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111Kr\'s JouR\A1.4,197-207 (1961)

Metabolism of Cyclohexane-Di01-(I, 2) -Trons
by a Soil Bacterium ( I )

Cyclohcxanc-di01-(1.2)-/, an, \\, as shown 10 be nletabolizcd 11y an adapiivc cnzyit\c systcit\ In
PJ, ,idol, ,und, ". C-4. CH-dionc was fomtccl froitt CHD by dehydrogcnase (s), ancl iis cyclohcxanc
ring \\, as clea\. CLI by a hydrasc, 101'ming adjpic acid aid adjpic acid scmialdeltydc

The cnzymcs participating in CHD nLctabolism were namccl CHD dubydrogciiase, (CH-cnc-o1
dallydrogcnasc), CH-dionc hvdrasc anti adjpic aci"I scmialclchydc tichyclrogcnasc, respectively

Of thesc enzymcs, Ihc clcltyclrogenascs rcquircd DP\ as a cofactor' anti 11Te ityrliase rcqiurcd
some unl<nown cofactor

T/Ie Di"moil of I\{e!'60/1t, 11, The I, 1,111i!!e/or
Prom^! Ref, flych, Omka Uni, e/Ji'0, , Oldka
(R, tel, ,of/o1/11b!!tall'o11, Jing!,$! 28, 1961)

YAsuMi YuoARi

The IJcnzene 1.1ng or cateclTol Is cleaved, forming ciJ, c!J-inuconic acid, I)y
p}, rocatechase, which requires reri'ous 10n as its only cofactor. Pyrocatcchase,
\vhiclT \\, as discovered in this laboratory, (Hayaishi and Hashimot0, 1950), I}as
I)Gen IJurified 10 a considerable extent, and its cllaractcristics have I)Gen reported
I. eccntly (Suda and Hashimot0,1951; Tokuyama at n1. , 1956; Tokuyama at a!.,
1957). It is of interest to kno\\, whether the cyclohexane ring or cyclohcxanediol-
(I, 2) is metal1011zcd in a similar way to the benzene ling of catechol.

Althouolt 11cc/obn, /ei J"boxidni!r metabolizes cyclohexane-di01-(I, 2)-c!$ and-/! nilJ
and releases cvclohexanone-o1 nito the cullure medium, studies on subsequent

metaliolisnT have ILOt IJcen reported (Posternak at at. , 1955)
This communication descrilies the pathway of degradation of cyclohexane-

di01-(I, 2)-/I'fillr I)y a soil IJacteria, PJe!!do moild351). C-4, and some or the characteris-
tics or the enzymes involved in this metabolism.

sui\txiARY

INTRODUCTION

,

I. B"c/, lid! Jinircc and ex!!at!1011 qf e"<line$

Pm!chino"",. y, . C-+ wasisolatcLl from soil with the following medium: 3.0 g CHD, 3.0 gl<H2P04

The abbriviation used in 111is paper are : CHD, cyclohexane-di01- (1.2) ; CH-one-o1, cyclohcxa-
none- (1)-o1-(2) ; CH-dionc, cIClohexai, edione- (1.2) ; Tris, tris- (hydrox\methyl) aminomcthai, e
chlori, IC

MATERIALS J\\D A1ETHODS
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3.0 g Na2HP04,0.2 g MgSO4 and 0001 g F. So4-7H20 (perlit. ,). Th, pH war adjusted to 7.2.
Triocula were grown on 0.5 per cent peptone broth supplemented with 0.3 per cent CHD, at 30'0
with shaking. After 14 hours incubation, the cells were collected (average vield, 7 g wet weight of
cells per liter of medium). The pellet was ground with alumina W-800 (Wako Pure Chemicals),
extracted with 5 \, o1umes of 0.02 M Tris-HCl buffer (pH 7.5) and centrifuged at 6,000 x g for. 15

The supernatant was centi iruged again at 105,000 x g for 30 minutes and the supernatantminutes

was used as the crude extract. Similar extracts weie obtained by disruption of cells in 9 KG Ray-
the on sonic oscillator.

