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catechol and thence 2,4-dimethylmuconolactone has
Here we report that the bacterial catabolism of 4- been reported for both gram-negative [2, 3] as well as

hydroxy-3,5-dimethylbenzoic acid 1 takes a different gram-positive organisms [4]. Similarly, 3,4-dimethyl-
course in Rhodococcus rhodochrous N75 and Pseudom- benzoic acid and 3,4-dimethylpyrocatechol gave 2,3-
onas sp. strain HH35. The former organism accumu- dimethylmuconolactone in Rhodococcus rhodochrouslates a degradation metabolite of the acid which we N75 [4], which also converted 3,4,5-trimethylpyroca-isolated and identified as 2,6-dimethylhydroquinone 2.

techol into 2,3,4-trimethylmuconolactone [R. B. Cain,The latter bacterial strain converts the acid and the
G. W. Kirby, H. J. S. McLenaghan, and S. Schmidt; un-hydroquinone into a dead-end metabolite. This novel
published observation]. The strain Pseudomonas sp.compound was characterised unequivocally by mass
HH35 was originally isolated for its ability to degradespectrometry and 1H and 13C NMR and UV spectros-
among others, 3,5-dichloro- and 3,5-dibromo-4-hydro-copy as 4-acetonyl-4-hydroxy-2-methylbut-2-en-1,4-olide
xybenzoic acid [5]. To help us to understand the fate4, a cyclic tautomer of (3-methylmaleyl)acetone, which
of pollutants in the environment and predict their prob-exists as the enol carboxylate form 3 in aqueous solu-
able environmental impact, it is essential to elucidatetion. q 1997 Academic Press

the possible fate of known ‘dead-end’ metabolites de-
rived thereof by microbial activity.

4-Hydroxy-3,5-dimethylbenzoic acid 1 has been de- MATERIALS AND METHODS
scribed as a dead-end metabolite accumulated from the

Organisms and growth conditions. Cultivation of the nocardio-environmental pollutant 2,4,6-trimethylphenol by a
form actinomycete Rhodococcus rhodochrous N75 was done as de-cresol-degrading Comamonas sp. [1] and a Pseudomo-
scribed [4]. Pseudomonas sp. HH35 was routinely grown in knownnas sp. [R. B. Cain, P. J. Sage, and S. Schmidt; unpub- mineral salts medium [6] supplemented with either 3,5-dichloro-4-

lished observations]. We were therefore interested to hydroxybenzoate (5 mM) or acetate (5mM) as sole source of carbon
and energy. For co-oxidation experiments cells were grown in 2.5 lfind out whether this compound would be further cata-
Erlenmeyer flasks containing 500 ml of the required growth mediumbolised by selected bacterial strains able to degrade
on a shaking waterbath at 287C to the late-exponential growth phase.substituted benzoic acids. So far, the bacterial conver-
Cells were harvested, washed twice and resuspended in phosphate

sion of 3,5-dimethylbenzoic acid into 3,5-dimethylpyro- buffer (pH 7.2, 20 mM) to an OD578nm of about 2.5 and then incubated
with the appropriate substrate.

Preparation of crude extracts. Crude extracts were produced from1 To whom correspondence should be addressed. Fax:040-
exponentially growing cultures by a described procedure [7]. Soluble82282509. E-mail:stefan.schmidt@mikrobiologie.uni-hamburg.de.
protein was determined according to Bradford [8].2 Alternative names for the butenolide 4 are 4-acetonyl-4-hydroxy-2-

methylbut-2-en-1,4-olide (used in this report), 1-(2-hydroxy-4-methyl-5- Oxygen consumption. Specific oxygen uptake rates of resting cells
or crude extracts were determined with a Clark-type oxygen-elec-oxo-2,5-dihydro-2-furyl)propan-2-one (IUPAC recommended), and 5-acet-

onyl-5-hydroxy-3-methyl-2(5H)-furanone (Chemical Abstracts usage). trode as described [7].
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TABLE 1

Specific Oxygen Uptake Rates of Resting Cells of Pseudomonas sp. HH35 and Rhodococcus rhodochrous N75

Specific oxygen uptakea after growth on

3,5-Dichloro-4-hydroxybenzoate Acetate 4-Methylbenzoate Acetate

Substrate Pseudomonas sp. HH35 R. rhodochrous N75

Acetate 78 147 28 37
4-Methylbenzoate n.d. n.d. 74 õ1
3,5-Dichloro-4-hydroxybenzoate 185 õ1 n.d. n.d.
4-Hydroxy-3,5-dimethylbenzoate 1 21 õ1 9 õ1
2,6-Dimethylhydroquinone 2 204 õ1 õ1 õ1
2,6-Dimethylbenzoquinone õ1 õ1 õ1 õ1

a All activities are given in nmoles O2 per min per mg of protein and are corrected for endogenous respiration and autoxidation. n.d., not
determined.

