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Acetone is activated by aerobic and nitrate-reducing bacteria via an ATP-dependent carboxylation reaction to form acetoacetate
as the first reaction product. In the activation of acetone by sulfate-reducing bacteria, acetoacetate has not been found to be an
intermediate. Here, we present evidence of a carbonylation reaction as the initial step in the activation of acetone by the strictly
anaerobic sulfate reducer Desulfococcus biacutus. In cell suspension experiments, CO was found to be a far better cosubstrate for
acetone activation than CO,. The hypothetical reaction product, acetoacetaldehyde, is extremely reactive and could not be iden-
tified as a free intermediate. However, acetoacetaldehyde dinitrophenylhydrazone was detected by mass spectrometry in cell ex-
tract experiments as a reaction product of acetone, CO, and dinitrophenylhydrazine. In a similar assay, 2-amino-4-methylpy-
rimidine was formed as the product of a reaction between acetoacetaldehyde and guanidine. The reaction depended on ATP as a
cosubstrate. Moreover, the specific activity of aldehyde dehydrogenase (coenzyme A [CoA] acylating) tested with the putative
physiological substrate was found to be 153 = 36 mU mg ™" protein, and its activity was specifically induced in extracts of ace-
tone-grown cells. Moreover, acetoacetyl-CoA was detected (by mass spectrometry) after the carbonylation reaction as the subse-
quent intermediate after acetoacetaldehyde was formed. These results together provide evidence that acetoacetaldehyde is an
intermediate in the activation of acetone by sulfate-reducing bacteria.

cetone is produced by bacterial fermentations, for example,
by several Clostridium species (1). Itis also produced in chem-
istry as a solvent and as an intermediate in the synthetic chemical
industry. Aerobic degradation of methyl ketones was first ob-
served with hydrocarbon-utilizing bacteria (2). Acetone is de-
graded by some aerobic bacteria (3) and mammalian liver cells via
oxygenase-dependent hydroxylation to acetol (4). Carboxylation
of acetone to acetoacetate as a means of acetone activation was
first proposed for a methanogenic enrichment culture (5). The
requirement of CO, as a cosubstrate for acetone degradation was
also observed with the nitrate reducer Thiosphaera pantotropha
(6) and with Rhodobacter capsulatus and other phototrophs (7).
The reaction was studied with the nitrate-reducing strain Bun N
under anoxic conditions, and it was concluded that acetoacetate
was formed by the ATP-dependent carboxylation of acetone (8, 9).
Attempts to measure an in vitro carboxylation of acetone at
that time were unsuccessful. However, exchange of radioactively
labeled CO, with the carboxyl group of acetoacetate was catalyzed
by cell extracts of strain Bun N (10). A similar CO,- and ATP-
dependent activation reaction was observed with the aerobic bac-
terium Xanthobacter autotrophicus strain Py2 (11). A comparison
between the acetone carboxylase of strain Py2 and the carboxylase
of the phototrophic bacterium Rhodobacter capsulatus showed
that they are identical in subunit composition (o, 3,7y, multimers
of 85-, 78-, and 20-kDa subunits) and in kinetic properties (12,
13). A similar subunit composition was recently found with the
acetone carboxylase of the nitrate reducer Aromatoleum aromati-
cum (14) and with the acetone carboxylases of Alicycliphilus deni-
trificans, Paracoccus denitrificans, and Paracoccus pantotrophus
(15). Thus, it appears to be well established that aerobic and ni-
trate-reducing bacteria activate acetone by an ATP-dependent
carboxylation reaction. Because the y and B phosphodiester
bonds of ATP need to be hydrolyzed during the reaction, two ATP
equivalents are invested into a reaction that theoretically would
require less than one ATP (acetone + CO, — acetoacetate” +
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H";AG, = +17.1k] mol™"). Atleast one further ATP is required
for acetoacetate activation to acetoacetyl coenzyme A (aceto-
acetyl-CoA). This energy expenditure can be afforded by aerobic
and nitrate-reducing bacteria because the subsequent oxidation of
the acetyl moieties releases sufficient energy.

Acetone degradation by sulfate-reducing bacteria (SRB) is en-
ergetically more difficult. Oxidation of the acetyl residue of acetyl-
CoA through the CO dehydrogenase (Wood-Ljungdahl) pathway
can form only about one ATP equivalent per acetyl residue. Thus,
acetone degradation through the carboxylation reaction described
above could not be supported through the subsequent oxidation
of the acetyl residues. Therefore, a different mechanism for CO,-
dependent acetone activation has to be postulated for these bac-
teria.

