 2) and Ech activity to recombinant strains of
E. coli XL1-Blue, which was revealed by the enzyme
assays described in Materials and methods. Even re-
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combinant strains of E. coli XL1-Blue harboring a hy-
brid plasmid (pSKP40a) with the genes ech and fcs
antilinear to the lacZ promoter exhibited Fcs activity
(Table 2). Thus, most probably a DNA sequence on
fragment P40 was recognized by the E. coli RNA poly-
merase and functioned as a weak promoter.

Biotransformation of ferulic acid to vanillin
by resting cells of E. coli XL1-Blue (pSKP40c¢)

E. coli XLI1-Blue, which harbored hybrid plasmid
pSKP40c, was cultivated overnight in 50 ml LB medium
containing 12.5 pg tetracycline/ml and 100 pg ampicil-
lin/ml. Cells were harvested by centrifugation, washed
twice in 100 mM potassium phosphate buffer (pH 7.0)
and resuspended in 50 ml HR-MM containing 5.15 mM
ferulic acid. After an incubation of 6 h, 2.3 mM vanillin
was obtained and after 23 h a maximum of 3.1 mM
vanillin was obtained in the culture supernatant. Beside
vanillin, vanillyl alcohol was detected in the medium,
which was due to a reduction of vanillin by the E. coli
cells. This reduction was also observed in a control ex-
periment, when cells of E. coli XL1-Blue harboring only
the vector pBluescript SK™ were incubated in HR-MM
in the presence of 2 mM vanillin.

Discussion

Amycolatopsis sp. strain HR167 is able to utilize ferulic
acid as sole carbon source for growth. Ferulic acid is
converted to the intermediates vanillin, vanillate and
guaiacol, which are excreted into the medium (Fig. 2).
The genes involved in ferulic acid catabolism were
identified on DNA fragment E200. The genes fcs and
ech, which encoded proteins with similarities to thio-
kinases and enoyl-CoA hydratase/aldolases, respective-
ly, are most probably constituents of one operon, since
the translational start codon of fcs overlapped with the
translational stop codon of ech. At a distance of about
3,250 bp, the aat gene was identified, whose deduced
amino acid sequence exhibited similarities to p-keto-
thiolases. The function of the fcs gene product as a
feruloyl-CoA synthetase was concluded from the simi-
larities found for the corresponding amino acid sequence
to fatty acid-CoA synthetases. Like these enzymes, Fcs
possessed an amino acid sequence (aa 154-163) pro-
posed to be the AMP-binding domain (Fig. 4a; Babbitt
et al. 1992). However, since the amino acid sequence
similarity of Fcs from Amycolatopsis sp. strain HR167
to the corresponding protein from Pseudomonas sp.
strain HR199 was rather low (Fig. 4b), further evidence
for the function of Fcs from Amycolatopsis sp. strain
HR167 was achieved by expressing the corresponding
gene in E. coli. Fcs activity was detected in extracts of
the recombinant strain by spectrophotometric assay and
the formation of feruloyl-CoA was directly proven by
HPLC analysis. Since only ORF4, fcs and ech were
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Fig. 4a, b Homologies of Amycolatopsis sp. strain HR167 feruloyl-
CoA synthetase with CoA ligases from various sources. a The amino
acid sequence of the feruloyl-CoA synthetase from Amycolatopsis sp.
strain HR167 deduced from the fes gene (i) was aligned with: (i) the
amino acid sequence of the fadD13 gene product from Mycobacterium
tuberculosis (Cole et al. 1998), (i) the fadD5 gene product from
M. tuberculosis (Cole et al. 1998), (iv) the long-chain fatty acid-CoA
ligase from Methanobacterium thermoautotrophicum (Smith et al.
1997) and (v) the the long-chain fatty acid-CoA ligase from
Escherichia coli (Black et al. 1992). Amino acids are specified by
standard one-letter abbreviations. Dashes indicate gaps introduced
into the sequences to improve the alignment. Amino acid residues
which are identical to the Amycolatopsis sp. strain HR167 fes gene
product at one particular sequence position are shaded. The consensus
sequence is given (vi). The signature sequence of the AMP-binding
domain (Babbitt et al. 1992) is boxed. b The relationship between the
feruloyl-CoA synthetases of Amycolatopsis sp. strain HR167 and
Pseudomonas sp. strain HR199 (Overhage et al. 1999a) and the
proteins in panel a is displayed as a dendrogram, which was
constructed using the CLUSTAL program from pairwise similarity
scores generated by the method of Wilbur and Lipman (1983) with the
following parameters: k-tuple length = 1, gap penalty = 3, number of
diagonals = 5, diagonal window size = 5, gap opening penalty = 10,
gap extension penalty = 0.10 and protein weight matrix is blosum.
Relatedness is represented by the branch length (distances are given as
0.01% divergence in parentheses)

completely localized on the cloned fragment P40 used
for these experiments (and ORF4 exhibited similarities
only with some hypothetical proteins) it was most
probable that the fcs gene product was responsible for
the detected Fcs activity. Thus, this is the first report of
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the cloning and expression of an fcs gene from a Gram-
positive bacterium.

During our investigations of ferulic acid catabolism
of Amycolatopsis sp. strain HR167, the isolation and
characterization of a gene of the enoyl-SCoA hydratase/
isomerase superfamily from P. fluorescens strain AN103
was reported (Gasson et al. 1998) encoding an enzyme
for the hydration and non-oxidative cleavage of feru-
loyl-SCoA to vanillin and acetyl-SCoA. From the amino
acid sequence comparison (Fig. 5) and from the ex-
pression of the corresponding gene in E. coli, it was
obvious that the ech gene product of Amycolatopsis sp.

