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Caffeate Respiration in the Acetogenic Bacterium Acetobacterium
woodii: a Coenzyme A Loop Saves Energy for Caffeate Activation
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The anaerobic acetogenic bacterium Acetobacterium woodii couples reduction of caffeate with electrons derived from molecular
hydrogen to the synthesis of ATP by a chemiosmotic mechanism with sodium ions as coupling ions. Caffeate is activated to
caffeyl coenzyme A (caffeyl-CoA) prior to its reduction, and the caffeate reduction operon encodes an ATP-dependent caffeyl-
CoA synthetase that is thought to catalyze the initial caffeate activation. The operon also encodes a potential CoA transferase, the
product of carA, which was thought to be involved in subsequent ATP-independent caffeate activation. To prove the proposed
function of carA, we overproduced its protein in Escherichia coli and then purified it. Purified CarA drives the formation of caffeyl-
CoA from caffeate with hydrocaffeyl-CoA as the CoA donor. The dependence of the reaction on caffeate and hydrocaffeyl-CoA fol-
lowed Michaelis-Menten kinetics, with apparent K,,, values of 75 = 5 pwM for caffeate and 8 = 2 uM for hydrocaffeyl-CoA. The enzyme
activity had broad ranges of pH and temperature optima. In addition to being able to use caffeate, CarA could use p-coumarate and
ferulate but not cinnamate, sinapate, or p-hydroxybenzoate as a CoA acceptor. Neither acetyl-CoA nor butyryl-CoA served as the CoA
donor for CarA. The enzyme uses a ping-pong mechanism for CoA transfer and is the first classified member of a new subclass of fam-
ily I CoA transferases that has two catalytic domains on one polypeptide chain. Apparently, CarA catalyzes an energy-saving CoA loop

for caffeate activation in the steady state of caffeate respiration.

he acetogenic bacterium Acetobacterium woodii grows by the

oxidation of various electron donors, such as molecular hy-
drogen, C1 compounds like methanol and formate, or sugars (1).
Carbon dioxide serves as an electron acceptor and is reduced to
acetate in the Wood-Ljungdahl pathway (2-5). This pathway
combines acetyl coenzyme A (acetyl-CoA) formation from car-
bon dioxide with the synthesis of ATP via a transmembrane
sodium ion gradient (6-10). In addition, A. woodii uses phenyl
acrylates, such as caffeate, ferulate, sinapate, or trimethoxy-cin-
namate, as electron acceptors (11, 12). Reduction of the carbon-
carbon double bond of phenyl acrylates such as caffeate was
shown to be energy conserving in A. woodii (11) and is also cou-
pled to the generation of a transmembrane electrochemical Na*
gradient, which is then used for ATP synthesis (9, 13-15). Hence,
this type of respiration has been termed caffeate respiration.

Caffeate respiration involves an electron transfer branch in
which electrons are channeled to the electron carrier ferredoxin.
This is done either by way of the pyruvate-ferredoxin oxidoreduc-
tase during heterotrophic growth or via an electron-bifurcating
hydrogenase during lithotrophic metabolism when hydrogen is
the electron donor (16). Reduced ferredoxin then fuels the sodium-
motive ferredoxin-NAD™ oxidoreductase (Rnf) that establishes
the sodium ion potential across the cytoplasmic membrane used
for ATP synthesis (10, 17). NADH is the actual electron donor for
the reduction of the electron acceptor and is thought to be cata-
lyzed by a soluble complex that contains the caffeyl-CoA reductase
and an electron transfer protein (CarCDE) (15, 18). In analogy to
the reduction of crotonyl-CoA by Clostridium kluyveri, the exer-
gonic reduction of caffeyl-CoA might drive the endergonic reduc-
tion of ferredoxin via electron bifurcation (19, 20).

