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The anaerobic degradation of 4-hydroxybenzoate is initiated by the formation of 4-hydroxybenzoyl coenzyme
A, with the next step proposed to be a dehydroxylation to benzoyl coenzyme A, the starting compound for a
central pathway of aromatic compound ring reduction and cleavage. Three open reading frames, divergently
transcribed from the 4-hydroxybenzoate coenzyme A ligase gene, hbaA, were identified and sequenced from the
phototrophic bacterium Rhodopseudomonas palustris. These genes, named hbaBCD, specify polypeptides of 17.5,
82.6, and 34.5 kDa, respectively. The deduced amino acid sequences show considerable similarities to a group
of hydroxylating enzymes involved in CO, xanthine, and nicotine metabolism that have conserved binding sites
for [2Fe-2S] clusters and a molybdenum cofactor. Cassette disruption of the hbaB gene yielded a mutant that
was unable to grow anaerobically on 4-hydroxybenzoate but grew normally on benzoate. The hbaB mutant cells
did not accumulate [14C]benzoyl coenzyme A during short-term uptake of [14C]4-hydroxybenzoate, but benzoyl
coenzyme A was the major radioactive metabolite formed by the wild type. In addition, crude extracts of the
mutant failed to convert 4-hydroxybenzoyl coenzyme A to benzoyl coenzyme A. This evidence indicates that the
hbaBCD genes encode the subunits of a 4-hydroxybenzoyl coenzyme A reductase (dehydroxylating). The sizes
of the specified polypeptides are similar to those reported for 4-hydroxybenzoyl coenzyme A reductase isolated
from the denitrifying bacterium Thauera aromatica. The amino acid consensus sequence for a molybdenum
cofactor binding site is in HbaC. This cofactor appears to be an essential component because anaerobic growth
of R. palustris on 4-hydroxybenzoate, but not on benzoate, was retarded unless 0.1 mM molybdate was added
to the medium. Neither tungstate nor vanadate replaced molybdate, and tungstate competitively inhibited
growth stimulation by molybdate.

Benzoate, in the form of its coenzyme A (CoA) thioester, is
widely regarded as a key intermediate in the anaerobic degra-
dation of a large variety of naturally occurring and man-made
aromatic compounds by photosynthetic and nitrate- or sulfate-
reducing bacteria (14, 15, 17, 18). Many of the bacterial strains
isolated by anaerobic growth on benzoate are also able to
utilize the closely related compound 4-hydroxybenzoate (4-
OHBen) as a carbon source in the absence of oxygen. Studies
with the purple nonsulfur phototrophic bacterium Rhodopseu-
domonas palustris (11, 16) and with the denitrifier Thauera
aromatica (formerly Pseudomonas sp. strain K172) (3) have
shown that the first step in the utilization of 4-OHBen is the
formation of 4-hydroxybenzoyl (4-OHbenzoyl)-CoA and that
specific CoA ligases are involved in this reaction. Subsequent
reductive dehydroxylation of 4-OHbenzoyl-CoA to form ben-
zoyl-CoA has been demonstrated in T. aromatica and R. palus-
tris. The enzyme responsible for this conversion, 4-OHbenzoyl-
CoA reductase, has been purified from T. aromatica, and its
reaction mechanism has been examined (7, 8, 26) (Fig. 1).
Several genes encoding enzymes involved in the degradation

of aromatic compounds in R. palustris have been identified (12,
16) and appear to be clustered in an approximately 25-kb
region of the chromosome. Insertion of an antibiotic resistance
cassette into an open reading frame divergently transcribed

from the gene encoding 4-OHBen-CoA ligase, the first enzyme
of 4-OHBen degradation, resulted in the generation of a mu-
tant that was unable to grow on 4-OHBen. Sequencing of this
region revealed three open reading frames with sequence sim-
ilarities to bacterial hydroxylating enzymes (21, 37, 43) as well
as to eukaryotic xanthine dehydrogenases (1, 28). The work
described here suggests that these genes encode the R. palustris
4-OHbenzoyl-CoA reductase (dehydroxylating) and that
4-OHBen is obligatorily metabolized via benzoyl-CoA when it
is used as a carbon source for phototrophic growth.

