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A novel acetone-degrading, nitrate-reducing bacterium, strain KN Bun08, was isolated from an enrichment 
culture with butanone and nitrate as the sole sources of carbon and energy. The cells were motile short rods, 
0.5 to 1 by 1 to 2 f.l.m in size, which gave Gram-positive staining results in the exponential growth phase and 
Gram-negative staining results in the stationary-growth phase. Based on 16S rRNA gene sequence analysis, the 
isolate was assigned to the genus Alicycliphilus. Besides butanone and acetone, the strain used numerous fatty 
acids as substrates. An ATP-dependent acetone-carboxylating enzyme was enriched from cell extracts of this 
bacterium and ofAlicycliphilus denitrificans K601T by two subsequent DEAE Sepharose column procedures. For 
comparison, acetone carboxylases were enriched from two additional nitrate-reducing bacterial species, Para
coccus denitrificans and P. pantotrophus. The products of the carboxylase reaction were acetoacetate and AMP 
rather than ADP. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) analysis of cell 
extracts and of the various enzyme preparations revealed bands corresponding to molecular masses of 85, 78, 
and 20 kDa, suggesting similarities to the acetone carboxylase enzymes described in detail for the aerobic 
bacterium Xanthobacter autotrophicus strain Py2 (85.3, 78.3, and 19.6 kDa) and the phototrophic bacterium 
Rhodobacter capsulatus. Protein bands were excised and compared by mass spectrometry with those of acetone 
carboxylases of aerobic bacteria. The results document the finding that the nitrate-reducing bacteria studied 
here use acetone-carboxylating enzymes similar to those of aerobic and phototrophic bacteria. 

Aerobic degradation of acetone and other methyl ketones 
was observed .first' with hydrocarbon-utilizing bacteria (13). 
Acetone is degraded by some bacteria (28) and mammalian 
liver cells via oxygenase-dependent hydroxylation to acetol (for 
a review, see reference 11). Anaerobic enrichments with ace
tone in the presence of sulfate resulted in selection of Desul
fococcus multivorans-like cells (29), and Desulfococcus biautus 
was isolated using acetone plus sulfate (22). Nitrate-dependent 
acetone oxidation was documented with Paracoccus pantotro
phus (3) and an unidentified baclerium, strain BunN (20) . 
Also, the anoxygenic phototrophic bacterium Rhodobacter cap
sulatus was previously shown to grow with acetone as its sole 
electron source (2). 

Acetone activation by an initial oxygen-dependent hydroxy
lation to acetol was documented with hydrocarbon-utilizing 
bacteria (13). Anaerobic acetone degraders carboxylate ace
tone to an acetoacetyl residue, and this type of reaction was 
documented first with a methanogenic enrichment culture 
(19). Dependence of acetone utilization on the availability of 
CO2 was also .shown with nitrate-reducing and sulfate-reducing 
bacteria, with Paracoccus pantotrophus (3), and with Rhodo
bacter capsulatus and other phototrophs (2). 

The reaction mechanism of acetone carboxylation was stud
ied into detail with the aerobic Xanthobacter autotrophicus Py2 
strain. Acetone carboxylase of this bacterium was purified and 
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characterized (5, 24, 25). The enzyme ' catalyzes the overall 
reaction CH3COCH3 + CO2 + ATP ---> CH3COCH2COO - + 
H ' + AMP + 2 Pi ' Thus, two energy-rich linkages of ATP are 
sacrificed to support the carboxylation of acetone to acetoac
etate. Exchange experiments with deuterated substrates indi
cate that the ),-phosphoryl group of ATP is first transferred to 
acetone to form an acetone-enol-phosphate (4). The energy
rich linkage of the [3-phosphoryl group is subsequently used to 
produce activated CO2 for transfer to the enol carbon atom. 
This concept appears to hold true for acetone carboxylase of 
the phototrophic bacterium R. capsulatus as well (5, 25). 

In the aerobic, Gram-positive bacterium Rhodococcus rho
dochrous, acetone carboxylation is not stimulated by ATP but 
by different nucleoside triphosphates such as GTP and ITP (6). 
In an earlier R. capsulatus study, acetone carboxylation ap
peared to depend on the presence of acetyl-coenzyme A 
(acetyl-CoA) (2), but the activity was measured only via incor
poration of I'C-Iabeled CO2 , and the product of the carboxy
lation reaction was not identified. 