Based on thermodynamic calculations, the sodium-motive
ferredoxin-NAD™ oxidoreductase may translocate a maximum of
two Na™ per two electrons. Since the ATP synthase probably
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translocates 3.3 Na™ per ATP (21, 22), only a fraction of an ATP
per mole of caffeate is reduced. In addition to the low ATP yield
during its respiration, caffeate has to be activated to caffeyl-CoA
prior to its reduction (15). Activation is carried out by an ATP-
dependent acyl-CoA synthetase, encoded by a gene of the car
operon, carB (18). This enzyme uses two energy-rich phosphodi-
ester bonds for caffeate activation. Although some energy is saved
by a sodium-motive pyrophosphatase (23), two ATP equivalents
are required for activation of the electron acceptor and therefore
net ATP formation cannot occur during caffeate respiration. An
energy-saving alternative for caffeate activation might be a CoA
loop catalyzed by CarA, encoded by the first gene of the operon
that has similarities to CoA transferases (18). We have purified
and characterized CarA from A. woodii and present evidence that
it is indeed a CoA transferase. The role of CarA in caffeate respi-
ration is discussed.

MATERIALS AND METHODS

Cloning of carA. The carA gene was amplified from A. woodii chromo-
somal DNA by PCR with the primers (5" — 3') AGCATATGGCTAAAT
TTATTTCAGCAAAAG and AAGCGGCCGCCTTGCCCATTATTGTA
TCAAG. The PCR was performed in an Eppendorf mastercycler gradient
(Eppendorf, Hamburg, Germany) with the following program: 95°C for 2
min, 30 cycles of 95°C for 1 min, 59°C for 1 min, and 72°C for 1 h 40 min.
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FIG 1 Purification of C-terminally Hisg-tagged hydrocaffeyl-CoA:caffeate
CoA transferase CarA of A. woodii. E. coli pET21a-carA was cultured at 37°C in
LB medium. CarA was purified by affinity chromatography on Ni*"-NTA.
Samples were separated on SDS-PAGE; proteins were stained with Coomassie
blue or the recombinant His, tag was detected via Western blotting.

PCR products were cleaved with the appropriate restriction enzymes and
ligated into the overexpression vector pET21a (Novagen, Darmstadt, Ger-
many). The ligation mixture was transformed into chemically competent
Escherichia coli DH5a. The resulting transformants were screened for
plasmids of the appropriate size. Inserts were sequenced to ensure gene
integrity. The final plasmid used in this study was named pET21a-carA.
The plasmid contained a sequence encoding a hexahistidine tag at the C
terminus for purification of the recombinant protein.

Protein production and purification. The chemically competent E.
coli strain BL21(DE3) was transformed with pET21a-carA and grown on
Luria-Bertani (LB) plates, supplemented with 100 pg/ml ampicillin, and
incubated overnight at 37°C. Three liters of LB medium, containing 100
pg/ml ampicillin, was inoculated with 80 ml of an overnight culture of E.
coli BL21(DE3) containing pET21a-carA. Cells were grown aerobically to
an optical density at 600 nm (ODy,) of 1.0 at 37°C; gene expression was
induced by the addition of IPTG (isopropyl-B-p-thiogalactopyranoside)
(Roth, Karlsruhe, Germany) to a final concentration of 0.66 mM. After 3
hat 37°C, the cultures were harvested, and cells were washed in 50 ml lysis
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FIG 2 Heterologously produced and purified CarA catalyzes CoA transfer
from hydrocaffeyl-CoA to caffeate. The assay mixture contained 1 ml 100 mM
KP; buffer (pH 7.5) and 0.15 pg CarA. (A) 250 wM caffeate and 45 wM hydro-
caffeyl-CoA were added as indicated. (B) No enzyme added. (C) No caffeate
added. The formation of caffeyl-CoA was followed spectrophotometrically at
346 nm.
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FIG 3 Caffeate dependence of hydrocaffeyl-CoA:caffeate CoA transferase ac-
tivity of CarA. The formation of caffeyl-CoA by purified recombinant CarA
(0.15 pg/ml) was monitored at 346 nm.

buffer (300 mM NaCl, 50 mM NaH,PO,, 10 mM imidazole [pH 8]). Cells
were frozen at —20°C until use.