MATERIALS AND METHODS

Bacterial strains and culture conditions. The bacterial strains and plasmids
used in this work are described in Table 1. R. palustris cultures were grown
anaerobically in light in defined mineral medium (PM) at 308C as described
previously (29). Benzoate and 4-OHBen were each added to a final concentra-
tion of 3 mM, and succinate was added to a final concentration of 10 mM. The
effects of transition elements (Mo, W, V, and Cr) on growth were investigated by
growing cells in screw-cap culture tubes that had been rinsed in concentrated
nitric acid and then boiled in three changes of water from a quartz still. The
mineral salts stock (35) used to prepare media for these experiments contained
no molybdate. Growth was followed spectrophotometrically at 660 nm. Esche-
richia coli strains were grown aerobically in LB medium (42) and anaerobically
in completely filled tubes or dilution bottles of LB supplemented with 10 mM
glucose and 20 mM KNO3. Antibiotics were used at the concentrations (in
micrograms per milliliter) indicated in parentheses: for R. palustris, kanamycin
(100), gentamicin (100), and tetracycline (100); for E. coli, kanamycin (100),
gentamicin (10), tetracycline (25), and ampicillin (100).
Cloning and DNA manipulations. Standard protocols were used for DNA

cloning and transformation and for plasmid DNA purification (2, 42). Chromo-
somal DNA was purified as described previously (12). DNA fragments were
purified from agarose gels by using a GeneClean spin kit from Bio101 (La Jolla,
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Calif.). Southern hybridizations were carried out with a Genius kit (Boehringer
Mannheim Biochemicals, Indianapolis, Ind.). A TA cloning kit (Invitrogen
Corp., San Diego, Calif.) was used for cloning some PCR products. Most re-
combinant plasmids were generated in pUC vectors and were maintained in E.
coli DH5a. Broad-host-range plasmids were mobilized into R. palustris from E.
coli S17-1 by conjugation (11).
Cloning of the DNA containing the hbaBCD genes. In previous work, we had

cloned and sequenced hbaA, which encodes 4-OHBen-CoA ligase (16). We
sequenced DNA upstream of hbaA from plasmid pMD402 (Fig. 2) and found
one complete (hbaB) and one partial (hbaC) open reading frame. DNA adjacent
to this region was present in a kanamycin-resistant (Kmr) cosmid clone obtained
from an R. palustris strain (CGA604) that has a Kmr cassette inserted in hbaA
(12, 13). An 11.2-kb SacI fragment from the cosmid clone was subcloned into
pUC19, yielding plasmid pMD416 (Fig. 2), which includes DNA containing the
entire hbaBCD sequence.
DNA sequencing and computer analysis. The sequences of both strands of

DNA were determined by the dideoxy-chain termination procedure using both
universal and custom-synthesized primers (University of Iowa DNA Core Facil-
ity) and plasmids pMD402 and pMD416 as templates (Table 1 and Fig. 2).
Nucleotide and amino acid sequence data were analyzed with Gene Inspector
version 1.01 (Textco Inc., West Lebanon, N.H.) and the Wisconsin sequence
analysis package version 8.0 (Genetics Computer Group, Madison, Wis.). Open
reading frames were identified by an ATG start site and standard stop codons.
Rare codon analysis, using the codon usage table of Rhizobium meliloti, an
organism with a G1C content similar to that of R. palustris, was used to choose
the correct open reading frames and to eliminate frameshifts based on sequenc-

ing errors. Similar sequences from SWISS-PROT and GenBank databases were
identified by using the BLAST network service at the National Center for
Biotechnology Information (Bethesda, Md.). Pairwise amino acid sequence com-
parisons were made by using the GAP program from the Wisconsin package.
Construction of hbaB mutants. Two R. palustris mutants, CGA502 and

CGA506, were constructed by insertional inactivation of the hbaB gene. The
1.3-kb Kmr GenBlock cassette (Pharmacia Biotech, Piscataway, N.J.) and the
5.2-kb promotorless lacZ-Kmr cassette derived from pUTminiTn5lacZ1 (10)
were each separately inserted into the PstI site of the hbaB gene in pMD409 (Fig.
2) and cloned into plasmids pRK415 and pJQ200mp18, respectively, to generate
pMD502 and pMD422 (Fig. 2). Each of these plasmids was introduced into
CGA009 by conjugal transfer (11). A recombinant (CGA502) from the mating
with S17-1(pMD502) was identified by screening for kanamycin resistance and
tetracycline sensitivity. A recombinant (CGA506) from the mating with S17-
1(pMD422) was identified by plating on PM medium containing succinate, kana-
mycin, and 5% sucrose. The chromosomal insertions in both strains were verified
by Southern analysis (data not shown).
Expression of hbaBCD in E. coli. A 4-kb fragment containing hbaBCD was

amplified from pMD416 by PCR, using an Expand HiFidelity kit from Boehr-
inger Mannheim. Dimethyl sulfoxide (5%) was included in the PCRmixture. The
primers P66-NdeI (AGCGCCATATGGATGAAACGATGATGCGA) and P65-
BamHI (GCTGAGGATCCGGCGAATTGGGCTGA) introduced restriction
sites (underlined) to facilitate directional cloning into pT7-7 to give plasmid
pMD419 (Table 1). A fragment containing hbaD alone was amplified from
pMD416 by using primers P78-NdeI (AGGGCAGCCATATGACCGCCTTGA
ATGCGT) and P65-BamHI and cloned into pT7-7, resulting in plasmid
pMD420.
For expression of hbaBCD, the recombinant plasmids were transformed into