Acetone carboxyiase of X autotrophicus has been crystal
lized and its structure investigated by X-ray crystallography 
(17). The enzyme is a heterohexameric protein consisting of 
three different polypeptides in an 0:2-[32-)'2 quaternary struc
ture and contains about two manganese ions per hexamer (5). 
Detailed EPR analysis indicated that the manganese ions par
ticipate in nucleotide binding and acetone activation. 

The carboxylation reaction in nitrate-dependent acetone 
degradation was studied with the denitrifying bacterium BunN 
strain (20). Although a net effect of carboxylation activity could . 
not be shown in cell extracts, we found evidence of acetoace
tate-decarbm;ylating enzyme activity specifically expressed af
ter growth with acetone. This activity was dependent on the 
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presence of ADP and MgCI2' indicating that acetoacetate is 
the product of ATP-dependent aCetone carboxylation (21). 
The activity was not inhibited by avidin. Independence of bio
tin was also proven in a further assay system measuring l-lC02 
exchange with acetoacetate (8). 

Since strain BunN was lost in the past, we restarted our 
studies on nitrate-dependent acetone degradation by enrich
ment and isolation of a similar strain under the same condi
tions as previously applied. With the new KN Bun08 isolate 
strain, the acetone-carboxylating enzyme was characterized 
and compared to similar enzymes of other acetone-degrading 
nitrate reducers, i.e. , Alicycliphilus denitrificans, Paracoccus 
denitrificans, and P. pantotrophus. 

MATERIALS AND METHODS 

Source of microorganisms. AlicycliphilLls sp. strain KN BunOS was isolated 
from an enrichment culture inoculated with sediment from a small tarn close to 
the University of Konstanz, Konstanz, Germany. AlicyC/iphilLls dellilrijiea/lS strain 
K60],r was obtained from Alfons Starns, Wageningen, Netherlands. Part/coceLls 
dellilrijica/lS (DSM 65'1) and ParacoceLls palllolrophLls (DSM 2944'1') were ob
tained from DSMZ (German Collection of Microorganisms and Cell Culture, 
Braunschweig, Germany). 

Cu ltivation of bacteria. For cultivation of nitrate-red ucing bacteria , a bi
carbonate-buffered nonreduced anoxic freshwater mineral medium was pre
pared as described before (20). Gram staining was carried out accord ing to 
Bartholomew (I). 

Preparation of cell extracts. Cells of the late exponential-growth phase (op
tical density at 600 nm ]OD"ool = 0.4 to 0.54 after 7 days) were harvested by 
centrifugation (S,500 X g, 20 min at 4'C) in a RC-5B Sorvall refrigerated Su
perspeed centrifuge (DuPont Instruments, Bad Homburg, Germany). Cell pel
lets were washed in oxygen-frce 100 mM Tris-HCI buffer (pH 7.0). Cells were 
opencd by three passages through an anoxic, cold French press cell operated at 
137 MPa. The cell lysate was collected in an 8-ml serum vial, and the cell debris 
and unbroken cells were removed by centrifugation (S,500 X g, 20 min at 4'C). 

Enzyme assays. Discontinuous tests for acetone carboxylase were performed 
with cell extracts. Assay mixtures (3 ml) contained 100 mM Tris-HCI buffer (pH 
8.0), 5 mM NlgCI2, 100 mM NH4 C1, and I mM MnCI, . The activity of acetone 
carboxylase was tested in both directio,ns. For the acetone carboxylation reaction, 
10 mM ATP, 20 mM NaHCOJ , and 1.5 mM acetone were added to the assay 
mixture. Assays for acetoacetate decarboxylation contained 10 mM AMP, 2 mM 
inorganic phosphate, and 1.5 mM acetoacetate. All assay mixtures contained 
approximately 1.5 to 2 mg of protein/ml. In control assays, acetone, acetoacetate, 
ATP, AMP, NaHCO" inorgan ic phosphate, or protein was omitted. Bottles were 
sealed with butyl rubber stoppers and incubated in a water bath at 28'C. After a 
series of time intervals (0, 10,20,30,60, 120, and 240 min), samples (I ml) were 
taken, acidified, and centrifuged (S min, 10,000 X g) at room temperature. 
Consumption and format ion of acetone or acetoacetate were determined by 
high-pressure liquid chromatography (HPLC). Samples were injected using an 
autoinjector (G ilson 234; Abimed, Langenfeld, Germany) and eluted with 5 mM 
H2S04 , A constan t flow ral e (0.0 1111 min - I) was maintained by the use of an 
LC-IOAT high-pressure pump (Shimadzu, Duisburg, Germany). Samples 
were separated on an Aminex HPX-S7H ion-exchange column (Bio-Rad 
Laboratories GmbH, Munich, Germany) at 60'C. Compounds were detected 
by an ERC 7512 light refraction detector (ERC Gesellschaft fUr den Vertrieb 
wissenschaftlicher Gerate mbH, Regensburg, Germany). For optimization of 
the reaction condi tions, the assay was performcd at different pHs over a range 
of 6.5 to 9.0 and with different nucleotides such as ITP, GTP, and UTP. 

