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Abstract. The enzymes involved in the anaerobic degradation
of cyclohexanol were searched for in a denitrifying Pseudo-
monas species which metabolizes this alicyclic compound to
CO, anaerobically. All postulated enzyme activities were
demonstrated in vitro with sufficient specific activities. Cy-
clohexanol dehydrogenase catalyzes the oxidation of the
substrate to cyclohexanone. Cyclohexanone dehydrogenase
oxidizes cyclohexanone to 2-cyclohexenone. 2-Cyclo-
hexenone hydratase and 3-hydroxycyclohexanone dehydro-
genase convert 2-cyclohexenone via 3-hydroxycyclohexa-
none into 1,3-cyclohexanedione. Finally, the dione is cleaved
by 1,3-cyclohexanedione hydrolase into 5-oxocaproic acid.
Some kinetic and regulatory properties of these enzymes
were studied.
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The aerobic microbial metabolism of cyclohexanone and
other alicyclic compounds requires molecular oxygen for a
monooxygenase catalyzing oxygen insertion into the ali-
cyclic ring; this generates lactones as suitable ring fission
substrates (for a review see Trudgill 1984).

Anaerobic degradation of the stable alicyclic structure
must use a different mechanism. This problem is of more
general interest since aromatic compounds under anoxic
conditions were proposed to be reduced to alicyclic com-
pounds which are further metabolized (for reviews see Berry
et al. 1987; Evans and Fuchs 1988). Two suggestions how
cyclohexanone anaerobically is metabolized were put for-
ward, but so far experimental evidence is lacking: direct ring
fission of cyclohexanone yielding caproate (Bakker 1977);
or anaerobic hydroxylation of cyclohexanone to give 1,2-
cyclohexanediol and subsequent oxidation to 2-hydroxycy-
clohexanone that is cleaved and oxidized to adipate (Wil-
liams and Evans 1975; Balba and Evans 1980).

Recently several strains of facultatively anaerobic deni-
trifying bacteria were isolated which under anoxic conditions
degrade cyclohexanol. Based onidentified intermediates and
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the kinetics of their appearance a novel pathway for an-
aerobic cyclohexanol degradation was proposed (Dangel et

- al. 1988; Fig. 2). This paper provides further evidence for the

suggested pathway. All required enzymes are demonstrated
with specific activities sufficient to explain the growth rate.

Materials and methods

All chemicals were of the highest available purity. Biochemi-
cals were from Boehringer, Mannheim (FRG). SP 1000 +
1% H3PO, on Chromosorb W-AW and 5% Carbowax 20 M
on Chromosorb W-AW were from Macherey-Nagel,
Diiren (FRG). A p-Bondapak C 18-column (Waters)
(3.9 mm x 15 cm) was used for HPLC. Kieselgel 60 was
obtained from Merck, Darmstadt (FRG). Alicyclic com-
pounds were from Fluka AG, Buchs (Switzerland). Di-
hydrophloroglucinol was a gift from Andreas Brune, Tubin-
gen (FRG). 2-Cyclohexenol, 2-hydroxycyclohexanone and
5-oxocaproic acid were from Aldrich, Steinheim (FRG).

Bacterial strains, medium, growth conditions and cultivation

The Pseudomonas strain was anaerobically enriched and
isolated with cyclohexanol (1 mM) as sole electron donor
and carbon source and with nitrate (5 mM) as electron ac-
ceptor from anaerobic sewage sludge from the municipal
sewage plant in Konstanz, FRG. The strain, the growth
conditions and the routine medium composition were de-
scribed previously (Dangel et al. 1988; Tschech and Fuchs
1987). Stock cultures (75 ml) were grown anaerobically in a
phosphate buffered (20 mM) mineral salts medium in 125 ml
infusion bottles at 28°C, stored at room temperature and
subcultured at weekly intervals. Anaerobic cultivation up to
11 culture fluid was carried out in 1.251 infusion bottles
sealed with Latex rubber septa. Cultivation up to 10 | was
carried out in 10 1 glass bottles with rubber septa. Cultures
were grown aerobically in 300 ml or 1,000 ml Erlenmeyer
flasks on a rotary shaker at 150 rpm and 28°C. Under
aerobic conditions nitrate was omitted and NH,Cl was
added as nitrogen source. Cells were harvested by centrifuga-
tion and immediately transferred into liquid nitrogen.