Acetone degradation was studied with the sulfate-reducing
bacteria Desulfococcus biacutus and Desulfobacterium cetonicum
(16, 17). No acetone-carboxylating or acetoacetate-decarboxylat-
ing activity could be found in cell extracts of these bacteria. There
was high acetoacetyl-CoA thiolase activity present in acetone-
grown cells but no activity of an acetoacetate-activating CoA
transferase or CoA ligase. Moreover, these bacteria excreted ace-
tate ata 1:1 ratio during growth on butyrate or 3-hydroxybutyrate
but did not accumulate acetate during growth on acetone. From
these results we concluded that acetoacetate is not a free interme-
diate in acetone metabolism and that activation of acetone may
lead directly to an activated acetoacetyl residue, e.g., acetoacetyl-
CoA (17).
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Since both sulfate reducers oxidize acetyl residues through the
Wood-Ljungdahl pathway, they have CO dehydrogenase activity.
Therefore, they could convert CO, to CO and employ this as a
cosubstrate in acetone activation to form acetoacetaldehyde
rather than acetoacetate as a reaction product. In the present
study, we elucidated this hypothesis with D. biacutus and found
strong evidence for this novel type of reaction.

MATERIALS AND METHODS

Bacterial growth conditions. Desulfococcus biacutus strain KMRActS was
grown in freshwater mineral medium as described before (17, 18). The
medium was reduced with 1 mM sulfide, buffered with CO,-bicarbonate,
and adjusted to a final pH of 7.2. Cells were grown in 1-liter flasks with
medium supplemented with 5 mM acetone or 5 mM butyrate as the sole
carbon source and 10 mM sulfate as the electron acceptor. Cultures were
incubated under a strictly anoxic N,-CO, (80/20) atmosphere at 30°C in
the dark.

Cell suspension experiments. Cells were harvested in the late expo-
nential growth phase at an optical density at 600 nm (ODy,,) of 0.3. All
experiments with cell extracts and cell suspensions were done under
strictly anoxic conditions inside an anoxic glove box. Cells were centri-
fuged at 6,000 X g at 10°C. The pellet was washed at least twice with 50
mM potassium phosphate (KP) buffer, pH 7.2, supplemented with 3 mM
dithioerythritol as the reducing agent. Cells were resuspended in the same
buffer with the addition of NaCl (1.0 g - liter ") plus MgCl,-6H,0 (0.6 g -
liter '). Cell suspensions with a final ODy, of 12 were prepared in 5-ml
flasks containing KP buffer with 5 mM acetone and 10 mM sulfate. The
sulfate-reducing activity was measured at different time intervals for several
hours. The gas phase was either N,-CO (90/10), N,-CO, (80/20), or N,.

Preparation of cell extracts. Cells were harvested as described above;
however, a temperature of 4°C was used. The cell pellet was resuspended
in the KP buffer described above containing 0.5 mg DNase ml~* and 1 mg
ml ™! of complete protease inhibitor cocktail (Complete, Mini, EDTA-
free protease inhibitor cocktail tablets; Roche Diagnostics GmbH, Mann-
heim, Germany). Cells were disrupted by passing them two times through
a cooled French pressure cell at 100 MPa. Cell debris and unopened cells
were removed by centrifugation at 27,000 X g for 20 min at 4°C.

CODH assay. The activity of carbon monoxide dehydrogenase
(CODH) was measured at 30°C with a photometer (100-40; Hitachi, To-
kyo, Japan). Cell extracts of acetone-grown cells were used for enzyme
assays.

Enzyme activity was tested in the already described KP buffer with the
addition of 2 mM benzyl viologen (BV) as the electron acceptor. The
activity was tested in cuvettes previously flushed with CO or by addition of
CO to the complete reaction mixture. The effect of CODH inhibition by
potassium cyanide (KCN) was checked with final concentrations of 3
and 5 mM KCN. Reduction of BV was followed at 578 nm (g5,5 = 8.65
mM ™' - cm ™). One unit was defined as 1 wmol of BV reduced per min.