Photometric enzyme tests were performed using anoxic cuvettes sealed with 
rubber stoppers and a model 100-40 spectrophotometer (Hitachi, Tokyo, Japan) 
connected to an analog recordcr (SE 120 Metrawatt; BBC Goerz, Vienna, 
Austria). Acetone carboxylase was measu red in a coupled test analyzing ADP 
formation from ATP (30) in the presence or absence of added adenylate kinase 
(myokinase). Cuvettes were preincubated at 25'C for 3 min with the add ition of 
enriched acetone carboxylase (0.3 to 0.5 mg of protein per ml) in the presence of 
5 mM NaHCO, . The reaction was started by the addition of 5 mM acetone . 
Oxidation of NADH (0.4 mM) was followed as the decrease of absorbance at a 
340-nm wavelength. All assays were prepared anoxically and performed as trip
licate experiments. In control assays, ATP, acetone, or NaHCO j was omitted, 

and NADH oxidation rates were measured with different amounts of enriched 
acetone carboxylase preparations. 

Enzyme enrichment. Cell extracts were applied to a DEAE Sepharose column 
(Amersham Biosciences) (26-mm diameter; 70-ml volume) preequilibrated with 
buffer A (10 mM Tris-HCI, pH 7.0) . The column was eluted with three volumes 
of buffer A and subscquently with a step gradient of buffer A containing 100, ISO, 
and 220 mM KCI at a constant flow rate of 3 ml . min - I. Enzyme fractions were 
assayed for activity in the coupled optical enzyme test described above and 
selected for successive enzyme enrichment steps. Selected fractions were pooled 
and co ncentrated by ultrafiltration (Amicol) concentrator with YM-70 mem
brane). The preconcentrated enzyme (pool I) was applied to a second enrich
ment step on a DEAE Sepharose column (Amersham Biosciences) (26-mm 
diameter, 70-ml volume) equilibrated with buffer B (10 mM Tris-HCI, pH 8.0) 
and washed with three column volumes. Fractions were eluted with buffer B in 
a stepped gradient from 150 to 300 mM KCI at 11 constant flow rale of 3 
ml . min - I. Fractions containing acetone carboxylase were selected by coupled 
enzym e tests and concentrated (pool Il) hy ultrafi ltratio n (Amicon concentrator 
with YM-30 membrane) . Aliquots of concentrated pool" (I to 1.5 ml) were 
further used for purification on a ge l filtration column (I\mcrsha m Bioscienccs) 
(l6-mm diameter, 120-ml volume). 

Cell extracts and enriched enzyme preparations were analyzed on sodium 
dodecyl sulfate (SDS) polyacrylamide gels. Gels were cast in large gel chambers 
(Protean xi; Bio-Rad) containing a resolving and a stacking gel with 12% and 4% 
polyacrylamide, respcctively (10). All samples were mixed 1:2 in loading buffer 
(125 mM Tris-HCI ]pH 6.81, 25% glycerol, 2% ]wt/vol] SDS, 5% mercaptoeth
anol, and om % ]wt/vol] bromophenol blue) and heated at I OO' C for 5 min. Afler 
the runs (20 rnA), gels were stained with Coomassie brill ant blue R-250 (16) . 
Peptides from excised protein bands were analyzed using mass fingerprinting by 
the Proteomics Facility of the University of Konstanz. Mass data were analyzed 
by the Mascot search engine and compared with those of the sequenced genome 
of P. dellitrijical1s and partial sequences of AlicycliphilLls dellilrijic{/I/S obtained 
from A. Starns, Wageningen, Netherlands. 