Preparation of cell extract

Cell extracts were prepared from 1—2 g cells (wet weight)
which were suspended under anaerobic conditions in 2—
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4 ml 100 mM Tris HCl buffer pH 7.8 containing 0.2 mg
DNAase I. Cells were desintegrated by passage through a
cooled French pressure cell with a pressure difference of
138 MPa. Unbroken cells and debris were removed by an-
aerobic centrifugation at 100,000 x g for 1 h.

Enzyme assays

All enzyme assays were done anaerobically at 30°Cin 1.5 ml
glass or quarz glass cuvettes (d = 1 cm) with rubber stoppers
containing 1 ml of anaerobic reaction mixture and cell ex-
tract (0.1—0.5mg of protein). Gas phase was nitrogen.
Routinely the enzyme activities were followed photo-
metrically as follows: Cyclohexanol dehydrogenase: Tris
HCl pH 7.8 (100 mM), NAD* (0.8 mM) plus alicyclic
alcohols (1 mM) (forward reaction) and NADH (0.8 mM)
plus alicyclic ketones (1 mM) (back reaction), respectively;
absorbance change at 365 nm was measured. Cyclo-
hexanone dehydrogenase: Tris HCI pH 7.8 (100 mM), 2,6-
dichlorophenol indophenol (100 uM), cyclohexanone
(1 mM) or other cyclic ketones (1 mM); absorbance change
at 578 nm was followed. 2-Cyclohexenone hydratase and
3-hydroxycyclohexanone dehydrogenase: Tris HCI pH 7.8
(100 mM), methylene blue (50 pM), 2-cyclohexenone
(1 mM); absorbance change at 578 nm was determined. 1,3-
Cyclohexanedione hydrolase: Tris HCI pH 7.8 (100 mM),
1,3-cyclohexanedione (50 —100 uM), absorbance change at
276 nm was followed. In addition to the photometric assays,
substrates and products of the enzymatic reactions were
analyzed by various chromatographic methods (see below).
Cyclohexanone oxygenase was measured as described by
Donoghue and Trudgill (1975) by following the oxygen and
cyclohexanone dependent NADPH oxidation at 365 nm and
30°C. Malate synthase and isocitrate lyase were measured
as described by Dixon and Kornberg (1959).

Chromatographic methods

Preparation of samples. Typically enzyme reactions (1 ml
assay mixture) were terminated by injection of 50—100 pl
H,S0, (50% v/v) and protein was removed by centrifuga-
tion. For thin-layer chromatography and gas-liquid chroma-
tography the reaction products additionally were extracted
with chloroform. Solutions of acidic reaction products were
first methylated according to the procedure of Laanbroek
etal. (1977) and then extracted with chloroform. The chloro-
form layer was evaporated to small volume for thin-layer
chromatography (TLC).

Identification and determination of reaction products:
Alicyclic compounds, the methylester of 5-oxocaproic acid
and phenol were assayed by TLC, gas-liquid chromatog-
raphy (GLC) and high-performance liquid chromatography
(HPLC). GLC and HPLC were performed essentially as
described in a previous paper (Dangel et al. 1988). A
1.8 mx3 mm glass column was packed with either SP
1,000 + 1% H,PO, (oven temperature 120°C, N, carrier
gas 25 ml - min~*) (I) or Carbowax 20 M (oven temperature
110°C, N, carrier gas 35ml - min~*) (II). The retention
times in min were (system in parenthesis): Cyclohexanol 2.8
(D), 4.4 (I1); cyclohexanone 2.0 (I), 3.1 (I); 2-cyclohexenone
3.5 (1), 5.5 (I); 1,2-cyclohexanediol (trans) 66.0 (1I); 2-
hydroxycyclohexanone dimer 6.9 (I}, 11.4 (II); e-capro-
lactone 21.5 (I), 37.3 (II); 5-oxocaproic acid methylester
9.5 (I), 17.0 (II). Reversed phase HPLC with UV detection