Aldehyde dehydrogenase (CoA-acylating) assay. The activity of alde-
hyde dehydrogenase was measured in anoxic cuvettes in the same Hitachi
photometer. Cell extracts of acetone-grown cells were used for enzyme
assays; control experiments with extracts prepared from butyrate-grown
cells were run under the same conditions. Enzyme activity was followed in
50 mM KP bulffer, pH 7.2, supplemented with 3 mM dithioerythritol as
described before, with the addition of 2 mM CoA and 5 mM NAD ™ as the
electron acceptor. The reaction was started by addition of 2 mM acetalde-
hyde or by addition of 20 pl of acetoacetaldehyde-containing solution
(see below). NADH formation was followed at 340 nm (€5,, = 6.292
mM ! cm ™). Control assays were run with boiled cell extracts. One unit
was defined as 1 wmol of NAD reduced per min. Preparation of acetoac-
etaldehyde solution was done as follows: 20 pl (9.96 mg) of acetylacetal-
dehyde dimethyl acetal (4,4-dimethoxy-2-butanone; Aldrich Chemistry,
Sigma-Aldrich) was mixed with 40 pl of 37% HCl in 2 ml KP buffer, and
the mixture was stirred for 20 min. The reaction mix was diluted with 4
volumes of the same KP buffer (200 plin 1 ml), and 20 to 25 pl from this
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final mixture was added to the cuvette for assay of acetoacetaldehyde
dehydrogenase.

Activation of acetone in cell extract. Extracts of D. biacutus cells
grown with acetone were used for enzyme assays; control experiments
were run with extracts of butyrate-grown cells. All assays were carried out
under strictly anoxic conditions at 30°C. Activation of acetone was tested
in a total volume of 4 ml with 5 mM acetone, 5 mM ATP, and CO (10% in
the headspace) as a cosubstrate. The reaction mix was incubated under
mild stirring for at least 3 h, and samples were taken at different time
intervals with syringes that had previously been flushed with N,. The
increment of carbonyl groups was quantified with 2,4-dinitrophenyl hy-
drazine (DNPH) or by derivatization of the reaction product with guani-
dine hydrochloride to form 2-amino-4-metylpyrimidine (see “Analytical
methods” below). The acetone activation reaction was also tested in the
presence of 5 mM KCN, an inhibitor of CO oxidation by CO dehydroge-
nase (19).

In a further reaction setup, the same reaction mix received, in addi-
tion, 2 mM CoA and 5 mM NAD™. Samples of 250 pul were taken at
different time intervals and acidified with 50 wl of 3 M HCI, followed by
centrifugation at 10,000 X g for 10 min. The supernatant was mixed with
acetonitrile (50:50) and used for the assay of acetoacetyl-CoA by electro-
spray ionization (ESI)-mass spectrometry (MS). Authentic acetoacetyl-
CoA (Sigma) was used as a reference.

Preparation of acetoacetaldehyde for derivatization with DNPH.
Acetoacetaldehyde was prepared by chemical deprotection of acetylacet-
aldehyde dimethyl acetal. The protected compound (9.96 mg) was mixed
with 100 pl of 1.25 M HCI in methanol and 800 pl of acetonitrile. The
reaction mix was stirred under an N, atmosphere at room temperature
and was monitored by thin-layer chromatography (TLC).

Chemical synthesis of DNPH derivatives. DNPH (10 mg) was dis-
solved in 10 ml acetonitrile or ethyl acetate, and the mixture was stirred for
approximately 30 min under an N, atmosphere until a clear red solution
was obtained. The product of the acetoacetaldehyde dimethylacetal de-
protection reaction was immediately transferred into the DNPH solution
and kept at room temperature while stirring for 60 min. The reaction was
followed by TLC. The product of the derivatization was purified by col-
umn chromatography using a mixture of 95% dichloromethane and 5%
methanol as the eluent. The product was analyzed with ESI-MS and pro-
ton nuclear magnetic resonance ("H NMR) spectroscopy.

Isolation and characterization of DNPH derivatives from the en-
zyme reaction. The product of acetone activation was derivatized with
DNPH. For that purpose, 300 pl of each sample taken from the reaction
mix was slowly introduced into 300 pl of freshly prepared DNPH solution
and the components were mixed for 1 h. DNPH derivatives were extracted
by mixing a defined volume of the derivatization reaction mix with ethyl
acetate. Derivatives were detected by high-pressure liquid chromatogra-
phy (HPLC), UV spectrophotometry, and TLC. The main spot observed
was scraped from the TLC plate and dissolved in dichloromethane. Fur-
ther analysis using ESI-MS and 'H NMR spectroscopy was performed to
characterize the derivatization product.