ProteinlVl1s quantified using a Pierce rnicroprotein bicinchon inic acid (HeA)
protein assay kit (Thermo Science, Inc.). 

Analysis of 16S rRNA gene sequence. Cell suspensions (I to 3 ml) of st rain KN 
BunOS were centrifuged (10,000 X g) for 15 min at room temperature. The 
supernatant was discarded, and the DNA from the pellets was extracted using a 
Gentra Purcgene tissue core kit (Qiagen, H ilden, Germany). Extracted DNA 
was eluted in 50 to 1001'.1 of sterile water and stored at 4'C. The bacterial 16S 
rRNA gene was amplified using th e universal primers 27F (5 '-AGA GTT TGA 
TCC TGG CTC AG-3' ) and 1492R (5 ' -GGT TAC CIT GTT ACG ACT T-3 ' ). 
Extracted bacterial DNA (1 to 2 fl.1) was used as a template for the PCR (25 
cycles) as described previously (7). The PCR produci was purified using a 
QTAquick PCR purification kit (Qiagen, Hilden, Germany) and sequenced using 
27F, 533F, 907F, and 1492R primers (GATC, Konstanz, Germany). All se
quences were analyzed using LASERGENE software (version 5.5) from 
DNAstar (Madison, WI). Al ignment of sequences was done usi ng the NCBI 
public database. All sequences were assembled using DNAStar and analyzed by 
the use of ARB software, version 2.5b (www.arb-home.de) (12). 

RESULTS 

Isolation and characterization of strain KN Bun08. An ac
etone-degrading, nitrate-reducing bacterium, strain KN 
Bun08, was isolated from a culture enriched from a small tarn 
sediment sample with 10 mM butanone and 10 mM nitrate as the 
electron acceptor. Butanone was used as an enrichment substrate 
in order to enrich for a strain similar to the lost strain, BunN (20). 
Strain KN BunOS was purified by dilution in an agar series co n
taining acetone plus nitrate. After 7 days of incubation, small 
whitish colonies were observed. After a second dilution run, pure 
cultures were obtained with acetone plus nitrate. Cells were mo
tile short rods, 0.5 to 1.0 by 1.5 to 2 J.1m in size (Fig. 1). They gave 
Gram-positive staining results in the exponential growth phase, 
Gram-negative staining results in the stationary-growth phase, 
and positive results in the oxidase and catalase tests. 

Strain KN Bun08 grew aerobically with acetone and anaer
obically with acetone plus nitrate. It also used acetate, DL

lactate, pyruvate, succinate, propionate, butyrate, malate, cit-



FIG. 1. Phase-contrast photomicrograph of cells of strain KN 
Bun08, after growth with acetone plus nitrate. Bar, 5 l.Lm. 

rate, fumarate, 3-hydroxybutyrate, ethanol, and a few sugars 
(xylose, glucose, and fructose) under both sets of conditions 
but could not grow with formate. With oxygen as the electron 
acceptor, it grew with a few aromatic compounds such as ben
zoate, phenol, anilin, resorcinol, and cresols, and slow growth 
was observed with alicyclic compounds like cyclohexanol, cyclo
hexanediols and cyclohexanediones as well, but these sub
strates were not used with nitrate as the electron acceptor. 

Molar yields of nitrate-dependent growth of strain KN 
Bun08 with acetone and acetate were compared with those of 
P. denitrificans and P. pantotrophus. Growth yields with acetone 
and acetate were 19.5 and 9.2 g per mol with strain KN Bun08, 
28.2 and 11.5 g per mol with P. denitrificans, and 27.8 and 13.7 g 
per mol with P. pantotrophus, respectively. 

Sequence analysis of the partially al)1pli fied 1.6S rRNA gene 
indicated a relationship of strain KN Bun08 with representa
tives of the genus Alicycliphilus, together with members of the 
genera Comamonas and Acidovorax. It showed 99% similarity 
to Alicycliphilus denitrificans strain K 601 T (Fig. 2). 