E. coli BL21(DE3). Cells were then grown in 5 ml of LB plus ampicillin to an
optical density at 660 nm of 0.3 to 0.5, washed twice in M9 medium (2), resus-
pended in 5 ml of M9 plus 0.02% 18 amino acids without methionine or cysteine,
and incubated with shaking at 378C for 30 min (2). Aliquots of 0.5 ml were
incubated with 800 mM isopropylthiogalactopyranoside (IPTG) at 378C with
shaking for 45 min to induce expression of the T7 polymerase. E. coli protein
synthesis was stopped by incubation with 1.6 mg of rifampin per ml for 5 min at
428C and then 20 min at 378C. Cells were pulse-labeled with 10 mCi of L-[35S]me-
thionine (Amersham Corp., Arlington Heights, Ill.) for 5 to 10 min, pelleted, and
resuspended in 50 ml of sample buffer. Labeled proteins were separated by
sodium dodecyl sulfate-gel electrophoresis and localized by autoradiography
(32).

FIG. 1. Pathway of anaerobic 4-OHBen degradation by R. palustris.

TABLE 1. Bacterial strains and plasmids used

Strain or plasmid Relevant characteristic(s)a Source or
reference

E. coli strains
DH5a F2 l2 recA1 D(lacZYA-argF)U169 hsdR17 thi-1 gyrA96 supE44 endA1 relA1 f80dlacZDM15 GIBCO-BRL
S17-1 thi pro hdsR hdsM1 recA; chromosomal insertion of RP4-2 (Tc::Mu, Km::Tn7) 44
BL21(DE3) Contains chromosomal copy of T7 RNA polymerase gene, inducible by IPTG, hsdS gal (l cIts857

ind1 Sam7 nin5 lacUV5-T7 gene 1)
46

R. palustris strains
CGA009 Wild type; spontaneous Cmr derivative of CGA001 29
CGA502 hbaB::Kmr This work
CGA506 hbaB::9lacZ-Kmr This work

Plasmids
pT7-7 2.4-kb expression vector containing the T7 RNA polymerase promoter followed by a strong ribosome

binding site upstream of an NdeI restriction site; Apr
47

pJQ200mp18 6.1-kb broad-host-range suicide vector containing sacB gene; Gmr 39
pRK415 10.5-kb broad-host-range vector; IncP1, Tcr 27
pHRP314 pUC1813 with promotorless lacZ gene and Kmr gene from pUTminiTn5lacZ1; Apr Kmr 36
pUC18, pUC19 ColE1, lacZ Apr 51
pACYC184::Km 1.3 kb-Kmr GenBlock from Pharmacia cloned into the EcoRI site of pACYC184 Pharmacia
pMD402 pUC18 containing 7.8-kb SphI fragment from CGA401 clone bank; Kmr cassette is in SalI site of the

hbaA gene; Apr Kmr
16

pMD409 pUC18 containing 1.3-kb XhoI fragment from pMD402 containing hbaB gene; Apr This work
pMD416 pUC19 containing 11.2-kb SacI fragment from pPE310; contains hbaABCD and adjacent DNA; a Kmr

cassette is in the SalI site of hbaA; Apr
This work

pMD419 Apr; PCR product containing hbaBCD cloned into NdeI-BamHI sites of pT7-7 This work
pMD420 Apr; PCR product containing hbaD cloned into NdeI-BamHI sites of pT7-7 This work
pMD422 pJQ200mp18 containing 1.3-kb XhoI fragment from pMD416, containing the hbaB gene, with 5.2-kb

promotorless lacZ-Kmr cassette from pHRP314 cloned into PstI site; Gmr Kmr
This work

pMD502 pRK415 containing 1.3-kb XhoI fragment from pMD402 with Kmr cassette in PstI site of hbaB gene This work

a Ap 5 ampicillin, Km 5 kanamycin, Gm 5 gentamicin, Tc 5 tetracycline, 9lacZ 5 promotorless lacZ gene.
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Preparation of 4-OHbenzoyl-CoA. 4-OHbenzoyl-CoA was prepared enzymat-
ically by using partially purified 4-OHBen-CoA ligase (16) and purified by using
a Waters ODS SepPak (Millipore Corp., Milford, Mass.) as previously described
(38).
Anaerobic preparation of cell extracts. Cultures of R. palustris grown in 900-ml