Nucleic add was removed from the crude extract by the addition of 0. I \, o1ume of 5 per cent
streptomycin and the extract was fractionated using saturated ammonium sulphate solution (pH 6.5).
The enzyme activities in each fraction were estimated. The crude extract was centrifuged at 105,000
x g for' 30 minutes and then treated with O. I volume of 5 per cent streptomycin, as described above.
To the supernatant, saturated ammonium sulfate (pH 6.5) was added. Activity was shown as a total
units in each fraction. Activity units are: for. dehydrogenases, increase or optical density at 340
run per minutes ; for' CH-dione hydrase, 141 of CO2 released from bicarbonate-CO2 medium (PI{ 7.5)
in the first 15 minutes. For the measurement of CH-dione hydrase activity in each fraction, 0.2 inI
of condensed dialysate was added to the reaction medium. The results are presented in Table I.

Table I. Distribution of Enzyme Activities in Ammonium Sulfate Fraction

YUGARl

Ammonium sulphate saluroiion

CHD dehydrogenose

Adjpic acid semioldehyde
dehydrogenose

Ammonium sulphate solu ration

CH-dione hydrose

2. Sub, !rn!, J and co- enzyme$

CHD-!,""r was kindly supplied by Sumitomo Chemicals Co
Cyclohexanone- (11-o1-(2) was synthesized from cyclohexanone. Commercial cyclohexanone

was distilled twice and 80-100'C fraction was collected (14 mm Hg). To this cyclohexanone, water
was added and then a calculated amount of bromine \\. as added dropwise \\, hile stirring the mixture
in an ice water bath. After the reaction ceased, bromocyclohexanone was extracted from the aqueous
layer witll henzeile and washed twice with water. After drying the extract with Na2S04, the benzene
was removed, and the bromo-cyclohexanone was hydrolysed in an aqueous SOILition of K, Co at room
temperature for' 6 hours, and the crystals formed were dried over silica gel and recrystallized from
absolute ethanol (in. p. 104'C). Elementary analysis gave \, alues consistent with the cyclohexanone-
(1)-. I-(2)

a 63.16 96, H : 8.77 %Thoretical :

C: 62.7 orFonud; H : 8.97 %
Formula ; CGHi002
Cyclohexane-dione- (1.2) was synthesized from cyclohexanone by oxidaiioiT with SeO z (I{ach

61 a!., 1959), aitd stored'in a refrigerator in the dark.
Adjpic acid semialdehyde was synthesized from adjpic acid as follows. Adjpic acid diester,

prepared from adjpic acid, was hydrolysed to mono-ethylester, and mono-ethyl mono-chloroadipaie
was obtained by a reaction of this compound with Soe Clg, and reduced with H2 using silk-paladium
as a catalyst (Izumi, 1959). The adjpic acid semialdehyde ethyl estei. \\, as hydrolysed by boiling
willl AmberlitelR-120 (H'), and ethanol was removed. This was stored in the deep-freeze.

O-33%

I o, 088
0088

33-4506

O-20%

3.42

99

0380

45-55%

20-40%

O . 536

2802

0952

55-70%

40-60%

O . 715

5473

3770

60-80%

928



METABOLISiVI OF CYCLOHEXANE-DJOL

Dpi\; was purchased from Sigma Chemicals Co
Adjpic acid and all other chemicals weie obtained from commercial sources

3. E"<I'me aJJn),

For' the assay, of dchydrogenases, the reaction mixture coi. laincd (in 11 moles) ; DPN, 0. b;
nicotinamide, 30; substrate, 30; pyrophosphate buffer' (pH 8.0), 100 and an appropriate amount
of enzyme in a 3 inI quartz cell (I cm light path) and the volume \\, as adjusted to 3.0 in I with water
The reaction was initiated by the addition of the substratc and the increase in absorption at 340 in {
was read e\, ery 15 sec. at room temperature (24-26'0) using Hitachi spectiophotometer, model
EPU-2. For the control, the substrate was replaced by the same volume or\\, ater

ACicl production was measured manomctrically at 30'0. The following coinponcnts were added
in warburg flask (inn in o1cs) ; NaHC0", 63 ; CH-dione, 10 ; and an appropriate amount or crudc
cxtract and HgO to a total volume of 3.0 in I. The gas phase was Co g : N2 or Co g : air (5 :95, \;IV)
The pH was 7.5 The control flask contaiited no substrate. Activity was expi'CSSccl as 111 of CO2
released in the first 15 minutes o11ncubation