Enrichment and characterization of acetone carboxylase. 
Carboxyla~ion of acetone to acetoacetate with simultaneous 
conversion of ATP to AMP and AMP-dependent decarboxyl
ation of acetoacetate could be measured by discontinuous 
HPLC analysis of cell extracts of strain KN Bun08, P. denitri
ficans, and P. pantotrophus. In an optimal reaction run, 3.28 
J.Lmol acetone was converted to 2.88 J.Lmol acetoacetate, with 
simultaneous conversion of 4.31 J.Lmol ATP to 4.12 J.Lmol 
AMP. However, the reaction stoichiometry was not always easy 
to follow due to the volatility of acetone and high background 
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activity of ATPases. With P. denitrificans and P. pantotrophus, 
ADP was formed as a coproduct as well. Alternatively, the 
respective reactions could be followed using UTP, ITP, or 
GTP, with a preference in this sequence. In a continuous test 
system, conversion of ATP to ADP could be fo llowed via 
pyruvate formation from phosphoenolpyruvate and NADH
dependent lactate formation (30), especially with enriched en
zyme preparations. This test was applied in the presence of 
adenylate kinase (myokinase) to convert AMP plus ATP to 
ADP. Addition of adenylate kinase was not necessary in assays 
with crude extracts or enriched enzyme fractions of P. denitri
ficans and P. pantotrophus but was needed with extracts of 
strain KN Bun08. Adenylate kinase activities of > 0.9 U (mg of 
protein) - I were measured in cell extracts of acetone-grown 
cells of P. denitrificans and P. pantotrophus. No adenylate ki
nase act ivity was found in crude cell extracts of strain KN 
Bun08. Instead of acetone, butanone was carboxylated by ex
tracts of acetone-grown cells of strain KN Bun08, at the same 
rate as acetone. As well, extracts of butanone-grown cells 
carboxylated butanone and acetone at identical rates, also if 
supplied simultaneously. These results suggest that both 
substrates are carboxylated by the same enzyme system. The 
acetone carboxylase enzyme was enriched from cells of P. 
denitrificans, P. pantotrophus, and strain KN Bun08 after 
nitrate-dependent growth with acetone. The enzyme was 
enriched by chromatography using a DEAE Sepharose col
umn under two slightly ditTerent sets of separation condi
tions and conccntrated in cnzyme pools after the first and 
second enrichment steps (pool 1 and pool II). Specific ac
tivities increased in the first enrichment step but decreased 
in the second enrichment step (Table 1). 

The acetone carboxylase activity of all three strains was 
dependent on the presence of ATP and was correlated with the 
protein content in the assay mixture. Decreases of the specific 
activity of 30% and 60% were observed in enriched enzyme 
pools after 3 and 7 days of storage in N2 gas, respectively. No 
enzyme activity could be measured in the absence of HCn, '" 
or of acetone. All assays were performed under anoxic condi
tions, although the presence of oxygen did not impair the 
enzyme activity. Protein bands of about 85, 78, and 20 kDa 
were produced spccifically during growth with acetonc and 
were not found after growth with 3-hydroxybutyrate. The 
bands were selectively enriched during enrichment of acetone 
carboxylase by DEAE column chromatography, as shown by 
the results of SDS-polyacrylamide gel electrophoresis (SDS
PAGE) (Fig. 3). 

............... .["".-._ ........................ -......... Comamonas badi. (AB164432) 
..J Camamanas terrtgena (AF078772) 

~
---c Alicycliphillis denffrificans (AJ418042) 

.......• Alicycliphilus sp. KN Bun 08 
____ .1".. Giesbergeria giesbergeri (AB074522) 

.[ ,- Glesbergeri8 slnuasa (AF078754) 
.............. ..- Dlapharobactormtroroducens (AB054317) 

[ 

........... : Acidovorax caeni (AM084006) 
.... ___ ..... __ .... -' --- Pselldacidovarax intermedius (EF469609) 

r Acidovorax deffuvii (Y18616) rI'-· ...... · .... · Acidovorax delafieldii (AF078764) 
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,...... Acidovor8x temperans (AF078766) 

---... - .. -.... -••. -.-- Rubrivivax bonzoatilyticus (AJ888903) 

FIG. 2. Phylogenetic tree based on the sequences of the 16S rRNA gene of strain KN Bun08. Phylogenetic parameters were analyzed, and a 
phylogenetic tree was constructed using ARB software adjusted wi th a filter for Be{aproteobacteria that indicated an estimated sequence divergence 
of 1%. 
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TABLE 1. Activities of acetone carboxylase and adenyl ate kinase enriched from cell extracts of strain KN 8un08, P. denitrijicans, and 
P. pantotrophus after anaerobic growth with acetone plus nitrate 

Specific activity (U . mg protein - I) 

Enzyme Strain KN Bun08 P. dellilrijicons P. pOlllolrophlls 

Cell-free ext ract Pool I Pool II Cell-free ext ract Pool I Pool II Cell-free extract Pool I Pool II 

Acetone carboxylase 
Adenylate kinase 

" ND, not detectable. 