To purify the CarA protein, cells were resuspended in 25 ml lysis buffer
containing 1 mg/ml DNase I (Roche) and then disrupted by three passages
through a French press (65 MPa). Cell debris and whole cells were re-
moved by two centrifugation steps (24,000 X g, 30 min, 4°C). The cell
extract was separated into the cytoplasmic and membrane fractions by
ultracentrifugation (150,000 X g, 2 h, 4°C). The supernatant was incu-
bated for 40 min at 4°C with nickel-nitrilotriacetic acid (Ni*"-NTA) resin
(Qiagen, Hilden, Germany). Nonspecifically bound protein was removed
by a washing step with lysis buffer containing 60 mM imidazole. Protein
was eluted from the resin with lysis buffer containing 150 mM imidazole.
To determine the size of CarA, the Ni?*-NTA fraction was further applied
to a Superose 6 column, equilibrated with 50 mM NaP; buffer (pH 8)
containing 300 mM NaCl.

Assay of CoA transferase activity. Standard assays were performed at
40°C. One milliliter of 100 mM KP; buffer (pH 7.5) was filled into a quartz
cuvette and supplemented with purified CarA-Hisg and 250 wM caffeate.
The reaction was started with the addition of 45 wM hydrocaffeyl-CoA.
Caffeyl-CoA formation was followed spectrophotometrically at 346 nm
(e=18mM '-cm ') (24). For determination of the substrate specificity
of CarA, the following extinction coefficients (mM ' -cm ™ ') were used to
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FIG 4 Hydrocaffeyl-CoA dependence of hydrocaffeyl-CoA:caffeate CoA
transferase activity of CarA. The formation of caffeyl-CoA by purified recom-
binant CarA (0.15 pg/ml) was monitored at 346 nm.
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FIG 5 Kinetics of caffeyl-CoA formation. The assay mixture contained 1 ml
100 mM KP; buffer (pH 7.5), 0.15 g CarA, caffeate as indicated, and hydro-
caffeyl-CoA at 10 uM (H), 20 pM (A), and 30 M (V).

determine specific activity: €5, = 19 (ferulyl-CoA) (24), €555 = 21 (p-
coumaryl-CoA) (24), €5p5 = 26.5 (cinnamyl-CoA) (25), €55, = 20(sina-
pyl-CoA) (26), and €55, = 24 (p-hydroxybenzyl-CoA) (27).

Synthesis and purification of hydrocaffeyl-CoA. Hydrocaffeyl-CoA
was synthesized by a modification (28) of the Kawaguchi method (29).
Briefly, 50 pmol of hydrocaffeic acid dissolved in about 1 ml dry acetoni-
trile was reacted with 45 pmol of 1.1'-carbonyl-diimidazole (CDI). The
mixture was quickly added to 40 wmol of free CoA dissolved in 1 ml of 1
M NaHCO;. The progress of the reaction was monitored by dot blotting
with Ellman’s reagent [5,5-dithiobis(2-nitrobenzoate)]. After 30 to 60
min, the reaction was complete. The mixture was diluted to 10 ml with
distilled water and acidified to pH 2 with 5 M HCI. Hydrocaffeyl-CoA was