Total reducing capacity was estimated with FChling's solutioit nlodinecl by Netsoil (1944)

Paner thJo"kilogr"/, Ay V

AClipic acicl scmialdchydc \\, as for'med nom CH-dionc enzymatically in the following ICaction
1.0 ink, I of phosphate btilTu. (pH 8.0). 10 11Nl of CH-dioilc, 3.0 inI or coilrlcnsccl dialysate,mixiurc :

1.3 ing or plotcin, preparecl by (NH4) 2S04 fractionalion (33-45 per ccnt) antl by sircptomyciit trcal-
merit, antl HgO to a final \, Glume of 30 inI. After 90 minutes of inclubaiion at 30'C the rcaciion

was stopped I, y adding 20 InI or 10 PCr cent TCA. From the centi'irugcd supernatant, adjpic acid
scmialdchyde bydi'azonc was PLCparcd by the addition of half a \, o1umc of O. I per cent 2.4-dinitrophenyl
hydrazinc (in N HCi). Thc mixture was incubatcd for. 20 minutcs at 30'C, stored in a refrigerator
ovcrnight and tilen titc Itydrazonc was extracted willt ethyl acetatc. The solvent system uscd and the
Rlvalucs or Ihcllydrazonc obtained arc sito\viT in Table 2

For the iso1atioiT or adjpic acid, the following rcaction ntixiurc was Liscd; phosphate I, uner
(pH 7.5) 3 ink{. CH-dionc 4001/1\. I. CTtide exti'act 200 rug, 101a1 \, o1umc 60 inI. IVici 2.5 hoursincu-
ballon at 30'0, adjpic acid was exiractcd from the reacrioil mixturc willl cihyl aceiatc after the pro1Cin
hatl bcciT removed with 4 per cent TCA. The Rr \, alucs of adjpic acid are showil in Tablc 2. As
Ihc color tlcvcloping reagent for adjpic acid, aqucous solutioi, of sodiun\ 2- (2.4-diniLrophcilyl)-azo-

Table 2. The Rf Values of the Reaction Products

4
^::;.

,

199

2.4. Diniirophenyl
hydrazone

o1

adjpic acid
semioldehyde

n-but on o1, ethanol. N NH40H
17.1.21

150-amyl alcohol. eihonol. N NH40H
17.3.21

p elroleuin eiher, eiha n o1
120. 801

pelroleum eihe r. chlo roIo rin, g FD ciol
acetic acid
120, I, 51

: n-proponol. conc. NH40H
16, 41

n-bulonol, formic acid, H20
I 17, 3, 21

Adjpic acid

Solvent sysiem

Rf values

ReactionAUIhenlic

sample I product

O . 62 0.62

0.55

0.92

0.46

0.56

0.55

O . 93

O . 88

046

O . 54

083
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I-naphthol-3.6-disu110nate was used at pH 7.0 (Kobayashi, 1957). \\nilT the clye, acids show up
as yello\\, spots against a blue background. The color is stable for. several hours.

RESULTS

I. Pie/finiiiaLy cxp, limei!/$ coilh roofhed cell JuspenJion
The enzymes required for. the metabolism of CHD were formed adaptive Iy

in cells of PJei{chinoiia$ JP. , C-4. The IJacterial cells were grown for. 14 hours on
peptone IJroth medium supplemented \\-ith CHD (B), or \\, ithout CHD (A). The
washed cells were suspended in distilled \-\, ater at a concentration of 2 ing dry \\, eight
per inI. The Warburg flasks contained (in 11 moles) ; phosphate buffer. (pH 7.2),
200; substrate, 3; cells 2 ing (dry \\, eight) in 1.0 inI; and water to a final volume
of 3.0 inI. The center well contained 0.2 inI of 20 per cent KOH.

The restino cells started to oxidize CHD after a lad period of 50 minutes. The
lad period to CH-one-o1 and adjpic acid \\, as 50 minutes and 70 minutes, respectively.
CH-dione was not oxidized even after 240 minutes (Fio. I).