0.Q25 
NO" 

0.645 
NO 

0.232 
NO 

Acetone carboxylase subunits were enriched from cell ex
tracts and from enriched enzyme fractions (pool I and pool II) 
of P. denitrificans (Fig. 3, lanes 1 and 2), P. pantotrophus (lanes 
3 and 4), and pool II of strain KN Bun08 (lane 6). The protein 
pro files wert: nt:arly identical to those of the three suhunits of 
the acetone carboxylase of X autotrophicus (i.e., 85.3, 78.3, and 
19.6 kDa [23]). 

In cell extracts of Alicycliphilus denitrijicans strain K60fl
' , 

two subunits of the acetone carboxylase enzyme (C/ and (3) were 
induced after anaerobic growth with acetone plus nitrate. Both 
subunits were visible in SDS-PAGE, but the third subunit (-y) 
was not visible. No activity of the acetone carboxylase enzyme 
was measured in cell extracts or in an enriched enzyme fraction 
of strain K601 T, indicating that the 'Y subunit was lost in the 
preparation simultaneously with the loss of enzyme activity. 
Excised protein bands of putative acetone carboxylase subunits 
of P. denitrijicans, P. pantotrophus, strain KN Bun08, and A. 
denitrijicans strain K601 were subjected to mass spectrometric 
analysis for comparison with the gene sequences of P. denitri
jicans and A. denitrijican.s strain K60fl". The results indicated 
that in both cases the sequences were 95 to 98% identical with 
the respective sequences annotated as acetone carboxylase 
(acxABC genes). 

A B 
234 5 6 7 

FIG. 3. SOS-polyacrylamide gel electrophoresis of acetone carbox
ylase preparations enriched from cell extracts of P. denitrificans, P. 
pantotrophus, and Alicycliphilus sp. strain KN Bun08. Putative acetone 
carboxylase subunits are marked with the respective molecular masses 
(arrows). (A) Lanes 1 and 2, P. denitrificans preparation pools I and II; 
lanes 3 and 4, P. pantotrophus preparation pools I and II. (8) Lane 6, 
Alicycliphilus sp. strain KN Bun08 preparation pool II. Lanes 5 and 7, 
marker proteins. 

0.050 
0.923 

0.945 
0.848 

0.422 
0.546 

0.043 
0.911 

DISCUSSION 

0.298 . 
0.587 

0.031 
0.246 

Isolation of a novel acetone-degrading nitrate reducer. 
Strain KN Bun08 was isolated as a novel bacterium growing 
anaerobically with acetone plus nitrate. It grew with carboxylic 
acids, with a few sugars, and with ethanol, with either nitrate or 
oxygen as the electron acceptor. Aromatic compounds were used 
only aerobically, and slow growth was observed on a few alicyclic 
compounds. No growth was observed on aromatic and alicyclic 
compounds in the absence of oxygen. Analysis of the 16S rRNA 
gene sequence of strain KN Bun08 revealed 99% similarity with 
that of Alicycliphilus denitrijicans strain K60fr , a cyclohexanol
degrading, nitrate-reducing betaproteobacterium (15). Thus, 
strain KN Bun08 differs fromA. denillijicans partially with respect 
to its substrate range, but most of its physiological properties 
justify grouping i~ with this species, also due to the high 16S rRNA 
sequence similarity. 

Earlier work on nitrate-dependent acetone degradation was 
carried out in our group with 'strain BunN (20), which was not 
assigned taxonomically at that time and, unfortunately, was since 
lost. We therefore reenriched such a strain under conditions ba
sically similar to those originally used for strain BunN and with 
butanone as the substrate, resulting in strain KN Bun08. The two 
isolates appear to resemble each other as far as substrate utiliza
tion spectra are concerned. However, it turned out that strain KN 
Bun08 allows measurement of acetone carboxylation in vitro, 
which could never be accomplished with strain BunN in the past. 