purified by reverse-phase chromatography through C, ¢ Sep-Pak columns
(Waters, MA) washed with methanol and equilibrated with 0.1% trifluo-
roacetic acid (TFA) (vol/vol). After being loaded, the column was washed
with 3 volumes of the same solution. Elution was performed with 0.1%
TFA containing 50% acetonitrile (vol/vol). The eluted hydrocaffeyl-CoA
was freed from acetonitrile by freezing and centrifuging on a Speed-Vac
concentrator (Bachofer, Reutlingen, Germany). It was then refrozen and
vacuum dried on a lyophilizer (Alphal-4, Christ, Osterode am Harz, Ger-
many). The lyophilized powder was stored at —80°C till further use. Hy-
drocaffeyl-CoA was then analyzed by UV-visible spectroscopy. The con-
centration of hydrocaffeyl-CoA was determined in a single assay. A
sample of hydrocaffeyl-CoA was added to the reaction mixture of the
standard assay with 1 mM caffeate. The reaction was started with the
addition of CarA. The resulting increase in absorbance at 346 nm was used
to calculate the amount of caffeyl-CoA formed. As caffeate was present in
excess, the initial amount of hydrocaffeyl-CoA in the assay was propor-
tional to the amount of caffeyl-CoA formed.

RESULTS AND DISCUSSION
Heterologous production and purification of CarA from A.
woodii. To analyze the function of the carA gene product, the gene
was cloned in an expression vector and overexpressed in E. coli.
The protein had an engineered His tag at the C terminus that was
used to purify the overproduced protein via affinity chromatog-
raphy. After chromatography on Ni**-NTA, the preparation con-
tained a major protein of 60 kDa, which fits well to the predicted
mass of 57.5 kDa (including the His, tag) (Fig. 1). In addition,
anti-His, antibodies reacted with the 60-kDa protein. Analytical
gel filtration experiments revealed a mass of ~130 kDa for the
protein, indicating that it might be a homodimer.

CarA is a CoA transferase. When CarA was incubated with 250
M caffeate and 45 wM hydrocaffeyl-CoA, caffeyl-CoA was pro-
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FIG 6 Substrate specificity of the hydrocaffeyl-CoA:caffeate CoA transferase CarA. (A) Structures of phenyl acrylates and other substrates used. (B) The assay
mixture contained 1 ml 100 mM KP; buffer (pH 7.5), 0.15 pg CarA, and 45 uM hydrocaffeyl-CoA. The reaction was started with the addition of 250 pM substrate.
Formation of the corresponding CoA thioester was followed spectrophotometrically; 100% corresponds to 151 U/mg.
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FIG 7 The carA gene neighborhood in A. woodii and putative similar operons in the genomes of selected anaerobic bacteria. A similar gene arrangement is found
in Pelosinus and Holophaga (Firmicutes). The latter organisms and Thauera carry out the anaerobic metabolism of aromatic compounds that is known to involve
a CoA transferase (36). The locus tags are shown below the gene names or annotations. Orthologs are drawn with the same pattern.

duced, as evident from the increase of absorbance at 346 nm (Fig.
2). This activity was strictly dependent on the presence of recom-
binant protein, caffeate, and hydrocaffeyl-CoA. These data show
that CarA indeed catalyzes CoA transfer from hydrocaffeyl-CoA
to caffeate.

The dependence of the reaction on caffeate (Fig. 3) followed
Michaelis-Menten kinetics. The apparent K,, value was deter-
mined to be 75 = 5 pM, the V. was 125 U/mg, and the k_,, was
120 s~ '. Figure 4 shows that the dependence on the amount of
hydrocaffeyl-CoA also followed Michaelis-Menten kinetics; the
K, value was determined to be 8 = 2 wuM. Double-reciprocal plots
of initial velocity against the caffeate concentration gave straight
parallel lines (Fig. 5), indicating a ping-pong mechanism as found
in other CoA transferases (30, 31) of the class I CoA transferase
family.

The enzyme had a rather broad pH range for activity, ranging
from 6.0 to 9.0 with an optimum at 7.5 (data not shown). It also
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had a rather broad temperature range for activity (20 to 50°C)
with an optimum at 40°C (data not shown).