Derivatization with guanidine. The product of acetone activation
was also derivatized with guanidine hydrochloride. The reaction condi-
tions were set according to a procedure proposed before (20). Three hun-
dred microliters of each sample taken from the reaction mix was slowly
introduced into 500 pl of an aqueous 0.5 M guanidine hydrochloride
solution (pH 9.0). The reaction was stirred for at least 24 h at 30°C. The
reaction product was analyzed with reverse-phase (RP)-HPLC and com-
pared with a 2-amino-4-methylpyrimidine reference compound (Aldrich
Chemistry, Sigma-Aldrich).

Chemicals. Most chemicals were of analytical grade, were purchased
from Acros, Fluka, Sigma, Merck, or Aldrich, and were used without any
further purification. Dry solvents were purchased from Fluka; solvents for
column chromatography were either distilled from technical grade (di-
chloromethane) or purchased as for chromatography grade (ethyl acetate
and methanol).
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FIG 1 Acetone degradation in cell suspensions and in cell extracts of Desulfo-
coccus biacutus. (A) Sulfide production in cell suspension experiments. Ace-
tone and sulfate were added at concentrations of 5 and 10 mM, respectively,
and CO and CO, were present at initial concentrations of 10% and 20% (vol/
vol), respectively. (B) Formation of ketone equivalents (eq.) measured with
DNPH during acetone activation in cell extracts. Acetone and ATP were added
at an initial concentration of 5 mM each, and CO was present at an initial
concentration of 10% in the headspace. Inhibition of CO dehydrogenase was
performed using 5 mM KCN. Before the addition of acetone, both samples
were preincubated for 20 min with or without (w/0) KCN.

Analytical methods. DNPH solution for quantification of carbonyl
groups was prepared as follows: 0.1 g of DNPH (60%, wt/wt) was slowly
introduced into a solution of 2 M HCI. The solution was stirred for 2 h at
room temperature and passed through a cellulose acetate membrane filter
(Whatman OE 66; pore size, 0.2 wm). This solution was prepared fresh
every time that it was required, as were the standards for calibration
curves. For determination of carbonyl compounds, samples from the ac-
etone activation assay mix were slowly introduced into 100 pl of DNPH
solution with further addition of 500 pl water and 100 pl 10 M NaOH.
Samples were mixed for approximately 1 h, and subsequently, the absor-
bance of the hydrazone derivative was measured spectrophotometrically
at 540 nm and 360 nm. Standards of acetone dinitrophenylhydrazone
were prepared in the same way and used for quantification of carbonyl
groups. The sulfide formed in the cell suspension experiments was quan-
tified with the methylene blue method (21). The protein content of cell
extracts was determined with the bicinchoninic acid (BCA) assay (BCA
protein assay kit; Thermo Scientific). TLC was done on silica plates (silica
gel 60; Merck). After the samples were dried under air for 2 min, the run
started with a mobile phase of 95% dichloromethane plus 5% methanol.
Spots were visualized by UV light and I, vapor.

Mass spectrometric analysis was performed with an ESI source
(ESI-ion trap [IT], Bruker Esquire 3000 Plus) in the positive and neg-
ative ion mode under the following fixed instrument settings: spray ion
voltage, 1,000 V; nebulizer, 13 Ib/in?; gas flow, 7 liters min~ capillary
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temperature, 300°C. For NMR analysis, Bruker Avance III 400- and
600-MHz spectrometers were used. '"H chemical shifts are reported
relative to the residual solvent peak and are given in ppm (3). Spectra
were measured at approximately 17°C and processed using the
MestReNOVA (v5.3.1) program. Analysis of 2-amino-4-methyl py-
rimidine was performed by reversed-phase HPLC. A Shimadzu HPLC
system equipped with a UV-visible diode array detector was used. For
analysis, 50-pl samples were injected on a C, z reverse-phase column (5
pm, 150 by 4.6 mm; Grom-Sil 120 octyldecyl silane; Grom). Eluents
contained 10 mM Na,HPO,-KH,PO, buffer, pH 7.0 (buffer A), and
acetonitrile (buffer B), and a flow rate of 0.8 ml min~ ' was used. The
elution cycle proceeded as follows: 20% buffer B for 2 min and then a
linear increase to 90% buffer B within 9 min and a return to 20% buffer
B within 1 min, followed by an equilibration step at 20% buffer B for 6
min. The DNPH derivative was detected with the same HPLC system
using the following elution cycle: 10% buffer B in the first minute and
then a linear increase to 90% buffer B within 55 min and a final 5-min
equilibration at 10% buffer B.