Characterization of acetone carboxylases. Activity of the ac
etone carboxylase reaction was observed in assays using cell ex
tracts of strain KN Bun08 after anaerobic growth with acetone 
plus nitrate. This activity was measured either as consumption of 
ATP or as consumption of AMP or ADP, in the direction of 
acetone carboxylation or acetoacetate decarboxylation, respec
tively. Since acetone is volatile and acetoacetate is unstable in 
aqueous solution, reliable quantitative analysis of these reactants 
by HPLC was dillicull. Sincc ATPascs and other enzymcs present 
in the cell extract interfered with our measurements as well, 
further analysis required enriched enzyme preparations. For com
parisons, we prepared similar enrichments from two further ace
tone-degrading, nitrate-reducing bacterial species, P. denillijicans 
and P. pantotrophus. Enzyme activities of 0.42, 0.03, and 0.23 U 
per mg of protein were measured for P. denitrijicans, P. pantotro
phus and strain KN Bun08, respectively, after the second enrich
ment on a DEAE-Sepharose column. 

Carboxylation of acetone to acetoacetate by the enzymes stud
ied here required ATP as a cosubstrate and resulted in conversion 
to AMP plus P;. With this result, the reaction mechanism of these 
enzymes appears to be similar to that of X autotrophicus, which 



was previously studied in detail (23). Also, the subunit patterns 
were identical, suggesting that the acetone carboxylases of the 
nitrate-reducing bacteria also form a hexamer of an o.d~2--Y2 

structure with subunits of 85:3, 78.3, and 19.6 kDa. The gamma 
subunit was not detected in extracts of A. denitrificans strain K 
601T and was undetectable also during enrichment of acetone 
carboxylases of the other strains, with a concomitant lack of ac
tivity. 

Sequence analysis of the enriched protein fractions indicated 
15 to 30% identity of the ex and /3 subunits of acetone carboxylase 
with hydantoinases that are involved in the hydrolysis of the cyclic 
amide bond of substituted pyrimidines and hydantoins to form 
N-carbamoyl amino acids (14, 27). No significant identity with 
other known enzymes was found for the 'Y subunit of acetone 
carboXylase. 

We conclude that the nitrate-reducing bacteria studied here 
use the same type of enzyme for acetone carboxylation that had 
been described in detail for the aerobe X autotmphicus and for 
Rhodobacter capsulatus (25). Obviously, the overall carboxylation 
reaction requires the hydrolysis of two energy-rich phosphoryl 
group linkages, forming AMP and 2 Pi as coproducts. This high
level energy investment is mirrored also in the cell yields ob
tained: with the three strains studied, the molar cell yields with 
acetone were about twice as high as those with acetate. Since 
acetate activation in Paracoccus and similar bacteria requires 2 
ATP equivalents as well (26), the net ATP gain of acetone utili
zation via carboxylation and subsequent activation should be ex
actly twice as high as that of acetate utilization. The lower growth 
yields of strain KN Bun08 in comparison to the two Para coccus 
strains may be due to its slower growth and less-efficient energy 
conservation. 

The acetone carboxylase of the Gram-positive actinomycete 
RhodococctlS rhodochrous differs from those of the Gram-nega
tive bacteria studied here by preferentially using GTP and ITP as 
energy sources rather than ATP; nonetheless, the overall energy 
balance of acetone activation by this bacterium appears to be the 
same as with the others (6). A basically different type of methyl 
ketone carboxylase with an acetophenone carboxylase of Amma
toleum aromaticum was recently described (9). This enzyme con
siSIS 0[' fivc subunits with molccular masses of 70, 15, 87, 75, and 
34 kDa. Also, the reaction mechanism differs from those of the 
acetone carboxylases described above, since 2 A TP are converted 
to 2 ADP in the carboxylation process rather th~m 1 ATP to 1 
AMP plus 2 Pi' Nonetheless, in this reaction 2 ATP equivalents 
are invested into a carboxylation reaction as well. Aerobes and 
nitrate reducers can afford this energy investment; sulfate reduc
ers and fermenting bacteria, on the other hand, have to use less 
energy-expensive methods for their acetone activation. 
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