Roux bottles were harvested and washed once under anoxic conditions with
about 100 ml of buffer containing 50 mM potassium phosphate (pH 7.0), 5 mM
MgCl2, 0.1 mM dithiothreitol, and 0.1 mM Na2S2O4. Unless used immediately,
the cell pellets were frozen in liquid N2. To prepare extracts, cells were sus-
pended in 1 to 2 volumes of the same buffer (freshly prepared from anaerobic
stocks) and broken by sonication under argon gas or by passage through a French
press (Aminco, Silver Spring, Md.). The broken cell suspensions were transferred
to an anaerobic chamber (Coy Laboratories, Grass Lake, Mich.) and then cen-
trifuged for 10 min at approximately 5,000 3 g. Some samples were centrifuged
outside the chamber at high speed (200,000 3 g, 45 min) to sediment the
membranes.
Assay of 4-OHbenzoyl-CoA reductase. Reductive dehydroxylation of 4-OH-

benzoyl-CoA was assayed by measuring the formation of benzoyl-CoA in a
reaction mixture containing 4-OHbenzoyl-CoA, reduced methyl or benzyl violo-
gen, and cell extract. The reactions were carried out in the anaerobic chamber at
22 to 248C in a 100-ml volume containing 50 mM potassium phosphate buffer (pH
7.0), 5 mMMgCl2, 1 mM benzyl or methyl viologen, 1 to 2 ml of 50 mM Na2S2O4
to reduce the dye, and 0.5 mM 4-OHbenzoyl-CoA. The reactions were started by
adding cell extract (0.1 to 0.2 mg of protein) and terminated by adding 10 ml of
2 M HClO4. Precipitated protein was removed by centrifugation, and the super-
natant fluids were neutralized by adding 50 ml of 1 M KHCO3. The rate of
benzoyl-CoA formation was determined by reversed-phase high-pressure liquid
chromatography, using a Waters C8 Nova Pak column (3.9 by 150 mm; Millipore)
together with a Waters 996 photodiode array detector and a linear gradient
starting with 20%methanol (B) in 20 mM potassium phosphate (pH 6.0) (A) and
rising to 80% B:20% A over 30 min, at a flow rate of 1 ml/min. 4-OHbenzoyl-
CoA was stable after acidification or in the presence of boiled enzyme.
Other analytical procedures. Protein was estimated by dye binding using the

Bio-Rad (Richmond, Calif.) protein assay reagent. Bovine serum albumin was
used as the protein standard. Rapidly appearing intracellular products formed by
whole cells from [U-14C]4-OHBen were analyzed as previously described (33)
except that the solvent for thin-layer chromatography (TLC) was 5 parts n-
butanol:3 parts H2O:1 part acetic acid.
Nucleotide sequence accession number. The GenBank accession number for

the sequence shown in Fig. 6 is U65440.

RESULTS

Involvement of hbaBCD in 4-OHBen degradation. Nucleo-
tide sequence analysis of approximately 4 kb of DNA upstream
of hbaA, the structural gene for 4-OHBen-CoA ligase, re-
vealed three divergently transcribed open reading frames, des-
ignated hbaB, hbaC, and hbaD, which were so closely spaced as
to suggest they might form an operon (Fig. 2). Insertional
inactivation of the hbaB gene with a Kmr cassette generated a
mutant (CGA502) that was unable to utilize 4-OHBen as a
carbon source for anaerobic growth. However, slow growth
(doubling times of 40 h, as opposed to about 14 h for the wild
type) sometimes occurred after lags of at least 4 days in cul-
tures transferred to 4-OHBen from succinate or benzoate. The
DNA from one of these strains had a hybridization pattern
different from that of the original mutant in Southern blots
probed with the 1.3-kb XhoI fragment from pMD409. Exper-
iments with CGA502 were therefore carried out with cultures
maintained on succinate or benzoate and incubated with
4-OHBen for periods of generally less than 24 h. A second
mutant, CGA506, with a larger 5.2-kb insert placed into the
same site, consistently failed to grow on 4-OHBen under an-
aerobic conditions but grew with wild-type doubling times on
benzoate and succinate. The mutants were unimpaired in aer-
obic growth on 4-OHBen. The behavior of these mutants sug-
gests that the hbaB gene is required for anaerobic 4-OHBen
degradation.
Short-term uptake of [14C]4-OHBen. Illuminated whole

cells of the hbaB mutant, CGA502, that had been grown with
benzoate but exposed to 4-OHBen for 18 h accumulated both
[14C]4-OHBen and [14C]benzoate at wild-type rates (33) under
anaerobic conditions. Autoradiograms of TLC-separated com-

FIG. 2. Restriction maps of clones carrying hbaBCD and other constructions used in this study. The restriction sites as well as the locations and orientations of the
coding regions were determined by nucleotide sequencing. The orientations of coding regions are indicated by arrows. Restriction enzyme sites: E, EcoRI; P, PstI; S,
SalI; Sp, SphI; X, XhoI.
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pounds formed by whole cells revealed, however, that whereas
wild-type R. palustris converted 4-OHBen to both 4-OHben-
zoyl-CoA and benzoyl-CoA, the hbaB mutant failed to pro-
duce any benzoyl-CoA and formed only 4-OHbenzoyl-CoA
(Fig. 3). As in earlier experiments (33), a series of more polar,
and as yet unidentified, compounds contained the greater part
of the radioactivity in these chromatograms, even in extracts
prepared at the shortest uptake periods (10 s) examined.
Activity of 4-OHbenzoyl-CoA reductase. The activity of