Substrate specificity of the hydrocaffeyl-CoA:caffeate CoA
transferase. Since A. woodii can reduce a number of different
phenyl acrylates, we determined the specificity of CoA transfer
from hydrocaffeyl-CoA to several substrates with structural simi-
larities to caffeate (Fig. 6). Activity was highest with p-coumarate,
which has one hydroxyl group less than caffeate. Caffeate and
ferulate also served as substrates, with activities that were 84 and
86%), respectively, of that with p-coumarate. No activity was ob-
served with cinnamate, sinapate, or hydroxybenzoate as the CoA
acceptor or with acetyl-CoA or butyryl-CoA as the CoA donor
(data not shown).

Classification of the hydrocaffeyl-CoA:caffeate CoA trans-
ferase. To date, three families of CoA transferases have been dis-
tinguished based on their reaction mechanisms (32). Family I en-
zymes catalyze a ping-pong mechanism and, in prokaryotes, have
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FIG 8 Model of caffeate respiration in A. woodii. The electron flow from molecular hydrogen to caffeate is shown. Ferredoxin is reduced by a bifurcating
hydrogenase and reoxidized by the Rnf complex, which generates a sodium ion gradient across the cytoplasmic membrane. NADH serves as an electron donor
for the caffeyl-CoA reducing complex, potentially encoded by carCDE, which might reduce another ferredoxin via electron bifurcation, fueling the Rnf complex.
Caffeate is initially activated by CarB (A), whereas CarA catalyzes an energy-saving CoA loop in the steady state of caffeate respiration (B).

two subunits, each having a family I coenzyme A transferase do-
main, PF01144 in the Pfam database (33). Family II houses the
a-subunits of the citrate lyases (PF04223; citrate lyase, alpha sub-
unit), the prototype being CitF. Family III proteins have different
subunit compositions but have a characteristic PF02515 domain
(CoA transferase family III in the Pfam database). A. woodii CarA
shares with family I CoA transferases not only the mechanism but
also the conserved domain, except that the peptide is about twice
as long. This conserved domain is found in the first half of the
peptide (E value, 1.5E—50 for amino acid positions 4 to 241) and
in the second half, with a weaker hit to the same domain (E value,
5.2E—4 for amino acid positions 279 to 491). CoA transferases
with two conserved domains on the same peptide are known to
occur in eukaryotic organisms (34, 35) but have not been de-
scribed in prokaryotes so far. A database search revealed the pres-
ence of genes that encode peptides with similar domain architec-
ture in the taxa Firmicutes, Acidobacteria, Bacteroidetes, and
Gamma- and Deltaproteobacteria, and especially in Alphaproteo-
bacteria, in which they are very common.

An inspection of the genome sequences revealed that some
anaerobic bacteria seem to have similar types of genes in close
proximity to the CoA transferase gene. For example, closest by
sequence identity to A. woodii CarA are Clostridium sp. SY8519,
Pelosinus fermentans, and Holophaga foetida. In P. fermentans and
H. foetida, genes for an acyl-CoA dehydrogenase, electron transfer
flavoprotein, and flavin adenine dinucleotide (FAD)-dependent
oxidoreductase are downstream of the CoA transferase, suggest-
ing similar types of reactions in these anaerobes (Fig. 7).

Model of caffeate respiration in A. woodii. The current model
of the enzymology and bioenergetics of caffeate respiration is
shown in Fig. 8. The data presented here clearly demonstrate that
CarA is a hydrocaffeyl-CoA:caffeate CoA transferase, whereas
CarB has been shown to be an ATP-dependent acyl-CoA synthe-
tase (18). It is tempting to speculate that the initial activation of
caffeate is catalyzed by CarB. Once the caffeyl-CoA is produced
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and reduced to hydrocaffeyl-CoA, the activation reaction is main-
tained by the activity of CarA. This CoA loop saves energy (2 ATP
equivalents) and makes the overall reaction of caffeate reduction
with hydrogen as the electron donor energetically feasible. Such
energy-saving CoA loops are actually found quite often in the
energy metabolism of anaerobes, for example in the toluene ca-
tabolism of Thauera aromatica (36) or in the oxalate degradation
in Oxalobacter formigenes (37).
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