(254 nm) was performed on a p-Bondapak C 18-column
(Waters) with isopropanol-ammoniumacetate  buffer
(100 mM pH 4.3) as solvent at a flow rate of 1 ml - min~*.
The retention times in min were: 1,3-Cyclohexanedione 3.2;
2-cyclohexenone 4.6; phenol 7.3. Thin-layer chro-
matography of cyclohexanone, 2-cyclohexenone and
the methylester of 5-oxocaproic acid was carried out on
0.2 mm thick layers of Kieselgel 60 developed with ethyl-
acetate/toluene (5/2, v/v) (I) or with chloroform (100%) (11).
The Re-values were (solvent in parenthesis): Cyclohexanone
0.52 (1), 0.35 (II); 2-cyclohexenone 0.43 (I), 0.26 (ID); 5-
oxocaproic acid methylester 0.46 (I), 0.21 (II); e&-
caprolactone was not detectable. Compounds were detected
by spraying with 0.4% (w/v) 2,4-dinitrophenylhydrazine in
2 M HCI and observing the yellow derivatives thus formed.
In GLC and HPLC analysis, peak areas were integrated with
a Hitachi integrator.

Native PAGE and cyclohexanol dehydrogenase
activity staining

Native polyacrylamide gel electrophoresis (PAGE) was
performed according to Laemmli (1970) in 8% gels. Extracts
(100,000 x g supernatant) of cyclohexanol grown cells con-
taining cyclohexanol dehydrogenase activity (0.8 pmol
-min~*! - mg~! protein) and a standard protein calibration
kit (Pharmacia, Freiburg, FRG) containing tyreoglobulin
(690,000), ferritin (440,000), katalase (232,000), lactate de-
hydrogenase (140,000), bovine serum albumin (67,000) were
applied. For activity staining the gel was transferred into
40 ml of 30 mM Na-pyrophosphate buffer pH 8.8 contain-
ing NAD?' (40 mg), phenazine methosulphate (0.4 mg) and
nitro blue tetrazolium chloride (10 mg). The staining reac-
tion was started with cyclohexanol (1 mM), 1,2-cyclo-
hexanediol (trans) (1 mM) or 1,3-cyclohexanediol (cis, trans)
(1 mM), respectively. When bands appeared, the staining
mixture was replaced by water. Standard proteins were
visualized by Coomassie blue staining. Protein was deter-
mined using the Microbiuret method (Goa 1953) with bovine
serum albumin as standard.

Results

It was proposed that in the Pseudomonas species strain K 601
anaerobic cyclohexanol (I) metabolism proceeded via the
intermediates cyclohexanone (II), 2-cyclohexenone (III), 3-
hydroxycyclohexanone (IV), 1,3-cyclohexanedione (V) and
5-oxocaproic acid (VI) (see Discussion, Fig. 2). The enzymes
catalyzing these hypothetical reactions have been searched
for in extracts from cells anaerobically grown with
cyclohexanol plus nitrate.

Enzymes of anaerobic cyclohexanol metabolism

All enzymes required for the postulated pathway were de-
tected (Table 2). As will be shown (see Discussion) their
specific activities could account for the specific growth rate
with this alicyclic substrate. All enzymes were detected in the
100,000 x g supernatant of cell extract, and enzyme activities
were not affected by oxygen. Routinely, activities were deter-
mined at 30°C (growth temperature, 28°C) in 100 mM Tris
HCl buffer pH 7.8. The enzyme activities were stable for
several days when extracts were stored frozen at —20°C.



Table 1. Substrate specificity of cyclohexanol dehydrogenase ac-
tivity in cell free extracts of Pseudomonas sp. K 601. The percentage
refers to a specific activity of 0.8 pmol cyclohexanol oxidized -
min~! - mg~! protein = 100% (forward reaction) and 1.9 pmol
cyclohexanone reduced - min~* - mg™! protein = 100% (back

reaction), respectively

Substrate (1 mM) Activity (%)
With NAD (forward reaction)

Cyclohexanol 100
2-Cyclohexenol 142
1,2-Cyclohexanediol (trans) 15
1,3-Cyclohexanediol (cis, trans) 14
1,4-Cyclohexanediol 36
1,2-Cycloheptanediol (trans) 25
1-Hexanol 7
{-Heptanol 32
With NADH (back reaction)

Cyclohexanone 100
2-Cyclohexenone 1
Cyclopentanone 4
Cycloheptanone 10
2-Hydroxycyclohexanone (dimer) 50
1,3-Cyclohexanedione (in MES 100 mM pH 6.0) 3
1,2-Cyclohexanedione 3
1,4-Cyclohexanedione 240