RESULTS

Acetone degradation in cell suspensions. As a first approach to
examine the hypothesis of possible acetone carbonylation, we
checked for acetone-dependent sulfate reduction in suspensions
of intact cells of D. biacutus with CO, CO,, or N, in the gas phase
(Fig. 1A). Sulfide formation was measured as an indicator of ace-
tone degradation. Figure 1A shows that the highest activity and the
highest extent of sulfide formation were detected with CO in the
gas phase. With CO as a cosubstrate, sulfide was formed to a con-
centration of 8.5 mM after 3 h of reaction. With CO, only about
one-fourth of this activity was observed, and nearly no sulfide was
produced in the absence of either CO, CO,, or acetone (Fig. 1A).

Acetone activation in cell extracts. Activation of acetone with
CO was tested in cell extracts. Since we expected the formation of
acetoacetaldehyde as the reaction product, the activity was mea-
sured by quantifying keto and aldehyde groups with DNPH. In the
presence of acetone, CO, and ATP, cell extracts of D. biacutus
catalyzed the formation of ketone equivalents, as shown in Fig. 1B.
Inhibition of CODH with KCN was checked before testing the
carbonylation reaction. According to the results in Table 1,
CODH was strongly inhibited after 20 min of incubation with 5
mM KCN. Therefore, to prevent a possible oxidation of CO by
CODH, KCN was added to the acetone activation reaction mix to
a final concentration of 5 mM, and this mix was preincubated for
20 min before addition of acetone. Figure 1B shows that the pres-
ence of KCN did not affect the acetone activation reaction that was
measured with quantification of carbonyl groups. The reaction
was stimulated by the presence of NH, " ions or, less efficiently, by
K" ions.

Carbonylation of acetone was also tested in the same reaction
system containing acetone, CO, and ATP with the addition of CoA
and NAD™. The formation of acetoacetyl-CoA was analyzed by

TABLE 1 Activity of CO dehydrogenase measured in acetone-grown
cell extracts of Desulfococcus biacutus

Sp act Approx. %
Growth condition (mU/mg protein)  activity
Without KCN 882 £ 191 100
With KCN (3 mM) 121 = 16 14
With KCN (5 mM), 10-min preincubation 24 = 2 3
With KCN (5 mM), 20-min preincubation 13 = 2 1
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FIG 2 ESI-MS of acetoacetyl-CoA that was formed after the acetone activa-
tion reaction. Activation of acetone was tested in a total volume of 4 ml with 5
mM acetone, 5 mM ATP, and CO (10% in the headspace) as a cosubstrate
supplemented with 2 mM CoA and 5 mM NAD™. The CoA derivative was
detected in the negative mode. The signal at #1/z 343.6 (indicated as compound
I) was assigned to a fraction of acetoacetyl-CoA, after the loss of a fractal of
507.0 Da, corresponding to 3'-phospho-ADP (indicated as compound IT). The
signal at m/z 765.6 belongs to CoA (indicated as compound III). Intens., in-
tensity.
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ESI-MS. In the mass spectrum shown in Fig. 2, a specific peak
signal at m/z 343.6 (compound I) was assigned to a fraction of
acetoacetyl-CoA, after the loss of of a 507.0-Da (compound II)
fraction. Compared to an acetoacetyl-CoA standard, the same loss
of the 507.0-Da (compound II) fraction was observed. The minor
deviation of the mass analysis (0.5 mass unit) is due to a calibra-
tion error of the ESI-MS system. The cleavage at one of the phos-
phorus-oxygen bonds produces the lost fraction, which corre-
sponds to 3'-phospho-ADP. This loss has been observed to be a
common phenomenon of acyl-CoA compounds (22-24).
Identification of products from deprotection of acetoacetal-
dehyde dimethylacetal. The hypothetical reaction intermediate
of acetone carbonylation, acetoacetaldehyde, is known to be
highly reactive (25, 26) and is not commercially available. The
commercially available acetoacetaldehyde dimethylacetal could
easily be deprotected in acidic solution and converted to acetoac-
etaldehyde. While TLC analysis indicated that only one com-
pound was formed, in the ESI mass spectrum of this deprotection
reaction (Fig. 3A), a specific peak at m/2205.2 (compound IV) was
observed and was attributed to the trimer of acetoacetaldehyde; a
second peak at m/z 273.2 (compound V) was attributed to the
tetramer of acetoacetaldehyde, and a third one at 1/2291.3 (com-
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FIG 3 Identification of products of the acetoacetaldehyde dimethyl acetal deprotection reaction. (A) ESI-MS spectrum of the chemically deprotected acetoac-
etaldehyde dimethyl acetal; (B) ESI-MS spectrum after derivatization of the reaction products with DNPH. Products of acetoacetaldehyde cyclization were
identified as follows: compound IV corresponds to triacetylbenzene (trimer of acetoacetaldehyde), compound V corresponds to the tetramer of acetoacetalde-