X0 2

141

60 :A

40

20

90
MINUTES

Fig. I. Oxidation of Various Substrates by Cells of Pseudomonas sp. , C-4

S, b, I". lay O - - - ,. CHD, . - - - ., CH-o, 901^ A - - - ,,
CH-dione; 0 - - - @. adjpic acid semialdehyde; . - - - .,

adjpic acid
Temperature, 30'C

IAI . cells grown in broth
cells grown in broth containing CHDIBl

Cells adapted to CHD began to consume oxygen witlTout any lag period after
the addition of CHD, CH-one-o1, CH-dione, adjpic acid semialdehydc or adjpic

181

30 60 120 O 30



acid. This sugoests that tl\ese substances are all metaliolic intermediates formed
from CHD I, y the cells. Cells also liecame adapted to CH-dione after 50 lrimutes
lag I)eriod, when the induction medium was supplemented \\, itIT 0.05 per cent casa-
mino acids and 0.05 per cent yeast extract. The cells adapted to semialdehyde, adjpic
acid, CHD and to CH-one o1. The reason for. this phenomenon is not yet clear.

These results suggest that P3e"chinoim5 JP. , C-4 metabolizes CHD sequentially
as follows ;

CHD -* CH-one-o1 + CH-dione -, Adjpic acid semialdehyde -, Adjpic acid
The enzyme involved in each step is called cyclohexanc-diol dehydrogenase, cyclo-
hexanone-o1 deityTooenase, cyclohexane-dinne hydrase and adjpic acid semialdehyde
dehydrogenase, respectively. The first two enzymes could lie thc same one

2. qyc/oh, xaiie-ato1 of, byding, lidJe

itIETABOLISA, I OF CYCl, OHEXAi. ;E-DIOL

A crude bacterial extract oxidized CHD and deco!orized methvlene IJluc

and 2.6-dichlorophenol-indophenol only in the presence of DPN. DPN could 1101
lie replaced by TPN

Th. .ptimal pH of thts ,nay^in. w*^ at 7.8-8.0 (py". ph, ,phat, I, urn") (Fig. 2)

201
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>
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Fig. 2. CHD Dehydrogenase Activity OS a Function of pH

The content of reaciion mixture was OS described in "Materials

and MeIhods. " 191 "g o1 protein from Ihe 33-55 % INH412S04 fraction
was used OS the enzyme. ACiiviiies ore shown OS Ihe absorboncy change

o1340 inn per ing of proiein

Ninety per cent of the enzyme activity \\, as inhibited Iiy 5I 10~6 NTP-chloro-
Seventy four I, er cent of the inhil>ited activity \\, as restoredme TCUril)enzoate.

,

70 80
pH

90
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by the addition of 5 x 10~5 M glutathione and 88 per cent by pre-incubation of the
enzyme with CHD.

The stoichiometry of the dehydrogenation reaction can be measured by the
oxygen uptake on the addition of the extract of 010Jlridium JPoi'ogener, which serves
to regenerate DPN from DPNH formed. Fifty intr of Iyophilyzed G, $1010geneJ
cons were an, ponded in 3.0 inI of 0.02 M T"is .buffer (pH 7.4). After 16 hou"s,
the suspension was centrifuged and the clear supernatant was used as the extract.
Th, Warbu"g flank, ., nthined (in A in, Its) ; py". ph. ,phat, buffer (pH 8.0), 200 ;
nicotinamide, 30; DPN, 5; C. 31070geneJ extract, 0.5 inI; dialysed crude extractfrom
CHD adapted cells, 0.5 inI; and water to a final volume of 3.0 inI. The center
well contained 20 per cent KOH.

As shown in Table 3, one mole of oxygen was consumed per mole of CHD.