Not metabolized were the following compounds. Forward reaction:
2-hydroxycyclohexanone (dimer); 1,3,5-trihydroxycyclohexane (cis,
cis); menthol; EtOH, 1-propanol, 1-butanol, 1-pentanol. Back reac-
tion: e-caprolactone; 2-cyclopentenone; 1,3-cyclohexanedione (in
Tris pH 7.8); 1,3-cyclopentanedione; 5-oxocaproate

Cyclohexanol dehydrogenase

Cells contained a NAD* dependent alcohol dehydrogenase
which was specific for alicyclic alcohols and oxidized
cyclohexanol to cyclohexanone. Enzyme activity with
NADP™" as cosubstrate was less than 5% of that with
NAD™. A stoichiometry of 1 mol NADH oxidized per mol
cyclohexanone reduced was observed in the reverse reaction
(data not shown). Under saturating substrate concentrations
the cyclohexanol dehydrogenase had a specific activity (pH
7.8) of 0.8 pmol cyclohexanol oxidized - min~! - mg ™! pro-
tein, with NADH of 1.9 umol cyclohexanone reduced
-min~! - mg~?! protein.

In addition to cyclohexanol and cyclohexanone also ali-
cyclic diols were oxidized and vice versa alicyclic diketones
were reduced, although only the 1,3-cyclohexanediol (cis,
trans) and 1,3-cyclohexanedione served as growth substrates
(Table 1). 1,2-Cyclohexanediol (trans), 1,3-cyclohexanediol
(cis, trans) and 1,4-cyclohexanediol were oxidized. In the
back reaction a stoichiometry of 2 mol NADH oxidized per
mol 2-hydroxycyclohexanone dimer or per mol 1,4-cyclo-
hexanedione was observed; thus both keto groups were re-
duced. 1,2-Cyclohexanedione and 1,3-cyclohexanedione
(pH 6) were reduced only very slowly; in addition 1,3-
cyclohexanedione was rapidly hydrolysed (see below), and
therefore a stoichiometry could not be established. The en-
zyme activity was not specific for the Cq ring; cyclohexanol,
1,2-cycloheptanediol (trans) were oxidized and cyclo-
hexanone, cyclopentanone, cycloheptanone were reduced,
respectively.
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Although it has not been proven several experimental
results suggest that these reactions were catalyzed by one
enzyme with relatively low specificity towards the alicyclic
alcohols and ketones. First, native PAGE and activity stain-
ing revealed one main activity band and a weak second
band when assayed with cyclohexanol, 1,2-cyclohexanediol
(trans) and 1,3-cyclohexanediol (cis, trans). The minor band
comigrated with lactate dehydrogenase standard (M,
140,000); the main activity banded at somewhat higher mo-
lecular weight. Second, under saturating cyclohexanol con-
centration the addition of all three cyclohexanediols did not
increase the rate of NAD™ reduction. The cyclohexanol
dehydrogenase activity exhibited a pronounced pH opti-
mum at pH 10 in glycine-NaOH buffer (approximately
2.5 pmol cyclohexanol oxidized - min~! - mg~ ! protein) and
was rapidly inactivated above pH 10.5. The pH dependence
of the back reaction was inverse with an optimum below pH
7. The apparent K, values of the physiological substrates
were 50 uM cyclohexanol and 40 uM NAD™.