Analytical methods. Optical densities at 578nm and UV spectra traces of the quinone, formed by autoxidation during work-up, by
sublimation onto a cold-finger at 0.05 mbar. At 507C a black film ofwere recorded with a Uvikon 922 spectrophotometer. Analytical and

preparative HPLC was done as described [4,7]. 1H NMR Spectra at the quinhydrone (the 1:1 complex of the quinone and hydroquinone)
formed on the cold-finger. This was removed and then sublimation200 MHz and 13C NMR spectra at 50.3 MHz were obtained using a

Bruker WP 200 spectrometer. Mass spectra were obtained, by direct at 95-1007C and 0.06-0.20 mbar gave the hydroquinone 2 (86%) as
cream-coloured crystals, m.p. 150-1527C (lit.,9 1487C); dH [(CD3)2CO]insertion on a probe, with an AEI MS9 spectrometer in the EI mode

at 70 eV. IR Spectra were recorded with a Perkin Elmer Paragon 7.57 and 6.65 (2 x br s, OH), 6.45 (s, 3- and 5-H) and 2.15 (s, Me); d
C [(CD3)2CO] 150.9 (C-1), 146.8 (C-4), 125.9 (C-2 and -6), 115.5 (C-31000 FT-IR spectrometer.
and -5) and 16.7 (Me); m/z (the compositions of ions were determinedEnzyme activities. Activities of catabolic enzymes in crude ex-
by accurate mass measurements) 138 (C8H10O2, M/, 100%), 137tracts were determined at 257C photometrically using potassium
(C8H9O2, 27.2), 136 (C8H8O2, 5.9), 123 (C7H7O2, 25.0), 121 (C8H9O,phosphate buffer (20mM, pH 7.0). Oxidation of 3,5-substituted 4-
6.9), 109 (C7H9O, 5.3), 95 (C6H7O, 6.5) and 91 (C7H7, 5.9). All otherhydroxybenzoic acid derivatives was measured by following the oxi-
compounds used were of the highest purity commercially available.dation of NADPH at 340nm (e 6220). 2,6-Dimethylhydroquinone oxy-

genation was followed by measuring the formation of (3-methylma-
leyl)acetone 3 (4-acetonyl-4-hydroxy-2-methylbut-2-en-1,4-olide 4) at RESULTS AND DISCUSSION316 nm, using e 4225 for calculation of activity. All assays were
performed using a final volume of 1ml, containing 20mmoles buffer,
5 - 30mg of protein, 0.5mmoles of substrate, and, if required, 0.5mmoles Growth of the strains employed in this study on se-
of NADPH. lected benzoates (p-toluate and 3,5-dichloro-4-hydroxy-

Chemicals. The 2,6-dimethylhydroquinone 2 was obtained by hy- benzoate for R. rhodochrous N75 and Pseudomonas sp.
drogenation of 2,6-dimethyl-p-benzoquinone (obtained from Lancas- HH35, respectively) was essential to induce the activi-
ter Synthesis Ltd.) in ethanol at ambient pressure and temperature ties required to oxidise 4-hydroxy-3,5-dimethylben-with a 10% palladium-carbon catalyst. The product was freed from

zoate 1 which, however, did not serve as a carbon
source for the organisms. Acetate-grown cells of both
strains exhibited no significant activity for the oxida-

TABLE 2 tion of 4-hydroxy-3,5-dimethylbenzoate (table 1). The
Specific Catabolic Activities in Crude Extracts 4-hydroxy-3,5-dimethylbenzoic acid 1 was incubated as

of Pseudomonas sp. HH35 described with cell-suspensions of Rhodococcus rho-
dochrous N75 and Pseudomonas sp. strain HH35 until