Table 3. Oxygen Uptake with CHD

CHD. added

Micromoles

2.0

5.0

100

The reaction product of the dehydrogenation reaction was studied. On
the addition of a neutral aqueous solution of NH20H and Ni" to the reaction
mixture, a pin. k precipitate \-\, as formed immediately. . This suggests that the
SUIJstance formed is an altohatic dioxo compound (Feige1, 1954) . Froin this result,
it is very likely that CH-dione is the reaction product. To prove it, CHD \-vas
incubated \\, ith DPN and G. JPoioge?i's extract as described in Table 3. After the
completion of the reaction, protein \\, as removed IJy the additon of 3 per cent TCA.
Th. allqu, t war pans. d through th, .. Iumn of Amber{its IR-120 (H'), 0.6 x 10
cm and allquot of the emuent was passed through Amberlite IR-400 (C1~), 0.6 x
9.7 cm, because CH-dione could not be adsorbed I, y AmiJerlite IR-120 (H') nor
Amberlite IR-+00 (Cl~). The allquot of the effluent from the latter column was
used to take the absorption spectrum. As CH-dione ITas an ajisorption peal< at
260-262 inn, and its molar extinction coefficient at 260 Tnn Is 6.5 x 103, the ab-
sorption spectrum of the reaction product was compared with it. The reaction
product showed a similar al)sorption spectrum as that of the authentic CH-dione
(Fig. 3).

The significance of CH-one-o1 was examined as an intermediate between
CHD and CH-dione. Synthetic CH-one-o1 was reduced by the crude extract with
DPNH but not oxidized I, y DPN or TPN, and no dioxi compound was formed.

Total

micromoles

2.2

5.3

10.1

Oxygen uptake

Ratio

021CHD

1.10

I. 06

I. 01



A{ETABOLISM OF CYCLOHEXANE-DIOL

0.6

0.5
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<
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260 300280

WAVELENGTH jin/41

Fig. 3. Absorption Spectrum of CH-drone and that of the Reaction Product

I. ~ ~ ~ C. , authentic CH-dione;
. ~ - - 0, the effluent from Ihe column

3. q^c!oh, xa!!e-drone bydi are

A crude extract from CHD-adapted cells cleaved CH-dione to form an acid.
The amount of CO2 released in the first 15 minutes from bicarlionate-CO2 Inedium
was dependent o1T the am o11nt of crude extract added (Flu. 4).

A half mole of CO2 was released from one mole of CH. dione witlt the exti. act
(T^!, Ie 4).

02

01

203

240

Tuble 4. Relationship between the Amount of CH-dione Added und Ihe
Amount of CO2 Released from a Bicarbonate Medium

CH-dione, added

Micromoles

5.0

10.0

12.5

The Warburg flasks conjoined. 63 PM of sodium bicarbonate, 7.1 ing of crude extract, 0.2 inI
of C H-dione. and water 10 a final volume of 3. 0 in I. The gas phase was CO2^ air 15 ^ 95. V/Vl

Total

Micromoles

2.4

44.49

68

CO2 produced

Ratio

CO2 ICH-dione

O 54

0.44.0.49

048

____ *
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Fig. 4. Effect of Protein Concentration on CO2 Production from Bicarbonate Buffer
The conditions were OS described in "Moleriols"

Along with the acid production, an Increase in total reducing capacity was
observed. The acid formation was measured as described in Table 4, except 7.2
ing of protein from the crude extract was used. To estimate the increase of total

10

> co .

60

40

2.0

20^

10
MINUTES

Fig. 5. Relationship between Formation of Acids and Increcse of Total Reducing Capacity

O . - - C, CO2 production ; A - - - ,, optical densiiy at 660 in"
by Nelson's method
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reducing capacity, an allquot takeiT from the reactioiT mixture was nTixed with
Nelson's copper reagent (Nelson, 1944). In the latter case, components werc the
salTTe as that for. acid from allon, except Tris buffer (pH 7.5) was Lised. The results
are sho\\, n in Fig. 5.

For. the identification of Ihc reaction I>roduct, 2.4-dinitrophen. yl ITyrlrazine
was added to the dcpi. oteinized reaction mixture, phenyl hydrazone formed was
cltromatographed as descrilJed al)ove. The Rf values of the phcnyl I}\, drazone
\\, CTe identical witl\ those of authentic adjpic acid semialdel}ydc (Table 2) .

The cofactoi^'cquirement of the cyclohexane-dione ITydrase was studied. The
acid-forming activity of the crude extract \\, as lost by, overnight dialysis against
distilled water +'C. The activity \\, as restored by a supplementation of a dialysatc
from the crude extract. The cfTect of the dialysatc was ILOt replaced by o1utathione
or thiaminc I)yrophosphatc, A{g~ ~ and pyruvate, and not checked I, y 10~3 M of
EDTA nor. 3 x 10~3 At 11-clTloromercuribezoate. The activity \\, as not lost IJy the
treatment of dialysate \\, ith charcoal. Further attempt of the isolation of thc active
pricniplc it as not licen performed yet.