Cyclohexanone dehydrogenase

Cell extracts catalyzed a cyclohexanone dependent reduction
of 2,6-dichlorophenol indophenol (DCPIP); NADY,
NADP?*, or methylene blue were not reduced. Substrate
consumption and product formation were also analyzed by
chromatographic methods. The reaction product chroma-
tographed with authentic 2-cyclohexenone in three inde-
pendent chromatographic systems, thin layer chromatog-
raphy, gas liquid chromatography and HPLC. The specific
activity of cyclohexanone dehydrogenase in Tris-HCI buffer
pH 7.8 was 0.3 pmol cyclohexanone oxidized - min~* mg ™ *
protein. The specific activity at the pH optimum of pH 9.6
was 0.7 pmol - min~* - mg~! protein. Under non-saturating
DCPIP concentration (50 pM) half maximal enzyme activity
was obtained with 0.16 mM cyclohexanone. The reaction
product 2-cyclohexenone (1 mM) inhibited the oxidation of
cyclohexanone (1 mM) almost 4-fold. In addition, 2-cyclo-
hexenone was oxidized with DCPIP to phenol at a rate
approximately 1/3 of that of cyclohexanone oxidation. Con-
sequently, addition of 2-cyclohexenone to the cyclohexanone
dehydrogenase assay diminished the DCPIP reduction rate,
whereas vice versa, addition of cyclohexanone to the 2-
cyclohexenone dehydrogenase assay increased the DCPIP
reduction rate. The final DCPIP reduction rate in both
experiments was identical and was the same as in an assay
which contained both compounds from the beginning. Since
phenol cannot be metabolized by this strain it is believed
that 2-cyclohexenone oxidation is a side reaction of
cyclohexanone dehydrogenase. This is supported by the
identical alkaline pH optimum of both reactions,
cyclohexanone and 2-cyclohexenone oxidation. With 1,2-
cyclohexanedione (1 mM) a 4.3 times lower and with 1,4-
cyclohexanedione (1mM) a 2.4 times higher DCPIP re-
duction rate as compared with cyclohexanone (1 mM) was
observed. 1,3-Cyclohexanedione, 2-hydroxycyclohexanone
dimer, e-caprolactone, cyclopentanone, 2-cyclopentenone,
cycloheptanone or succinate were not oxidized nor were they
inhibitory.

2-Cyclohexenone hydratase
and 3-hydroxycyclohexanone dehydrogenase

Extracts catalyzed a 2-cyclohexenone (1 mM) dependent
methylene blue reduction; NAD' and NADP* were not
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Table 2. Specific activities (umol alicyclic substrate consumed - min ~* - mg ™! - protein) of enzymes in 100,000 x g supernatant involved in

the degradation of cyclohexanol in the Pseudomonas species strain K 601

Enzyme Specific activity in extracts of cells
Anaerobically grown Anaerobically grown Aerobically grown
with cyclohexanol with succinate with cyclohexanol
Cyclohexanol dehydrogenase 0.80 0.004 0.31
Cyclohexanone dehydrogenase 0.30 0.003 0.10
2-Cyclohexenone hydratase and
3-hydroxycyclohexanone dehydrogenase 0.27 n.d. 0.18
1,3-Cyclohexanedione hydrolase 0.20 n.d. 0.068
Cyclohexanone oxygenase® 0.01 n.d. 0.100

2 Cyclohexanone oxygenase was assayed as described by Donoghue and Trudgill (1975); n.d., not detectable
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Fig. 1. Aerobic growth of the Pseudomonas strain K 601 with
cyclohexanol (3.7 mM). NH,Cl was added as nitrogen source. The
culture grew in 100 ml mineral salts medium in a 300 ml Erlenmeyer
flask on a rotary shaker at 150 rpm and 28°C. (O) Cell density, (A)
cyclohexanol, (M) cyclohexanone, () 1,3-cyclohexanedione

reduced. The reaction product cochromatographed on
HPLC with authentic 1,3-cyclohexanedione. Also, a 1,3-
cyclohexanediol (1 mM) dependent methylene blue re-
duction was observed provided that NAD* was simulta-
neously present as electron acceptor for cyclohexanol de-
hydrogenase. This effect can be explained by NAD * serving
as electron acceptor for cyclohexanol dehydrogenase which
would oxidize 1,3-cyclohexanediol to 3-hydroxycyclo-
hexanone; 1,3-cyclohexanedione was identified as the reac-
tion product also in this experiment. The specific activity at
pH 7.8 was 0.27 umol 2-cyclohexenone converted into 1,3-
cyclohexanedione - min~' - mg™! protein. With methylene
blue as electron acceptor phenol was not formed from 2-
cyclohexenone. These results are consistent with the hypo-
thesis that 2-cyclohexenone hydratase catalyzed the addition
of water to the double bound of 2-cyclohexenone. This is
followed by oxidation of the resulting hydroxyl group in 3-
hydroxycyclohexanone to the keto group in 1,3-cyclo-
hexanedione, catalyzed by 3-hydroxycyclohexanone dehy-
drogenase. This enzyme could use DCPIP as well as methyl-
ene blue as electron acceptor. Since 3-hydroxycyclo-

hexanone is not commercially available both enzymes were
measured in one assay starting from 2-cyclohexenone. In
this assay methylene blue rather than DCPIP was used as
artificial cosubstrate since DCPIP was also reduced in a 2-
cyclohexenone-dependent reaction; this reaction, however,
was catalyzed by cyclohexanone dehydrogenase and would
result in phenol formation.