Specific activitya

the co-oxidation substrate had been completely trans-after growth on
formed into a more polar metabolite. The cells were

3,5-Dichloro-4- separated by centrifugation and the cell-free superna-
Substrate hydroxybenzoate Acetate tant was extracted at pH 7.2 with ethyl acetate, to

remove non-acidic material, then was acidified to pH4-Hydroxy-3,5-dimethylbenzoate 1
ca. 2 with phosphoric acid and again extracted with0NADPH õ1 õ1
ethyl acetate. Both the extract obtained prior to acidi-/NADPH 27 õ1

2,6-Dimethylhydroquinone 2 fication in the case of Rhodococcus rhodochrous N75
0NADH 121 õ1 and the extract obtained after acidification in the case
/NADH 120 õ1 of Pseudomonas sp. HH35 contained a new, major me-

tabolite. The metabolite produced from 4-hydroxy-3,5-a All activities are given in nmoles per min per mg of protein and
were measured spectrophotometrically as described. dimethylbenzoic acid by Rhodococcus rhodochrous N75
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TABLE 3

Mass Spectrum (EI Mode at 70 eV) of the Acetonyl-
butenolide 4 (Peak Intensities Given as Percentages of the
Base Peak; Ion Compositions Determined by Accurate Mass
Measurements)

m/z % Composition

170 1.4 C8H10O4 (M/)
153 3.5 C8H9O3

152 23.6 C8H8O3

137 100.0 C7H5O3

128 8.2 C6H8O3

125 6.6 C7H9O2

113 17.4 C5H5O3

111 4.6 C6H7O2

110 10.5 C6H6O2

109 7.9 C6H5O2

85 14.9 C4H5O2

81 8.5 C5H5O
68 10.7 C4H4O

cells had 1H and 13C NMR and mass spectra indistin-
guishable from those of the synthetic 2,6-dimethylhy-
droquinone 2. However, the co-oxidation of 4-hydroxy-
3,5-dimethylbenzoate by Pseudomonas sp. HH35
yielded a single metabolite which was identified as the
4-acetonyl-4-hydroxy-2-methylbut-2-en-1,4-olide* 4 by
the following analytical data. After initial purification
by HPLC, the butenolide crystallised from diethyl
ether-hexane as plates, m.p. 59-617C. The composition FIG. 1. Proposed pathway for the catabolism of 4-hydroxy-3,5-

dimethylbenzoate 1 by Rhodococcus rhodochrous N75 and Pseudom-C8H10O4, (Found: C, 56.25; H, 5.8%; m/z 170.0589.
onas sp. HH35.C8H10O4 requires C, 56.5; H, 5.9%; M, 170.0579) deter-

mined by combustion analysis and mass spectromet-
rically (table 3), corresponded to that of an isomer of
2,4-dimethylmuconolactone. Moreover, many features allylic coupling (J 1.6 Hz). Again, an AB quartet, J 16.6
of the 1H NMR spectrum (table 4) resembled those of Hz, for a methylene group attached to a carbonyl group
this muconolactone. Thus, a vinyl methyl group with in a chiral molecule, was evident. However, a methyl
an adjacent vinyl proton was revealed by signals at d singlet appeared at much lower field, d 2.29, than that
1.92 and 6.87, respectively, showing the appropriate, for the 4-methyl group of the muconolactone. The 13C

NMR spectrum, especially the signals from non-proton-
ated carbons, was decisive. Signals at d 171.1 and 208.2

TABLE 4
showed that the butenolide ring in the new metabolite

13C and 1H NMR Spectra of the Acetonylbutenolide 4 was attached to a ketonic rather than a carboxylic side-
(in CDCl3; J Values in Hz) chain. Further, the low-field signal at d 103.6 indicated

the presence of an acetal carbon (C-4). The structurePosition dC
a dH

accounts for all the NMR data and is supported by the
1 171.1 mass spectrometric fragmentation with loss, sepa-
2 133.0 rately, of H2O and CH2COCH3 from the quaternary
3 145.4 6.87 (q, J 1.6) centre C-4. The acidity of the butenolide is understand-4 103.6

able since cyclic hemiacetals of carboxylic acids readily1* 47.8 2.87 and 3.06 (ABq, J 16.6)
undergo ring-opening to give the corresponding ketonic2* 208.2

