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A novel gene, designated ohbl, which encodes the oxygen-sensitive and biotin-, ATP-, thiamin-, pyridoxal
phosphate-, and metal-ion-independent, reversible 4-hydroxybenzoate decarboxylase (4-HOB-DC) from the
obligate anaerobe Clostridium hydroxybenzoicum JW/Z-1" was sequenced (GenBank accession no. AF128880)
and expressed. The 1,440-bp open reading frame (ORF) (ohb1) encodes 480 amino acids. Major properties of
the heterologous enzyme (Ohbl) expressed in Escherichia coli DH5o were the same as those described for the
native 4-HOB-DC (Z. He and J. Wiegel, J. Bacteriol. 178:3539-3543, 1996). The deduced amino acid sequence
shows up to 57% identity and up to 74% similarity to hypothetical proteins deduced from ORFs in genomes
from bacteria and archaea, suggesting a possible novel gene family.

Decarboxylation and carboxylation of aromatic compounds
have been proposed to play important initial roles in the an-
aerobic degradation of (hydroxy)arylic acids (e.g., hydroxyben-
zoic acids) and phenolic compounds in methanogenic environ-
ments (2, 12, 19, 24, 33-35). Zhang and Wiegel (33) proposed
a pathway comprised of the sequential actions of at least six
bacteria for the mineralization of 2,4-dichlorophenol. The re-
cently isolated Clostridium hydroxybenzoicum (34, 36) was pro-
posed to transform the dechlorination product phenol to hy-
droxybenzoate. Subsequently, two reversible decarboxylases
with a narrow substrate spectrum, a 4-hydroxybenzoate decar-
boxylase (4-HOB-DC) and a 3,4-dihydroxybenzoate decarbox-
ylase, were purified and characterized (15, 16). Whereas many
carboxylases and decarboxylases require the involvement of
biotin, ATP, or thiamin pyrophosphate or the addition of a
metal ion (27), the two enzymes from C. hydroxybenzoicum do
not require such additions for either the decarboxylation or
carboxylation reaction. Although 4-HOB-DC and 3,4-dihy-
droxybenzoate decarboxylase activities have been found in a
few other organisms (references 11a-13, 19, and 25, and un-
published results), the distribution among microorganisms has
not been well documented. To our knowledge, none of the
enzymes has been purified nor the encoding genes cloned. We
report here the characterization and expression (in Escherichia
coli) of the gene encoding the oxygen-sensitive, cofactor-inde-
pendent, reversible 4-HOB-DC from C. hydroxybenzoicum JW/
Z-1" (ATCC 51151 and DSM 7310) (34). The host strain E.
coli DH5a (obtained from S. Kushner, University of Georgia)
was cultivated at 37°C in Luria broth (3, 28) and, when re-
quired, in the presence of ampicillin (50 pg/ml; Sigma, St.
Louis, Mo.), 5-bromo-4-chloro-3-indolyl-B-p-galactopyrano-
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side (X-Gal) (30 pwg/ml; Promega), and isopropyl-B-p-thioga-
lactopyranoside (IPTG) (1 mM; Inalco Pharmaceuticals, San
Luis Obispo, Calif.).

The 4-HOB-DC-encoding gene ohb1 from C. hydroxybenzoi-
cum. Standard molecular techniques and procedures (refer-
ence 28) were used to clone and sequence the gene. The
N-terminal (M[A]JKVYRDLREFLEVLXQXGXLI) (17) and
three internal (SDLYDHLYVPAGSEVVLEGHIIPR, IVIV
VDEFVDPFNLEQVMWALTTR, and YSVVINVHGSWQ
NHALMLGLDK) (obtained from a pure enzyme as judged by
sodium dodecyl sulfate gel electrophoresis; Wistar Protein Mi-
crosequencing Facility, Philadelphia, Pa.) sequences were used
to design the degenerate PCR primers (underlined sections)
Inter2 (5'-CKNGTNGTNARNGCCCACAT-3') and Inter3
(5'-AAYGTNCAYGGNWSNTGGCA-3") (K= G, T; N = A,
CGT;R=G,AY=T,C;W=A,T;S = G, C), which were
used in conjunction with a PCR DIG-labeling kit (Boehringer
Mannheim) to amplify and label a 1-kb DNA fragment from
genomic DNA. This fragment hybridized to a 2.3-kb fragment
of HindIII-digested genomic DNA in Southern hybridization.
Subsequently, a genomic mini-library was constructed in pUCI18.
Colony hybridization yielded two positive colonies from which
two recombinant plasmids containing the same 2.3-kb DNA
fragment (pJBH-1 and pJBH-2) were obtained and sequenced
at the Molecular Genetics Instrumentation Facility (University
of Georgia).