4-OHbenzoyl-CoA reductase was determined by measuring
the formation of benzoyl-CoA in crude extracts of wild-type
R. palustris. Specific activities ranging from 12 to 20 nmol z
min21 z mg of protein21 were obtained after low-speed cen-
trifugation. Following ultracentrifugation (200,000 3 g, 45
min) to sediment membranes, the specific activity increased to
30 to 50 nmol z min21 z mg of protein21 without a change in
activity per milliliter, indicating that the enzyme was soluble.
The inclusion of 10 mM flavin mononucleotide or flavin ade-
nine dinucleotide (FAD), or inclusion of 1 to 100 mM molyb-
date or tungstate, did not stimulate reductase activity. In ex-
tracts of uninduced wild-type cells (grown on succinate or
benzoate), activity was at or below the detection limit (about
1.5 nmol z min21 z mg of protein21).
In benzoate-grown wild-type cells, 4-OHbenzoyl-CoA re-

ductase activity increased with time after induction with 4-OH-
Ben (Fig. 4). CGA502 (hbaB::Kmr) cells, by contrast, had a
very low level of reductase activity that did not increase when

benzoate-grown cultures were supplemented with 4-OHBen at
a comparable stage of growth. In another experiment in which
incubation of CGA502 cultures with 4-OHBen was extended to
96 h, the specific activity of the final sample was only 1.8
nmol z min21 z mg of protein21. No conversion of 4-OHben-
zoyl-CoA to benzoyl-CoA was detected after 30 min in extracts
of strain CGA506, the second hbaB mutant (with 0.54 mg of
protein, more than twice the quantity used with the wild type),
after incubation of the benzoate-grown culture with 4-OHBen
for 20 h as described above. These data indicate that the hbaB
mutants are specifically defective in the synthesis of 4-OHben-
zoyl-CoA reductase.
Expression of hbaBCD in E. coli. The predicted sizes of the

HbaB, HbaC, and HbaD proteins (17.6, 82.6, and 34.6 kDa,
respectively) are very similar to the sizes of the three subunits
of the 4-OHbenzoyl-CoA reductase purified from T. aromatica
(7). Expression and selective labeling with [35S]methionine of
the proteins encoded by hbaBCD from E. coli
BL21(DE3)(pMD419) are shown in Fig. 5. The three subunit
sizes of 17, 34, and 82 kDa correspond well to the predicted
molecular weights. Expression of hbaB greatly exceeded that of
the other two genes, presumably because the start codon of
hbaB is adjacent to the T7 polymerase promoter and strong
ribosome binding site of pT7-7 (47). Improved expression of
HbaD was seen in similar experiments with the smaller clone,
E. coli BL21(DE3)(pMD420), in which hbaD is adjacent to the
ribosome binding site (Fig. 5).
Enzymatic conversion of 4-OHbenzoyl-CoA to benzoyl-CoA

was not detected in anaerobically prepared extracts of
BL21(DE3)(pMD419) cells that had been grown in filled bot-
tles as described in Materials and Methods. Since anaerobic
growth of this strain in LB with nitrate plus glucose was poor,
pMD419 was also transformed into JM109(DE3), an E. coli
strain that grew more vigorously and denitrified actively. How-
ever, no formation of benzoyl-CoA from 4-OHbenzoyl-CoA
was detected in anaerobically prepared extracts of this strain
following 2 to 5 h of induction with 0.2 to 0.5 mM IPTG.
Nucleotide sequence of hbaBCD and amino acid sequence

comparisons. The predicted translated products of hbaBCD
contain 163, 774, and 327 amino acids. The complete DNA and
deduced amino acid sequences are shown in Fig. 6.
The predicted polypeptides are similar in size and amino

acid sequence to molybdenum-containing hydroxylases (30,
50). Several prokaryotic enzymes belonging to this family are

FIG. 3. Autoradiogram of intermediates formed intracellularly by whole cells
incubated with either [14C]4-OHBen or [14C]benzoate (Ben) (5 mM) for 1 min.
Intracellular contents were extracted in boiling water and separated by TLC
before exposure to X-ray film. Wild-type (wt) R. palustris was grown on 4-OH-
Ben. The hbaB mutant, CGA502, was grown with benzoate, and 4-OHBen was
added during the exponential phase of growth, 18 h before harvest. Spots labeled
as Ben-CoA (benzoyl-CoA) and 4-HB-CoA (4-OHbenzoyl-CoA) comigrated
with authentic standards. Benzoyl-CoA standard was obtained from Sigma
Chemical Co. (St. Louis, Mo.).