hyde, and compound VI represents compound V plus water. Intens., intensity.
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FIG 4 Identification of reaction products of acetone activation by cell extracts. (A) ESI-MS spectrum of the DNPH derivative from the enzyme reaction product.
Compound VII was attributed to the acetoacetaldehyde-DNPH. (B) ESI-MS spectrum of the DNPH derivative after column chromatography. Compound V
represents the tetramer of acetoacetaldehyde, and compound VII was assigned to the acetoacetaldehyde-DNPH. Spectra were measured in the positive mode.
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pound VI) belonging to the tetramer of acetoacetaldehyde plus
water was also observed. With "H NMR analysis, we confirmed
that one of the produced compounds was triacetylbenzene (see "H
NMR analysis data). Trimerization of acetoacetaldehyde to tri-
acetylbenzene has been observed before (25, 26). Therefore, we
concluded that acetoacetaldehyde was produced during the de-
protection reaction and reacted with itself to form triacetylben-
zene and also the tetrameric derivative. Attempts to derivatize
acetoacetaldehyde with DNPH in a two-step process including
deprotection and derivatization or, alternatively, in a continuous
reaction led to compounds with the specific signals of the trimer
and tetramer of acetoacetaldehyde and presented a mass spectrum
pattern that was highly similar to that produced without addition
of DNPH (Fig. 3B), indicating that the DNPH adduct was not
formed under these conditions.

Identification of the DNPH derivative formed during the ac-
etone activation reaction. In order to identify the hypothetical
intermediate acetoacetaldehyde, the product of acetone metabo-
lism in cell extracts was derivatized with DNPH as described
above. Samples taken from the reaction mix for acetone activation
in cell extracts were reacted with DNPH. In the ESI-MS analysis,
the acetoacetaldehyde-DNPH derivative ion [M + Na]™ could be
observed at m/z 288.9 (compound VII) after 180 min of enzyme
reaction (Fig. 4A). All attempts to purify the acetoacetaldehyde-
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DNPH derivative failed because the compound proved to be un-
stable during the isolation process. Interestingly, after column
chromatography (silica column; see Materials and Methods) we
observed in the mass spectrum the presence of the tetramer of the
acetoacetaldehyde peak signal at m/z 273.2 and the remains of
acetoacetaldehyde-DNPH at m/z 289.2 (Fig. 4B). Unfortunately,
the acetoacetaldehyde-DNPH derivative that was formed after the
acetone activation reaction could not be isolated for analysis by 'H
NMR spectroscopy.

NMR analysis. The products formed during deprotection of
acetoacetaldehyde dimethylacetal were analyzed by '"H NMR and
resulted in the following chemical shifts: '"H NMR (400 MHz,
dimethyl sulfoxide [DMSO]) 8 8.62 (s, 3H), 2.72 (s, 9H). This
analysis showed the presence of triacetylbenzene. The spectrum of
commercial triacetylbenzene (TCI Europe) was checked for com-
parison and resulted in the following chemical shifts: '"H NMR
(400 MHz, DMSO) 8 8.63 (s, 3H), 2.72 (s, 9H).