2-Cyclopentenone (1 mM) completely inhibited the 2-
cyclohexenone-dependent methylene blue reduction. Since
the hydratase and dehydrogenase reactions could not be
followed in separate assays it remains unknown which step
was inhibited. Since inhibition was immediately abolished by
increasing the 2-cyclohexenone concentration, the hydratase
reaction was probably affected by this analogue. During
the 2-cyclohexenone-dependent methylene blue reduction
catalyzed by the extracts a further reaction product was
formed, 5-oxocaproic acid. It was assumed that this was
a fission product of 1,3-cyclohexanedione. Therefore, the
cleavage of 1,3-cyclohexanedione was investigated.

1,3-Cyclohexanedione hydrolase

Cell extracts catalyzed a hydrolytic cleavage of 1,3-cyclo-
hexanedione. The reaction product after methylation co-
chromatographed in two systems, thin-layer chromatog-
raphy and gas liquid chromatography, with the authentic
methyl ester of 5-oxocaproic acid. It was assured that the
chemical derivatization procedure did not result in cleavage
of 1,3-cyclohexanedione. The 1,3-cyclohexanedione hydro-
lase had an apparent K,, for 1,3-cyclohexanedione of 70 uM;
0.65 pmol 1,3-cyclohexanedione were cleaved - min~*
-mg~ ! protein at the optimal pH of 7.1. The enzyme activity
was specific for 1.3-cyclohexanedione. 1,4-Cyclohexane-
dione, 1,2-cyclohexanedione, 1,3-cyclopentanedione, 1,3-
dioxo-5-hydroxycyclohexane (dihydrophloroglucinol), and
the 1,3-cyclohexanedione herbicide cycloxidim (a gift from
Dr. Pawliczek, BASF) were not cleaved. 1,2-Cyclo-
hexanedione (20 uM) acted as an inhibitor of 1,3-cyclo-
hexanedione hydrolase. Inhibition was reversed by increas-
ing the substrate concentration. Inhibitors of aldolase reac-
tions such as EDTA or borohydride in combination with
the substrate had no effect. The reaction was not stimulated
by coenzyme A suggesting a hydrolytic rather than thiolytic
substrate cleavage.
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Induction of the enzymes

All the assayed enzymes were induced by growth of
Pseudomonas strain K 601 on cyclohexanol. However, the
specific activities were generally three times lower in
aerobically grown cells (Table 2). In cells anaerobically
grown with succinate plus nitrate the activities were
maximally 1% of that of cells anaerobically grown with
cyclohexanol plus nitrate.

Aerobic growth with cyclohexanol

In order to test whether the proposed pathway for
cyclohexanol metabolism was also used under aerobic
growth conditions, the aerobic growth with cyclohexanol
was studied (Fig.1). The specific growth rate p was
approximately 5.9 x 10™* - min ! (2 h generation time). The
culture supernatant was analyzed for substrate and pro-
ducts. Only smail amounts of 1,3-cyclohexanedione (40 pM)
and of cyclohexanone (130 uM) were transiently formed
from cyclohexanol (3.7mM), but no phenol or 2-
cyclohexenone could be detected. The same holds true for
growth with cyclohexanone in which case little cyclo-
hexanol instead of cyclohexanone was transiently formed.
Crude extracts of aerobically cyclohexanol-grown cells
(100,000 x g supernatant) catalyzed an oxygen and
cyclohexanone dependent NADPH-oxidation at pH 9.0 and
30°C, suggesting that a cyclohexanone oxygenase as de-
scribed by Donoghue et al. (1976) is active under aerobic
conditions. The specific activity was 0.1 pumol NADPH
oxidized - min~! - mg~! - protein in crude extracts from
aerobically grown cells. In extracts of anaerobically grown
cells this activity was only moderate (Table 2).

