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The Bacillus pumilus gene encoding a ferulic acid decarboxylase (fdc) was identified and isolated by its ability
to promote ferulic acid decarboxylation in Escherichia coli DH5a. The DNA sequence of the fdc gene was
determined, and the recombinant enzyme produced in E. coli was purified and characterized.

Phenolic acids are common constituents of forage fed to
ruminants. Particularly, ferulic acid and p-coumaric acids,
mainly in their trans configuration, are abundant in gramina-
ceous plants, which represent a major component of ruminant
diets. In plant cell walls, these two phenolic compounds bind
the complex lignin polymer to the hemicellulose and cellulose
(16, 23). It has been suggested that these phenolic acids are
released during ruminal degradation of plant cell walls (1).
Since these compounds are inhibitory to ruminal microorgan-
isms in vitro (2, 6, 7) and putatively inhibit the digestion of
plant cell walls in the rumen by these microorganisms, they are
considered an antiquality factor in the forage. Therefore, the
modifications of ferulic and p-coumaric acids by rumen micro-
organisms (11) can have an important antitoxicity role.
We focused our attention on the ability of Bacillus pumilus

PS231, repeatedly isolated from the rumen fluid of a fistulated
cow (24) fed with barley straw, to decarboxylate ferulic acid
and p-coumaric acid to 4-vinylguaiacol and 4-vinylphenol, re-
spectively. This biotransformation not only could be important
to improve the ruminal digestive function but also could be of
interest as a means of generating value-added chemicals such
as guaiacol derivatives from these two aromatic compounds
widely distributed in plants.
The decarboxylation of ferulic acids has already been de-

scribed for several microorganisms (3, 4, 8, 12, 13, 17), and the
enzyme has been purified from Pseudomonas fluorescens (14)
and in our laboratory from B. pumilus (9). However, the genes
encoding these functions have not been investigated.
In this paper, we describe the identification and isolation of

the B. pumilus trans-ferulic and p-coumaric acid decarboxylase
gene, the nucleotide sequence of this gene, and its expression
in Escherichia coli.
Cloning of trans-ferulic acid decarboxylase gene. On the

basis of the N-terminal amino acid sequence of the trans-
ferulic acid decarboxylase previously purified from B. pumilus
(9), an oligonucleotide probe was synthesized to identify by
Southern blot analysis the fdc gene in DNA restriction frag-
ments from the same microorganism. The 51-mer oligonucle-
otide probe was designed by use of the program BackTranslate
(Genetics Computer Group, University of Wisconsin) with the
codon frequencies of Bacillus subtilis (105 genes found in Gen-
Bank 63). A Southern blot of B. pumilus genomic DNA (5)
digested to completion with various restriction enzymes was

hybridized at 458C as described by Drmanac et al. (10) with the
32P-labelled probe. Hybridization with HindIII digestion dis-
played a well defined band of approximately 4 kb (data not
shown). As a negative control, the probe did not hybridize with
total DNA extracted from E. coli DH5a. HindIII DNA frag-
ments ranging between 3.5 and 4.5 kb were purified from
agarose with a Qiaex kit (Qiagen, Chatsworth, Calif.) and
cloned into the HindIII site in the polylinker of the plasmid
pUC19 to construct a sublibrary (21). This reaction mixture
was transformed into E. coli DH5a, and transformants were
screened by colony hybridization (10). A positive clone con-
taining a 3,690-bp HindIII fragment was identified. This clone
was tested for its ability to decarboxylate ferulic acid in vivo by
UV spectroscopy. A culture in Luria-Bertani broth containing
0.5 g of ferulic acid per liter was monitored for the disappear-
ance of this substrate at its maximal absorbance wavelength
(310 nm) and the appearance of a new peak at 258 nm (4-
vinylguaiacol) (9). Since this fragment conferred to the host
strain the ability to decarboxylate trans-ferulic acid, we as-
sumed that it contained the entire gene encoding the trans-
ferulic acid decarboxylase.
Deletion analysis and DNA sequence. To determine which

portion of the 3,690-bp HindIII fragment was required for the
conversion of trans-ferulic acid to 4-vinylguaiacol, serial dele-
tion plasmids were constructed with ClaI, EcoRI, and XbaI
restriction enzymes. These deletion plasmids were introduced
into E. coli DH5a, and transformed clones were subjected to
an in vivo assay for ferulic acid decarboxylase activity, as de-
scribed above. Figure 1 summarizes the results of the deletion
analysis. The 1,332-bp HindIII-XbaI fragment contained in the
deletion plasmid pUCFDCD2 encoded all the information nec-
essary for the expression of the decarboxylase activity. This
fragment and 347 bases downstream from the unique XbaI site
in the 3,690-bp insert of pUCFDC were sequenced on both
strands by walking primers (ICGEB oligonucleotide synthe-
sizer service) with the Sequenase 2.0 DNA sequencing kit
(U.S. Biochemicals, Cleveland, Ohio). A 486-bp open reading
frame, starting at an ATG codon at nucleotide 816 and extend-
ing to a TAG codon at nucleotide 1301, was found. It encodes
a deduced 19,069-Da polypeptide that consists of 161 amino
acid residues (Fig. 2).
The nucleotide sequence at the 59 end of this open reading

frame shows high homology with the oligonucleotide used for
screening the sublibrary. Moreover, the N-terminal amino acid
sequence of the deduced polypeptide is consistent with that
obtained by stepwise Edman degradation of the ferulate de-
carboxylase purified from B. pumilus (data not shown). The
only difference is a Trp-17 instead of a Val-17. A comparative
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search with the nucleotide sequence of the fdc gene in the
GenBank and EMBL data banks as well as with the deduced
polypeptide in the SwissProt, PIR, and GenBank data banks by
the BLAST mail-server program did not show any interesting
homology. The yeast phenylacrylic acid decarboxylase (PAD1),
which decarboxylates ferulic acid (8) (GenBank accession
number P33751), shows only a 66.7% identity in a 6-amino-
acid overlap with the B. pumilus ferulate decarboxylase.
A putative Shine-Dalgarno sequence was observed 5 bp up-