Derivatization with guanidine. Another strategy to trap the
hypothetical acetoacetaldehyde was an N—C—N condensation
reaction to form 2-amino-4-methylpyrimidine (20). We em-
ployed this type of condensation reaction as well to derivatize the
acetoacetaldehyde hypothetically formed in the enzymatic ace-
tone activation reaction. Samples taken from the reaction mix
were reacted with guanidine hydrochloride, and the products
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FIG 5 Identification of the reaction product of acetone activation after de-
rivatization with guanidine. (A) HPLC analysis of the 2-amino-4-methylpy-
rimidine reference compound and of the product formed during the reaction
between the intermediate (acetoacetaldehyde) and guanidine; (B) absorption
spectra of the commercial 2-amino-4-methylpyrimidine and the product
formed after the reaction between acetoacetaldehyde and guanidine. Rel., rel-
ative.

were analyzed by RP-HPLC. The analysis showed that this prod-
uct appeared at exactly the same retention time (3.65 min) as a
commercial reference of 2-amino-4-methylpyrimidine and that it
also presented the same UV absorption spectra, thus indicating
that the expected reaction between acetoacetaldehyde and guani-
dine had occurred (Fig. 5A and B). The pyrimidine that formed
could be detected only if guanidine was present at high excess. Due
to the high background of excess guanidine, it was not possible to
follow this reaction by ESI-MS and NMR spectroscopy. However,
since we detected 2-amino-4-methylpyrimidine, it is highly prob-
able that acetoacetaldehyde was produced during the reaction of
acetone with CO, and this conclusion is also supported by the
detection of the acetoacetaldehyde-DNPH derivative by mass
spectrometry and by the detection of acetoacetyl-CoA after the
carbonylation reaction.

Formation of 2-amino-4-methylpyrimidine in the assay sys-
tem described above required ATP as a cosubstrate. In the absence
of ATP, no such product was formed (Fig. 6). Dependence on ATP
was also confirmed in the test system using DNPH as the trapping
agent. The described reactions were observed only with extracts of
acetone-grown cells. Control experiments with extracts of bu-
tyrate-grown cells did not produce DNPH or guanidine-reactive
products.

Aldehyde dehydrogenase (CoA-acylating) activity. The activ-
ity of aldehyde dehydrogenase was measured in cell extracts of D.
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FIG 6 Dependence of acetoacetaldehyde formation from acetone and CO on
the presence of ATP as a cosubstrate. The formation of 2-amino-4-methylpy-
rimidine was quantified as the product of the reaction between acetoacetalde-
hyde and guanidine. Acetone and ATP were added at an initial concentration
of 5 mM each. CO was present at an initial concentration of 10% in the head-
space. Quantification of 2-amino-4-methylpyrimidine was done by measuring
the absorption at 290 nm.

biacutus with acetaldehyde and with acetoacetaldehyde that was
prepared by deprotection of acetoacetaldehyde dimethylacetal.
Previous experiments showed the instability of acetoacetaldehyde;
nevertheless, this compound must be an intermediate before the
trimer and tetramer are formed. Therefore, this acidic solution
was also added as a substrate for aldehyde dehydrogenase with the
addition of CoA and NAD™ as the electron acceptor. The activity
was detected in extracts of acetone-grown cellsat 18 = 3mUmg '
protein with acetaldehyde and 153 = 36 mU mg ™' protein with
the acetoacetaldehyde preparation (Table 2). Addition of CoA
caused an increase of the activity from 30 to 100%. A control assay
with extracts of butyrate-grown cells indicated that aldehyde de-
hydrogenase is specifically induced during the metabolism of ac-
etone. The activity with acetaldehyde increased 5-fold after addi-
tion of 20 mM NH,* to the reaction mix.

DISCUSSION

In the present study, degradation of acetone under strictly anoxic
conditions was investigated with the sulfate-reducing bacterium
Desulfococcus biacutus. Based on our experimental results, we pro-
pose that acetone is activated by carbonylation with CO to form
acetoacetaldehyde rather than by carboxylation to acetoacetate, as
described for aerobic or nitrate-reducing bacteria. CO proved to
be a far better cosubstrate for acetone degradation than CO, in cell
suspension experiments. Since D. biacutus can reduce CO, to CO

TABLE 2 Aldehyde dehydrogenase (CoA-acylating) activity measured
in cell extracts of Desulfococcus biacutus

Sp act (mU/mg protein)

With acetaldehyde
Cell extract Without NH,” With NH,"  With acetoacetaldehyde®
Acetone grown 5+ 0.5 183 153 = 36
Butyrate grown ND? 1*+02 207

% Ammonium addition did not stimulate the reaction with acetoacetaldehyde.
Y ND, not detected.
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by its carbon monoxide dehydrogenase enzyme (17), CO is avail-
able as a cosubstrate for this activation reaction.

Derivatization of carbonyl compounds with DNPH has been
used in the quantification of aldehydes and ketones (27-30). In
our study, the increase of ketone equivalents measured with
DNPH in cell extracts indicated that CO and acetone were con-
densed to an aldehyde molecule.