Key enzymes of the glyoxylate bypass

It is proposed that the cleavage product of anaerobic
cyclohexanol degradation, 5-oxocaproic acid, is further
metabolized by f-oxidation to 3 molecules of acetyl CoA.
Many, though not all, organisms when growing on fatty
acids, use the glyoxylate bypass as anaplerotic reaction
(Kornberg and Krebs 1957). The key enzymes of this bypass,
isocitrate lyase (E.C. 4.1.3.1) and malate synthase (E.C.
4.1.3.2), were observed with sufficient specific activities in
anaerobically, cyclohexanol-grown cells. The specific ac-
tivity of isocitrate lyase was 0.064 pmol isocitrate cleaved to
glyoxylate and succinate - min~! - mg™*! protein, and of
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Fig. 2

Proposed pathway of anaerobic degra-
dation of cyclohexanol by the denitrifying
Pseudomonas spec. strain K 601. Com-

H0 COOH pounds: 7 cyclohexanol, /I cyclohexanone,
Z.\_. CH 3 II1 2-cyclohexenone, IV 3-hydroxycyclo-
0 hexanone, ¥ 1,3-cyclohexanedione, V1 5-

o oxocaproic acid, VII phenol. Enzymes: (a)

Cyclohexanol dehydrogenase; (b)
cyclohexanone dehydrogenase; (¢) 2-cyclo-

3 CH3- C':O hexenone hydratase; (d) 3-hydroxycyclo-
SCoA hexanone dehydrogenase, (e) 1,3-cyclo-
‘ hexanedione hydrolase
CCy

malate synthase 0.28 pmol malate formed from acetyl CoA
and glyoxylate - min~' - mg ™! protein.

Discussion

In this contribution all essential enzymes required for an-
aerobic metabolism of cyclohexanol by a denitrifying bac-
terium tentatively ascribed to the genus Pseudomonas have
been demonstrated in vitro. The proposed pathway (Fig. 2)
involves oxidation of the alcoholic function, introduction of
a double bound in ¢— f position to the carbonyl function,
addition of water resulting in a -hydroxyl group, its oxi-
dation to 1,3-dione, and hydrolytic cleavage of the carbon
bond between the two ketone functions.

Several arguments are in favour of the suggested path-
way:

1. The organism is able to grow with each of the postu-
lated intermediates of the pathway: cyclohexanol, cyclo-
hexanone, 2-cyclohexenone, 1,3-cyclohexanedione, 5-oxo-
caproic acid; 3-hydroxycyclohexanone was not available for
testing. This argument does not hold for hypothetical inter-
mediates of other suggested pathways (Bakker 1977; Wil-
liams and Evans 1975).

2. Several intermediates have been found during growth
in the culture medium, and the kinetics of their appearance
and consumption are fully consistent with the proposed
order of reactions.

3. The enzymes are induced by cyclohexanol under an-
aerobic conditions and, less pronounced, under aerobic con-
ditions.

4. In vitro the specific activities of all enzymes tested
were higher than that of the overall rate of cyclohexanol
metabolism by anaerobically growing cells. From the equa-

. d. .
tion — j; = % X a specific rate of cyclohexanol consump-

tion can be calculated amounting to 0.06 pmol cyclohexanol
min~! - mg~! protein (specific growth rate constant y =
1.65 - 1072 - min™") (7 h generation time); molar growth
yield ¥ = 58 gdry cell material formed per mol cyclohexanol
metabolized (partly to phenol); the protein content of dry
cell material was assumed to be 50%. In addition, the sub-
strate concentrations for half maximal enzyme activities
were in a physiological range.

5. The proposed enzymic reactions are variations — yet
interesting ones — of known biochemical principles and
appear to be sound in that respect.
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6. The demonstration of key enzymes of the glyoxylate
bypass offers an explanation how 5-oxocaproic acid is
further metabolized by f-oxidation to 3 molecules of acetyl
CoA.