FIG. 4. Induction of 4-OHbenzoyl-CoA reductase activity in wild-type (strain
CGA009) and hbaB mutant (strain CGA502) cells. Cultures were grown in
replicate bottles anaerobically with 2 mM benzoate. When the benzoate concen-
tration fell to between 0.4 and 0.5 mM, 4-OHBen (2 mM) was added to each
bottle (time zero). The entire contents of a bottle were harvested at the times
indicated; then cell extracts were prepared and reductase activities were assayed
as described in Materials and Methods.
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nicotine dehydrogenase from Arthrobacter nicotinovorans
(ndhABC), carbon dioxide dehydrogenase from Oligotropha
carboxidovorans (coxSLM), and carbon monoxide dehydroge-
nase from Pseudomonas thermocarboxydovorans (cutABC) (21,
37, 43). These enzymes consist of three subunits similar in size
to HbaB, HbaC, and HbaD. Xanthine dehydrogenase, well
studied in several eukaryotic organisms, is a single polypeptide
with clearly defined domains that can be cleaved by trypsin
digestion into three fragments which are close in size to the
subunits of the other enzymes (1). This enzyme catalyzes the
hydroxylation of xanthine to uric acid through the operation of
a self-contained electron transport chain that is initiated by the
interaction of the substrate with a molybdopterin cofactor fol-
lowed by electron transfer through a flavin and two [2Fe-2S]
clusters to a final electron acceptor; NAD or oxygen (24).
Amino acid comparisons between HbaB, -C, and -D and the

corresponding subunits of similar proteins are summarized as
follows. The smallest subunit, encoded by hbaB, has approxi-
mately 50% identity with the subunits encoded by cutC, coxS,
and ndhB and 41% identity with the 20-kDa fragment of xan-
thine dehydrogenase from Drosophila melanogaster. A se-
quence alignment is shown in Fig. 7. Both the large (HbaC)
and the intermediate-size (HbaD) subunits have between 22
and 29% amino acid identities with the corresponding subunits
from the other enzymes.
HbaB contains motifs indicative of two [2Fe-2S] clusters.

Putative ligands for a ferredoxin-like [2Fe-2S] center found in
HbaB are cysteines 49, 54, 57, and 68, since they are arranged
in the motif -C-X4-C-X2-C-XN-C- (Fig. 7), which corresponds
with the general sequence for ligand binding regions of a num-
ber of enzymes known to contain this type of iron-sulfur cluster
(22, 48). This arrangement of cysteines is conserved in HbaB,
CoxS, CutC, NdhB, and the 20-kDa fragment of xanthine de-
hydrogenase with respect to motif, amino acid environment,

and position in the protein. Possible ligands for a second [2Fe-
2S] center (cysteines 108, 111, 143, and 145) are conserved
among the small subunits of molybdenum-containing hydroxy-
lases as well as in HbaC (Fig. 7). The exact spacings and
environments for this type of cluster have not been as well
defined, however (9, 48).
HbaC contains a molybdenum cofactor binding motif. A

-GGGFGA- sequence found in residues 242 to 247 in HbaC
(Fig. 8) corresponds closely to the conserved sequence -GGG
FGG- from xanthine dehydrogenases (19), which has been
shown to be involved in binding the molybdenum cofactor by
mutational analysis in D. melanogaster (25). This motif is highly
conserved in molybdenum-containing hydroxylases in terms of
sequence, relative location within the protein, and amino acid
environment (Fig. 8) and is probably involved in binding a
molybdenum cofactor in HbaC. Several studies have impli-
cated the general sequence -GXGXXG/A- in dinucleotide co-
factor binding (34, 49), and it is possible that residues 568 to
574 (-GSGAQA-) of HbaC are involved in this capacity.
Effect of molybdate on growth of R. palustris. The finding

that HbaC contains a molybdenum cofactor binding sequence
(25) prompted us to investigate the effects of molybdate and
related transition elements on the anaerobic growth of R.
palustris on various carbon sources. Omission of molybdate
from media did not affect growth on benzoate or succinate,
even after five successive passages (Table 2). However, growth
on 4-OHBen was reproducibly slower in molybdate-depleted
medium, and addition of tungstate at micromolar concentra-
tions further retarded growth on 4-OHBen but not on other
carbon sources. The inhibitory effect of tungstate was abol-
ished by addition of 0.1 to 1 mM molybdate, and neither van-
adate nor chromate could replace molybdate in restoring
growth rate in the absence of added molybdate or in the pres-
ence of tungstate. A growth requirement for molybdate is thus
restricted to cultures utilizing 4-OHBen, suggesting that an
enzyme specifically needed for its utilization may contain a
molybdenum cofactor. The residual growth of cells on 4-OH-
Ben was probably due to the presence of traces of molybdate
in the other medium components, since special steps, other
than cleaning the glassware, were not taken to eliminate this
possibility.