Fig. 5 Homologies of Amycolatopsis sp. strain HR167 enoyl-CoA
hydratase/aldolase to members of the enoyl-CoA hydratase/isomerase
family from different sources. The amino acid sequence of the enoyl-
CoA hydratase/aldolase from Amycolatopsis sp. strain HR167
deduced from the ech gene (i) was aligned to: (ii) the amino acid
sequence of the enoyl-CoA hydratase/aldolase from Pseudomonas sp.
strain HR199 (Priefert et al. 1997), (iii) the p-hydroxycinnamoyl CoA
hydratase/lyase from Pseudomonas fluorescens (Gasson et al. 1998),
(iv) the ferulic acid hydratase from Pseudomonas putida (Venturi et al.
1998), (v) the enoyl-CoA hydratase from Escherichia coli (Ferrandez
et al. 1997), (vi) the human mitochondrial enoyl-CoA hydratase

(Kanazawa et al. 1993) and (vii) the enoyl-CoA hydratase (phaAd gene
product) from Pseudomonas putida (Olivera et al. 1998). Amino acids
are specified by standard one-letter abbreviations. Dashes indicate
gaps introduced into the sequences to improve the alignment. Amino
acid residues which are identical to the Amycolatopsis sp. strain
HR167 ech gene product at one particular sequence position are
shaded. The consensus sequence is given (viii)
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v 1 MSELI¥SRQQQ- - -~ -VLLLTE 58
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Table 2 Feruloyl-CoA synthetase activities in Amycolatopsis sp.
HR167 and in recombinant strains of E. coli XL-1 Blue

Strain®®

Specific activity
of feruloyl-CoA
synthetase®

(U/g protein)

Acknowledgements The synthesis of 4-hydroxy-3-methoxyphenyl-
p-hydroxypropionate-methylester by Dr. Dirk Fabritius and his
assistance during the synthesis of 4-hydroxy-3-methoxyphenyl-
p-hydroxypropionyl-CoA are gratefully acknowledged. H.P. and
A.S. are indebted to Haarmann & Reimer GmbH for providing a
collaborative research grant.

Ampycolatopsis sp. strain HR167 (gluconate) <0.5
Amycolatopsis sp. strain HR167 (ferulic acid) 105

E. coli XL-1 Blue (pSKP40c) (+ IPTG) 92
E. coli XL-1 Blue (pSKP40c) (—-IPTG) 99
E. coli XL-1 Blue (pSKP40a) (~-IPTG) 6

E. coli XL-1 Blue (pBluescript SK7) <0.5

4 Cells of Amycolatopsis sp. strain HR167 were grown to the late
exponential phase at 42 °C in HR-MM mineral salts medium
containing either 0.5% w/v gluconate or 0.5% w/v ferulic acid
®Cells of recombinant strains of E. coli were grown for 12 h at
37 °C in Luria-Bertani medium either in the presence of 1 mM
IPTG or without IPTG as indicated

“The feruloyl-CoA synthetase activities were determined in soluble
fractions of crude extracts at 30 °C by a modified method of Zenk
et al. (1980) as described in Materials and methods

strain HR167 had the same function as the enzyme re-
ported by Gasson et al. (1998) and the Ech of Pseudo-
monas sp. strain HR199 (Overhage et al. 1999a). As
reported for these enzymes, Ech of Amycolatopsis sp.
strain HR167 also exhibited high similarity to the
“ferulic acid deacetylase” of P. putida strain WCS358
(Venturi et al. 1998), which most probably represents an
Ech (Overhage et al. 1999a).

The occurrence of an aat gene close to fes and ech
may suggest that ferulic acid degradation in Amycolat-
opsis sp. strain HR167 proceeds via a mechanism anal-
ogous to the f-oxidation pathway of fatty acid
catabolism, which had been proposed earlier for the
degradation of substituted cinnamic acids in plants
(Vollmer et al. 1965). This pathway would include the
thioclastic cleavage of 4-hydroxy-3-methoxyphenyl-
p-ketopropionyl-CoA to yield acetyl-CoA and vanillyl-
CoA, catalyzed by the aat gene product (f-ketothiolase)
(Fig. 1). However, genes encoding a 4-hydroxy-3-meth-
oxyphenyl-f-hydroxypropionyl-CoA dehydrogenase or
a vanillyl-CoA hydrolase, which would catalyze the
subsequent reactions, were not identified in Amycolat-
opsis sp. strain HR167. In addition, from the expression
experiments it was obvious that the gene products of fcs
and ech catalyzed the conversion of ferulic acid to va-
nillin, which is further oxidatively metabolized in Amy-
colatopsis sp. strain HR167. Therefore, the involvement
of the aat gene product in ferulic acid metabolism
seemed to be unlikely.

In conclusion, ferulic acid degradation in the Gram-
positive Amycolatopsis sp. strain HR167 proceeds via
feruloyl-CoA, which is hydrated and cleaved by the
action of the ech gene product. This CoA-dependent,
non-f-oxidative mechanism of ferulic acid cleavage
was hitherto described only in the Gram-negative
P. fluorescens strain ANI03 (Gasson etal. 1998),
P. putida strain WCS358 (Venturi et al. 1998) and
Pseudomonas sp. strain HR199 (Overhage et al. 1999a).
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