A simultaneous experiment in which CO dehydrogenase was
inhibited by KCN gave a similar increase of the ketone equiva-
lents, suggesting that CO is the real cosubstrate for the acetone-
activating reaction, rather than being oxidized to CO, by CO de-
hydrogenase. This result is supported by cell suspension
experiments. In control assays with chemically prepared acetoac-
etaldehyde, no reaction with DNPH was observed. Obviously, the
formed acetoacetaldehyde had undergone a cyclization reaction
to form a trimer, as observed before, (25, 26). The formed 1,3,5-
triacetylbenzene, which was identified by ESI-MS and '"H NMR
spectroscopy, further reacted to form the tetrameric compound.
Interestingly, after the enzymatic acetone activation reaction, the
DNPH-acetoacetaldehyde derivative was detected by mass spec-
trometry with a peak at m/z 288.9, which strongly suggests that
acetoacetaldehyde was indeed produced in the enzymatic activat-
ing reaction. While trying to purify this derivative, we could detect
the tetramer of acetoacetaldehyde (m/z 273.2) and minor
amounts of the DNPH-acetoacetaldehyde derivative (m/z 289.2),
indicating that the derivative might have disintegrated, perhaps
due to the acidic conditions that were used during the chromato-
graphic separation process.

The formation of acetoacetaldehyde from acetone and CO is
also supported by the formation of 2-amino-4-methylpyrimidine
with guanidine as a cosubstrate, a reaction which is very specific
for the detection of 1,3-dioxo aliphatic compounds.

A further strong indication of the formation of an aldehyde as
a first reaction product in acetone activation is the presence of
aldehyde dehydrogenase activity. This activity was found only in
extracts of acetone-grown cells and was substantially higher when
the putative physiological substrate was added, thus indicating
that an aldehyde is formed specifically during degradation of ace-
tone, and it is highly probable that this aldehyde is our hypothet-
ical acetoacetaldehyde. Moreover, the detection of acetoacetyl-
CoA after activation of acetone in the presence of CO, ATP, CoA,
and NAD™ again supports the formation of acetoacetaldehyde as
an intermediate.

The acetone-carbonylating activity was stimulated by mono-
valent cations, such as NH, ™ or K*. The activating enzyme differs
from the ketone carboxylases employed by aerobic and nitrate-
reducing bacteria, which depend on the presence of divalent cat-
ions, such as Mg>™ and Mn>" (31, 32). However, the acetone-
carbonylating enzyme activity of D. biacutus was stimulated by
NH," ions, similar to the acetone carboxylases of Cupriavidus
metallidurans strain CH34 and Xanthobacter autotrophicus strain
Py2 (13, 33). Neither genomic nor proteomic analysis of acetone-
grown cells of D. biacutus provided any indication of acetone car-
boxylases similar to those described for aerobic or nitrate-reduc-
ing acetone oxidizers (unpublished results from our labs).

The observed conversion of acetone with CO to acetoacetalde-
hyde required ATP as a cosubstrate. This ATP is perhaps needed to
stabilize the enol tautomer of acetone in the form of acetone enol-
phosphate. This compound is the real substrate of carboxylation
by the acetone carboxylases described in the past (14, 34) and may
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FIG 7 Acetone activation mechanism by aerobic and nitrate-reducing bacte-
ria and the proposed novel activation by carbonylation in sulfate-reducing
bacteria. CoASH, coenzyme A.

as well be the real acceptor of CO in the carbonylation reaction
proposed here. Since the reaction product, acetoacetaldehyde, is
extremely reactive, it appears to be plausible that it is not released
free into the cytoplasm but is immediately oxidized further to
acetoacetyl-CoA, perhaps in a multienzyme complex. After all,
acetone activation and conversion to acetoacetyl-CoA through
this new carbonylation pathway (Fig. 7) would require a mini-
mum of only one ATP equivalent rather than three, as in the
well-described carboxylation pathway, and would therefore be
much better suited for bacteria operating at a small energy budget,
such as sulfate-reducing bacteria. Thus, acetone activation is an-
other example to demonstrate that strict anaerobes, such as sulfate
reducers, use strategies in the degradation of comparably stable
compounds that are basically different from those employed by
nitrate reducers, as studies with various aromatic compounds
have shown in the past (35). The biochemistry of the novel ace-
tone carbonylation reaction will be subject to further studies in
our lab.
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