Using the Genetics Computer Group sequence analysis soft-
ware package (University of Wisconsin, Madison), the com-
puter analysis of the nucleotide sequence revealed one 1,440-
bp open reading frame (ORF) with a presumptive promoter
region (Fig. 1). As deduced from the DNA sequence data, the
protein is composed of 480 amino acids. The ATG initiation
codon is preceded directly by a putative ribosome-binding site
(Shine-Dalgarno) GGAGG, with a spacer of 6 bp (Fig. 1). A
putative —10 promoter region, TATAAT, and a —35 promoter
region, TTGATA, were found 22 and 49 bp, respectively, up-
stream of the ribosomal binding site. These sequences are
similar to that of a typical E. coli promoter. The G+C content
of the gene is 39.2% compared with 35.6% of genomic DNA.
AT-containing isocodons were preferentially used.
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FIG. 1. Nucleotide sequence of the promoter region of the gene ohbI encoding 4-HOB-DC of C. hydroxybenzoicum JW/Z-1". The underlined amino acids indicate
the regions which had been previously sequenced from the purified enzyme. SD, Shine-Dalgarno sequence.

Expression of the gene ohbl and characterization of the
recombinant 4-HOB-DC Ohbl. The heterologously expressed
4-HOB-DC reached specific activities of 1.12 and 0.09 pmol of
4-HOB min~! - mg~! decarboxylated in anaerobically pre-
pared (34) crude extracts of anaerobically and aerobically
grown E. coli DHS5a, respectively, and 0.42 pmol of 3,4-dihy-
droxybenzoate decarboxylated min~' - mg~' in anaerobically
grown cells. The ratio of these activities for the two substrates
(measured as described before [34]) correlates well with the
previously reported ratio (k,,, of 3,300 versus 1,100) observed
with the purified 4-HOB-DC (15). Strain DH5«, with or with-
out harboring the parental plasmid pUCIS, exhibited no
4-HOB-DC activity under either anaerobic or aerobic condi-
tions after growth in the presence or absence of IPTG and/or
4-hydroxybenzoate. The orientation of the ohbl-containing
chromosomal DNA fragment in the vector did not affect the
level of the enzyme activity, suggesting that the gene was ex-
pressed in E. coli by its own promoter. In contrast to C. hy-
droxybenzoicum, in E. coli, the enzyme was expressed constitu-
tively.

We concluded that the cloned gene encodes the previously
purified 4-OHB-DC because all three internal sequences ob-
tained from the protein were found to be identical with the
corresponding regions in the deduced amino acid sequence
(15), and the original N-terminal sequence shows only two
minor differences (the start is M and A instead of M/A and the
sixth amino acid changed from R to K). The recombinant
enzyme in E. coli did not show properties different from those
of the native enzyme. For both we observed that (i) they were

oxygen sensitive; (ii) 2 mM metal ions, including 2 mM Na™
and K*, 2 mM NH4", and cofactors such as 5 mM ATP, 0.5
mM biotin, and 0.1 mM thiamin diphosphate, had no effect on
4-HOB-DC activity; (iii) the addition of 2 mM NH4 " slightly
decreased only the rate of decarboxylation of 3,4-dihydroxy-
benzoate; and (iv) 2 mM Zn?" inactivated both decarboxyl-
ation activities. Furthermore, the calculated molecular mass of
53.9 kDa from the deduced amino acid sequence is similar to
the sodium dodecyl sulfate-gel electrophoretic value of 57 kDa
found for the parental subunit (15).

Homology to other proteins. Using the deduced amino acid
sequence of Ohbl and the FASTA and BLAST search pro-
grams, a database search identified many homologous hypo-
thetical protein sequences (Table 1), with the hypothetical
protein YclC from Bacillus subtilis exhibiting the greatest iden-
tity (57.7%) and similarity (74.3%). Eighteen sequences exhib-
ited similarities above 40%. The alignment revealed eight mo-
tifs of conserved regions, termed motif A (amino acid numbers
in the Ohbl sequence, 129 to 131, 138, and 177 with an argi-
nine in position 168 in all but two proteins), B (201 to 222), C
(274 to 284), D (383 to 397, 400), E (403 to 407), F (413 to
417), G(426 to 429), and H (437 to 443). The only proteins with
a known enzymatic activity and some homology to Ohb1 were
two arylic acid decarboxylases: Pad (phenyl acrylic acid decar-
boxylase) from Saccharomyces cerevisiae (8) and Ohd (3-octap-
renyl-4-hydroxybenzoate carboxy-lyase) from E. coli (26).
However, they exhibit the lowest similarity and identity (Table
1), contain only two of the eight identified motifs—motifs A
(not shown) and C (Fig. 2)—and were significantly smaller

TABLE 1. Similarity among amino acid sequences of 4-HOB-DC (Ohbl) from C. hydroxybenzoicum JW/Z-1 and deduced homologous
proteins from other microorganisms