stream from the initiation codon ATG. A potential promoter
sequence, TAAAAT, which is similar to the consensus 210
prokaryotic promoter TATAAT, was found between nucleo-
tides 750 and 755. Upstream lies an E. coli 35 consensus se-
quence, TTGACA. The spacing between the210 and235 ele-
ments is 18 bp, near the optimal 17-base distance (19). Thirty-
nine base pairs downstream from the termination codon, there
is a sequence resembling a rho-independent terminator. A
645-bp open reading frame of unknown significance was ob-
served on the complementary DNA strand in the opposite
orientation, starting 27 nucleotides 59 from the ATG of fdc.
Purification and characterization of recombinant ferulic

acid decarboxylase. Ferulic acid decarboxylase (Fdc) expressed
in E. coli was purified from 8 liters of culture. Cells were
collected when the degradation of the substrate was about 50%
and lysed as described by Penalva and Salas (20). The protein
was purified from the clarified extract by the previously de-
scribed method (9) with some modifications. A single Q Sepha-
rose fast-flow step was used, followed by a phenyl-Sepharose
hydrophobic-interaction chromatography step and a single
Sephacryl HR200 final step. The purity of the decarboxylase
preparation was demonstrated by sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis (SDS-PAGE) (Fig. 3A) per-
formed by the meth-od of Laemmli (15). The overall enzyme
yield was 4.3%, with a 205.6-fold purification. The specific
activity of the purified enzyme for the decarboxylation of trans-
ferulic acid was 88 mmol mg21 min21. The B. pumilus ferulic

acid decarboxylase expressed in E. coli was observed as a ca.
21.5-kDa band in SDS-polyacrylamide gels (versus the theo-
retical value of 19 kDa). The apparent molecular mass of the
native enzyme measured by gel filtration was ca. 42 kDa, indi-
cating that the active E. coli enzyme is a homodimer like the
enzyme expressed in B. pumilus (9). The isoelectric focusing of
the purified recombinant decarboxylase, performed with an
Ampholine PAGplate precast polyacrylamide gel (Pharmacia
Biotech AB, Uppsala, Sweden) with pH values ranging from 3
to 10, showed a major band at pH 4.8 (Fig. 3B) and two very
faint bands at a lower pH, one of which corresponded to the
isoelectric point 4.6 shown by the native B. pumilus decarbox-
ylase (9). Since B. subtilis codon usage, which is the only avail-
able for Bacillus spp., is different from that of E. coli (18), it
could be inferred that the observed isoforms were due to
amino acid misincorporation (22). Alternatively, chemical
modifications that occurred during the purification steps could
produce isoforms of the enzyme. Nevertheless, these different
Fdc species were not detected by high-performance liquid
chromatography analysis, which shows only one peak (data not
shown). The hydropathy profile determined for the predicted
amino acid sequence predicts the ferulate decarboxylase to be
a highly hydrophilic and probably cytoplasmic protein. More-
over, the protein has not been found in the culture medium,
and no secretion sequences have been identified in the gene.
The pI values, the relative dimensions, and the comparison of
the N-terminal amino acid sequences suggest that the two

FIG. 1. Restriction enzyme map of the 3,690-bp HindIII fragment inserted
into pUC19 (pUCFDC). Abbreviations: A, AvaI; C, ClaI; ERI, EcoRI; ERV,
EcoRV; H, HindIII; S, SphI; X, XbaI. The deletion plasmids pUCFDCD1,
pUCFDCD2, pUCFDCD3, pUCFDCD4, and pUCFDCD5, made with ClaI, XbaI,
and EcoRI, are shown. On the right, the ferulate decarboxylase (FDC) activities
of the various transformants with the deletion plasmids are reported.

FIG. 2. Nucleotide sequence of the fdc gene. Nucleotides are numbered from
the 59 end, and the predicted amino acid sequence for the fdc gene is given in
single-letter code below the DNA sequence. A possible promoter sequence is
underlined; a putative Shine-Dalgarno region is indicated (underlined with a
dotted line). Opposing arrows indicate inverted repeats of a possible rho-inde-
pendent terminator.
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proteins from B. pumilus and E. coli are very similar. However,
the ferulate decarboxylase expressed in E. coli seems relatively
unstable, since a large part of the activity was lost during
purification.
In this work, we presented the first isolation of a bacterial

gene encoding a ferulate decarboxylase. This activity could be
a potential step in the conversion of natural aromatic acids to
industrial aromatic intermediates. Since the fdc gene is in-
duced by the substrate in B. pumilus (9), we will investigate its
regulation to optimize its expression. The identification of sim-
ilar genes not only in Bacillus species but also in gram-negative
bacteria could also be of interest from a comparative point of
view.
Nucleotide sequence accession number. The sequence of the

DNA fragment containing the fdc gene has been deposited in
the GenBank database under accession number X84815.
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FIG. 3. (A) SDS-PAGE of the ferulate decarboxylase purified from E. coli.
Lanes: 1, molecular mass standards; 2, peak fraction from the Sephacryl HR200
column. (B) Analytical isoelectric focusing assay of the peak fraction from a
Sephacryl HR200 column on a polyacrylamide gel. Lanes: 1, purified recombi-
nant ferulate decarboxylase; 2, pI markers.
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