DISCUSSION

Reductive dehydroxylations are likely to be critical to the
biodegradation of plant-derived biomass in anaerobic environ-
ments. Aromatic compounds derived from lignin, the second
most abundant polymer on earth, are often methoxylated or
hydroxylated. Methyl groups are removed to leave hydroxyl
substituents, which in turn are removed by reductive dehy-
droxylases to generate benzoyl-CoA (15, 23). The anaerobic
degradation of many industrially produced phenolics, includ-
ing phenol, p-cresol (4-methylphenol), and m-cresol (3-meth-
ylphenol), also depends on reductive dehydroxylation. Phenol
is carboxylated to form 4-OHBen (31), whereas p-cresol and
m-cresol are converted to 4-OHBen and 3-OHBen, respec-
tively, by methyl group oxidation (5, 6).
Work reported here confirms the critical role of 4-OHben-

zoyl-CoA reductase by showing that this enzyme is essential for
anaerobic growth of R. palustris on 4-OHBen. Although the
behavior of some poorly characterized mutants of R. palustris
had suggested that an alternative breakdown route for 4-OH-
Ben, not involving reduction to benzoate or its CoA derivative,
might exist (23, 33), the behavior of the insertion mutants
described here strongly suggests that such a route, if it exists,
could be of only minor quantitative significance.

FIG. 5. Expression of the HbaB, -C, and -D proteins in E. coli. A T7 RNA
polymerase expression system was used as described in the text. An autoradio-
gram of a sodium dodecyl sulfate–12% polyacrylamide gel is shown. The HbaD
protein (34 kDa) was expressed from plasmid pMD420. HbaB (17 kDa), HbaC
(82 kDa), and HbaD were expressed from plasmid pMD419. The lane marked
pT7-7 is the vector control. The 10-kDa protein ladder from GIBCO-BRL
(Gaithersburg, Md.) was used to calibrate the autoradiogram.
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The gene sequences presented predict that the R. palustris
4-OHbenzoyl-CoA reductase is a molybdenum-containing hy-
droxylase, a proposal that is supported by the finding that cells
require molybdate when growing on 4-OHBen but not on

other carbon sources. The hbaBCD genes show significant sim-
ilarities to genes that encode enzymes involved in oxidoreduc-
tions of purine derivatives and of CO or CO2, although the
order of the genes in the corresponding operons is variable.

FIG. 6. Nucleotide and deduced amino acid sequences of the hbaBCD genes. The sequence between hbaB and hbaA and the beginning amino acid sequence of hbaA
are also shown. The start codon of each gene is indicated by an arrow. Stop codons are indicated by dots. Potential ribosome binding sites are underlined. The boxed
sequence from 487 to 492 indicates the PstI site into which cassettes were cloned for insertional inactivation of hbaB.
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The similarities are strongest in the small (17 to 29-kDa) sub-
units, where up to 50% of the amino acids are identical, and
[2Fe-2S] cluster binding motifs are clearly conserved. Although
the overall amino acid identities in the large and intermediate-
size components (HbaC and -D; 85 and 35 kDa, respectively)
with the other enzymes are only between 20 and 30%, the
sequences associated with binding a molybdenum cofactor in
the large subunit appear to be conserved. Most molybdenum-
containing hydroxylases are flavoproteins (30, 50), and al-
though definitive evidence is lacking, it is generally agreed that
FAD is associated with the intermediate-size fragment of xan-
thine dehydrogenase (24). However, an FAD binding motif is
not readily identifiable from sequence comparisons of xanthine
dehydrogenases with each other (19) or in comparisons of the
intermediate-size subunits of molybdenum-containing hy-
droxylases from prokaryotes. Likewise, no FAD binding motif
is discernible in the predicted HbaD subunit of the R. palustris
4-OHbenzoyl-CoA reductase. Determination of the signifi-
cance of the possible dinucleotide cofactor binding site in
HbaC will require characterization of the purified enzyme.
The molybdenum-containing hydroxylases that are homolo-

gous to the 4-OHbenzoyl-CoA reductase described here are all
derived from aerobic sources and do not show the sensitivity to
molecular oxygen characteristic of 4-OHbenzoyl-CoA reduc-
tase. Although reductive dehydroxylation of 4-OHbenzoyl-

CoA to benzoyl-CoA is an energetically difficult reaction (8,
26), the similarities described here suggest that it is carried out
by an enzyme that has a basic structure quite widely adapted
for use among aerobic reactions.
The size similarity between HbaBCD and the subunits of the