4. rid;bic ncid $, min/offby of, dc4"di'oge!lard

This dehydrogcnasc is present in an extract of cells adapted to CHD or CH-
dione and requires DPN as a cofactor. TPN \\, as not tested. The pH optimunT is
8.0 (pyrophosphate Iiuft'er)

The reaction I)roduct \vas identified IJy paper chromatography and was shown
to lie adjpic acid (Tanle 2).

\IETr\BOl. ISA I OF CYCLOHEX. \\E-DIOL

PJ, w, /omoiid$ $1i. C-4, \\, hich can orow on CHD as the sole carbon source, \\, as
isolated. Metal)o1ic nath\\, ay of CHD by this organism is proposed as shown in
Fig. 6

205

H H
*. I
C CIC

H/\H ^H/\ I H/\
'c c ' ', C C-O I 'C C=O

,- I I 0^_, I I 001_, I I __*
,C C-OH ,C c, c c =o
c cjc

DISCUSSION

I\
H H

H H

\/

The enzyme which catalyses reaction I is named CHD dehydrogenase. This
enzyme is SH enzyme and requires DPN as a cofactor. The CHD used here was
the 11'dii$-isomer and cir-Isomer was not stuidied.

Fig. 6. Scheme for the Metabolism of CHD by a Soil Bacterium, Pseudomonas sp. C. 4

* HH

\/

I\
H IH

,

CHO

HCH

HCH

HCH

HCH

CooH

I\
H H

CooH

HCH

HCH

HCH

HCH

CooH

4
___*
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The cells adapted to CHD oxidize CH-one-o1 without an^ Ia, ' period, and
two moles of DPN are required to oxidize one mole of CHD-one' o1 dehyrogenase,
which catalyses the reaction 2, is interred. It is still not known why synthesized
CH-one-o1 did not work as a substrate for. the dehydrogenation reaction. But
it may be reasonable to propose CH-one-o1 as an intermediate in between CHD
and CH-dione, because there are two dehydrogenation steps between them. On
the other hand, the same ammonium sulphate fraction as that of CHD dehydrogenase
catalyses the dehydrogenation of cyclohexanol depending on DPN, but not inOSItol.
This suggests that the substrate of CHD dehydrogenase is not restricted to CH-
di-o1 but CH-mono-o1 can also serve as Its substrate. If the dehydrogenation of
CH-one' o1 was catalysed by CHD dehydrogenase, two moles of DPN may also be
reduced by one mole of CHD. To get the answer on whether or not CH-one-o1
dehydrogenase is distinct from CHD dehydrogenase, further purification of enzymes
Is necessary.

The enzyme which catalyses reaction 3 is called CH-dione hydrase. This
reaction proceeds ariaerobically and ITreversil, Iy. For this reaction, some cofactor,
which is in the dialysate from crude extract, is required. Although a reaction mecha-
nism of this enzyme is not elucidated yet, no oxygen uptake \\, as shown to CH-dione
even by a crude extract, and thiamine pyrophosphate and Mg" could not replace
the effect of the dialysate, so that the formation of the hydrated coumpound might
be assumed to be an intermediary step of this reaction.

Reaction 4 is catalysed by adjpic acid semialdehyde dehydrogenase and DPN
is required as a cofactor. In this reaction, adjpic acid is formed from adjpic acid
semialdehyde.

As shown in this communication, the metabolism of the cyclohexane ring of
CHD is quite different from that of the benzene ring of catechol. Another experi-
merit (unpublished) showed that the metabolism of these two substances did not
interfere \\, itIT each other. The adaptive formation of each of these enzyme system
\\, as independently, induced by its o\\, n substrate. The substrate of one system,
evei} it was added to the medium in a Iligh concentration, did not inhibit the
induced formation of the other enzyme system. Moreover, neither pyrocatechase
nor CHD dehydrogenase was inhibited by CHD or catechol, respectively.

YUGARl
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