Protein (microorganism)® Accession no. % Similarity %ldentity
YclC (hypothetical protein Bacillus subtilis) D50453_66 74.3 57.7
Sshp (Synechocystis sp PCC6803) D90901_54 55.9 322
Aahp (Aquifex aeolicus)™* AB000747_13 54.3 32.7
Rrhp (Rhodospirillum rubrum) U65510 2 53.5 31.0
Phhp (Pyrococcus horikoshii)™"" AE000004_96 53.4 31.7
Echp (Escherichia coli) AE00459_13 53.0 29.7
Afhp (Archaeoglobus fulgidus)™" AE001091_1 52.9 32.0
Mjhp (Methanococcus jannaschii)™" D64441 52.8 275
Mthp (Methanobacterium thermoautotrophicum)™* AE000902_5 52.6 27.8
Athp-2 (Archaeoglobus fulgidus)™" AE000989_12 521 25.1
Mshp (Methanobrevibacter smithii)™ P22349 51.1 25.9
Schp (Saccharomyces cerevisiae)® $33751 50.3 252
Hphp (Helicobacter pylori) AEQ000555_16 48.4 25.2
Mjhp-2 (Methanococcus jannaschii)™" Q57566 47.3 17.6
Cphp (Chlamydia psittaci) U88070_6 45.6 23.0
Pad (Saccharomyces cerevisiae)® P33751 41.9 17.2
Ohc (Escherichia coli) P09550 40.7 20.1

“A = archaea; T = extreme thermophile (T, =

= 65°C); HT = hyperthermophile (7,

= 85°C); E = eukaryote.

pt =
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Ohbl 172 187
YelCc 267 282
Aahp 280 .. 295
Sshp 278 PDESEIRIMEN. . 293
Echp 284 DlRejgvensue. . 299
Afhp 272 287
Hphp 279 294
Mshp 233 248
Mthp 239 R 254
Mihp 234 249
Phhp 241 256
Afhp-2 249 264
Rrhp 268 283
Cphp 271 286
Schp 279 E ‘ 296
pad 175 RIBTIELSSTHLNMLSLCR 192

TISLHLGHLLMTQAAE 140
REMZANSTHLNMLKLSN 137

o

Ohc 123
Mihp-2 120

FIG. 2. Motif C as an example of the regions with conserved amino acid
sequences. White letters on a black background represent identical amino acids
in more than 50% of the sequences, and black letters on a grey background
represent conservative substitutions. Dots indicate gaps introduced to maximize
the alignment (using values for gap weight of 5 and gap extension of 12). The
numbers refer to the first and last positions of the motif in the corresponding
sequence. Ohbl, 4-HOB-DC from C. hydroxybenzoium strain JW/Z-1"; Ohc,
3-octaprenyl-4-hydroxybenzoate carboxylase from E. coli (26); Pad, phenylacrylic
acid decarboxylase from Saccharomyces cerevisiae (9). Designations at left are for
hypothetical proteins from 12 different microorganisms as follows: Mjhp and
Mjhp-2 from Methanococcus jannaschii (5), Mshp from Methanobrevibacter
smithii (14), Mthp from Methanobacterium thermoautotrophicum (29), Phhp from
Pyrococcus horikoshii (21), Afhp and Afhp-2 from Archaeoglobus fulgidus (23),
Rrhp from Rhodospirillum rubrum (22), Yclc from Bacillus subtilis (31), Aahp
from Aquifex aeolicus (10), Sshp from Synechocystis sp. strain PCC6803 (20);
Echp from E. coli (1, 4), Hphp from Helicobacter pylori (30), Cphp from Chla-
mydia psittaci (18), Schp from Saccharomyces cerevisiae (11). Alignment was done
with the PILEUP program, University of Wisconsin Genetics Computer Group.

(190 and 184 amino acids, respectively) than the 480 amino
acids for Ohbl. A few arylic acid decarboxylases acting on
other substrates have been sequenced (6-8, 26, 32). Although
the sequences of the three decarboxylases from Lactobacillus
and from Bacillus sp. showed high homologies among them-
selves, they exhibited only identities below 15% to the Ohbl
sequence. Two decarboxylases from S. cerevisiae (8), the di-
phosphomalonate decarboxylase and uroporphyrinogen decar-
boxylase, did not show any identity with the Ohbl sequence.
Because the sequence E-X-P in motif C (Fig. 2) is conserved in
all of the listed protein sequences except in the two non-arylic
acid decarboxylases, we speculate that this sequence E-X-P
could play a role in the binding or catalysis of (hydroxy) arylic
acids.

So far, all characterized hydroxy arylic acid decarboxylases
show very distinct, narrow substrate patterns, which may ex-
plain the lack of or low homology observed between the pub-
lished sequences of arylic acid decarboxylases. It will be inter-
esting to learn whether the identified homologous ORFs
encode reversible decarboxylases independent of ATP, biotin,
and thiamin and thus, as hypothesized, belong to a novel gene
family of arylic acid decarboxylases. Such a gene could have
been present before the separation of bacteria and archaea
because the homologous gene sequences are observed in spe-
cies of both. This includes hyperthermophiles, which are re-
garded by many as the closest relatives among the presently
known microorganisms to the hypothetical common ancestor.
Thus, these genes could represent an ancient type of carbox-
ylase, which was substituted during later evolution by more
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efficient biotin- or thiamin-dependent and ATP-utilizing car-
boxylases (27).

Nucleotide sequence accession number. The nucleotide se-
quence of the 1,480-bp ORF of ohbI has been deposited in
GenBank under accession no. AF128880.

We thank Cara Runsick-Mitchell and Delina Lyon for help in pre-
paring the manuscript.
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