None of the enzymes has been purified and, except for
cyclohexanol dehydrogenase (E.C. 1.1.1.-), has been re-
ported before. Several aspects of anaerobic cyclohexanol
metabolism remain to be studied: So far the electron ac-
ceptor of cyclohexanone dehydrogenase and of 3-
hydroxycyclohexanone dehydrogenase as well as the

“stereochemistry of some reactions cannot be specified. This
study was also not aimed at clarifying how cyclohexanol
was utilized aerobically. The transient formation of 1,3-
cyclohexanedione — though in low concentrations —
suggests that cyclohexanol may partly be oxidized by the
suggested anaerobic pathway even under aerobic con-
ditions; the enzymes required were shown to be oxygen-
insensitive. Although the level of most enzyme activities
was 2—3 times lower under aerobic conditions, the specific
activities would possibly be sufficient. In addition, we ob-
served an oxygen- and cyclohexanone-dependent NADPH
oxidation by crude extract from aerobically grown cells,
suggesting that a cyclohexanone oxygenase as described by
Donoghue et al. (1976) is active under aerobic conditions.

Cyclohexanol dehydrogenase appears not to be specific
for cyclohexane derivatives but also alicyclic Cs-, or Cs-
rings as well as 1-hexanol and 1-heptanol are slowly
oxidized. Similar catalytic propertics as well as the alkaline
pH optimum have been reported for cyclohexanol dehydro-
genase (measured in the direction of alcohol oxidation) from
aerobic bacteria (Donoghue and Trudgill 1975, Trower et
al. 1985).

Cyclohexanone dehydrogenase, an oxidoreductase act-
ing on the CH-CH group (E.C. 1.3.—-), catalyzes a reaction
common for many flavoproteins. The enzyme does not cou-
ple with pyridine nucleotides; it is probably responsible for
the gratuitous production of the dead-end product phenol
by oxidizing unspecifically also 2-cyclohexenone. 2-Cyclo-
hexenone is known to be rather toxic (Fischman et al. 1981;
Chung et al. 1988). Surprisingly, this enzyme would not
react with the corresponding ketones of cyclopentane or
cycloheptane. It would be interesting to study the evolutio-
nary relationship of that enzyme and also of 2-cyclohexenone
hydratase, a carbon-oxygen lyase (E.C. 4.2.1.-), to the en-
zymes involved in f-oxidation of fatty acids.

3-Hydroxycyclohexanone dehydrogenase, an oxidore-
ductase acting on the CH-OH group in S-position to the
carbonyl group (E.C. 1.1.—-) is not a common pyridine
nucleotide dependent alcohol dehydrogenase. In vitro,
DCPIP (E,/ = + 0.27 V) and methylene blue (E,’ = +
0.011 V) served as electron acceptor. A relatively positive
electron acceptor, e.g., a quinone or cytochrome, may be
required to ensure the complete oxidation of the acidic
alcohol function in S-position to the keto function.

1,3-Cyclohexanedione hydrolase catalyzes a less com-
mon hydrolytic reaction resulting in the cleavage of a
carbon-carbon bond (E.C. 3.7.—-). This reaction appears
to be irreversible in aqueous solution. The chemical reaction
would require heating at 100°C in 2 M NaOH (Meek et al.
1953). The active species of 1,3-cyclohexanedione, which
may exist in 4 isomeric (diketo, dienol, ketoenol, keto-
enolate) forms (Meek et al. 1953), is not known. There are
very few carbon-carbon hydrolases; they mostly catalyze the
hydrolysis of 3-oxocarboxylic acids. One interesting parallel

is the cleavage of dihydrophloroglucinol which has recently
been reported (Krumholz et al. 1987). The enzyme in our
strain had a different substrate specificity. '

The bacterial anaerobic metabolism of cyclohexane de-
rivatives may be of interest for several reasons. First, the
anaerobic degradation of aromatic compounds most likely
proceeds via reduction of the aromatic nucleus resulting in
a cyclohexane or cyclohexene derivative (for reviews see
Berry et al. 1987; Evans and Fuchs 1988). Principles similar
to those disclosed by this work may be underlying the final
steps of the anoxic aromatic metabolism. Second, several
herbicides and pesticides, besides many naturally occuring
compounds, are alicyclic compounds. The knowledge of
their anaerobic metabolism therefore is of some practical
significance. Third, as shown here the anaerobic metabolism
of cyclohexanol introduces a double bound, and the
hydratase reaction may lead to a stereospecific addition of
water (e.g., giving the trans-hydroxy sterecoisomer). Some of
the enzymic reactions may turn out to be technologically
useful.
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