T. aromatica 4-OHbenzoyl-CoA reductase (17, 35, and 75
kDa) suggests that the two enzymes are similar. The purified T.
aromatica enzyme was found to be an iron-sulfur protein, but
its spectrum showed no evidence for a flavin component. Mo-
lybdenum was present at no more than 0.1 mol/mol of protein.
However, the enzyme was inactivated by cyanide and azide, a
characteristic feature of molybdoenzymes (7). A definitive
comparative analysis of the enzymes from the denitrifying bac-
terium and the phototroph will require a determination of the
sequences of the corresponding genes from T. aromatica, as
well as purification and characterization of the 4-OHbenzoyl-
CoA reductase from R. palustris. Expression of R. palustris
4-OHbenzoyl-CoA reductase to high levels in E. coli would be
helpful in this regard. However, initial attempts to express
active enzyme from cloned hbaBCD genes were not successful.
A number of factors may have contributed to this. First, only
the first subunit, HbaB, was strongly expressed when all three
genes were cloned into the expression vector pT7-7 (Fig. 5),

FIG. 7. Multiple sequence alignments of HbaB and the [2Fe-2S]-containing subunits from similar proteins. Amino acid sequences: HbaB, 4-OHbenzoyl-CoA
reductase from R. palustris; CoxS, carbon dioxide dehydrogenase from O. carboxidovorans (43); CutC, carbon monoxide dehydrogenase from P. thermocarboxydovorans
(37); NdhB, nicotine dehydrogenase from A. nicotinovorans (21); Xdh-rat20, 20-kDa fragment from xanthine dehydrogenase from rat (1). Gaps were introduced to
enhance alignment score. Identical amino acids are shaded. Dots indicate conserved cysteines of a ferredoxin-like [2Fe-2S] cluster; asterisks indicate conserved cysteines
of a second [2Fe-2S] cluster.

FIG. 8. Amino acid sequence alignment in the region of the presumed mo-
lybdenum cofactor binding site. The boxed glycine, when changed to a glutamate
in xanthine dehydrogenase of D. melanogaster, results in a molybdenum defi-
ciency of the mutant enzyme (25). Amino acid sequences: HbaC, 4-OHbenzoyl-
CoA reductase from R. palustris; CoxL, carbon dioxide dehydrogenase from O.
carboxidovorans (43); CutA, carbon monoxide dehydrogenase from P. thermo-
carboxydovorans (37); NdhC, nicotine dehydrogenase from A. nicotinovorans
(21); Xdh-rat85, 85-kDa fragment from xanthine dehydrogenase from rat (1);
Xdh-dm85, 85-kDa fragment from xanthine dehydrogenase fromD. melanogaster
(25).

TABLE 2. Effects of molybdate, tungstate, and vanadate on growth
rates of R. palustris wild-type cells in media lacking molybdate

Addition
Generation time (h)a

Benzoateb 4-OHBen

None 11 22
0.1 mM molybdate 10.5 11
1.0 mM molybdate 10.5 11.5
0.1 mM tungstate 10.5 28
1.0 mM tungstate ND 68
1.0 mM vanadate 10.5 24

a Average of two to three separate experiments. The generation time for
growth on 4-OHBen in standard mineral medium is between 11 and 14 h. ND,
not determined.
b Carbon sources were added to a final concentration of 3 mM.
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while the other two did not become nearly as heavily labeled as
would be expected from their size and methionine contents
had they been produced in stoichiometric proportions. Thus,
quantities of the second and third subunits sufficient to give
measurable enzyme activity may not have been produced.
Mixed extracts prepared from induced BL21(DE3) transfor-
mants carrying genes separately subcloned as hbaBCD and
hbaCD were also inactive (data not presented). This finding
could indicate that the active enzyme is not easily reconstituted
in vitro from separately synthesized subunits. Another problem
may have lain in the availability of the correct molybdenum
cofactor. Although the JM109 host was clearly capable of pro-
ducing the factor needed for active denitrification in E. coli
(45), this may not be the same as the putative molybdenum
cofactor for the R. palustris enzyme.
Reductive dehydroxylation of 2-OHbenzoyl-CoA and 3-OH-

benzoyl-CoA has been demonstrated in vitro (4, 7). Dihydroxy-
lated compounds can also serve as substrates; reductive dehy-
droxylation of protocatechuyl-CoA (3,4-dihydroxybenzoyl-
CoA) to 3-OHbenzoyl-CoA has been shown to occur (20). It
will be interesting to see if the enzymes that catalyze these
reactions are also molybdenum-containing dehydroxylases.
Trihydroxylated aromatic compounds, such as gallate, are not
reductively dehydroxylated to form a benzoyl-CoA derivative
but instead are converted under anaerobic conditions to phlo-
roglucinol, a trihydroxybenzene with symmetrically placed hy-
droxyl groups that is easily reduced to a nonaromatic deriva-
tive. A molybdenum-containing transhydroxylase that converts
pyrogallol to phloroglucinol, with the involvement of 1,2,3,5-
tetrahydroxybenzene as a cosubstrate and coproduct, has been
described. This enzyme, which is a heterodimer with two dis-
similar subunits, is not sensitive to oxygen and is likely related
to molybdenum-containing hydroxylases (40, 41).
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