3* 31.9 2.29 (s) (or aldehydic) acids. At or above pH 7, ionisation of the
2-Me 10.4 1.92 (d, J 1.6) ring-opened tautomer will give the carboxylate anion
5-OH 6.12 (br s) and displace the equilibrium 4 T 3 in favour of the

latter species, which probably exists mainly as the eno-a The number of protons attached to each carbon was verified by
the standard DEPT technique. lic form shown in figure 1 because of the extended con-
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of the cis and trans diene lactones 5 and 6 (figure 3),
respectively, in approximately equal amounts. The
diene lactones were identified by the following 1H NMR
data: cis isomer 5, d 7.97 (m, J ca. 1, 3-H), 6.29 (s, 5-
H), 2.33 (s, 7-H3) and ca. 2.1 (2-Me, partly obscured by
the CHD2COCD3 signal); trans isomer 6, d 7.52 (m, J
ca. 1, 3-H), 5.63 (s, 5-H), 2.45 (s, 7-H3) and ca. 2.1 (2-
Me, partly obscured by the CHD2COCD3 signal). Dehy-
dration of the butenolide 4, possibly catalysed by an
adventitious trace of acid, is consistent with the b-hy-
droxy ketone structure. The 1H NMR signals for the
vinyl protons were especially informative; d 7.97 (3-H)
and 6.29 (5-H) for the cis isomer 5, and d 7.52 (3-H)
and 5.63 (5-H) for the trans isomer 6. Similar values
have been reported [10,11] for the related pair of geo-
metrical isomers lacking the 2-methyl group. Further,
a significant change was observed in the 1H spectrum

FIG. 2. UV spectra of (3-methylmaleyl)acetone enol 3 and its of the butenolide that remained in mixtures containing
butenolide tautomer 4 in aqueous solution: A in H2O (pH ca. 5); B its dehydration products. The integral for the AB quar-
in H2O / NaHCO3 (pH ca. 8); and C in H2O / HCl (pH ca. 3). tet of the methylene group had diminished relatively to

those of other signals. Also, broad singlets (unresolved,
deuterium-coupled triplets) were apparent with the
chemical shifts expected for epimeric CHD groups.jugation. In CDC13 or (CD3)2CO, only the cyclic tauto-

mer was detected by NMR spectroscopy. The equilib- Thus, exchange of the 1*-methylene protons had oc-
curred with the HOD present in the (CD3)2CO solvent.rium 3 T 4 was confirmed in aqueous solution by UV

spectroscopy (figure 2). In the presence of sodium hy- In our experience, no similar exchange had ever been
observed for the methylene groups of muconolactones,drogen carbonate (pH ca. 8) the metabolite showed in-

tense absorption at lmax 251 (e 5950) and 325 nm e.g. 4-carboxymethyl-2,4-dimethylbut-2-en-1,4-olide [4],
in this solvent. However, deuterium exchange in the(12100)(figure 2, curve B), attributable to the enol car-

boxylate 3 and possibly some of the corresponding eno- ketone would be the natural consequence of slow inter-
conversion with the enolic form of its acyclic, (3-methyl-late dianion. In water alone (pH ca. 5), absorption at

lmax 204.5 (e 5280), 253 (3690) and 316 nm (4225)(figure maleyl)acetone tautomer. The overall conversion 1 r 4
(figure 1) implies an initial monooxygenation and de-2, curve A) suggested the presence of both species 3

and 4, whereas in the presence of hydrochloric acid carboxylation to yield 2,6-dimethylhydroquinone 2. Al-
though this metabolite was quantitatively accumulated(pH ca. 3) only the intense band at lmax 204 nm (e

7270)(figure 2, curve C), expected for the methylbuten-
olide, was apparent (a very weak absorption near 290
nm may arise from the n-p* transition of the methyl
ketone). The IR spectrum in CHCl3 showed bands at
3400, 1771 and 1706 cm01 attributable to hydroxy, lac-
tonic carbonyl and ketonic carbonyl groups, respec-
tively. Intramolecular hydrogen bonding between the
hydroxy and ketone groups would account for the low
frequency of the 3400 and 1706 cm01 bands and the
broad character of the former.

Supporting evidence for the structure was fortu-
itously obtained at an early stage of the investigation,
although its significance at the time was not clear. Ini-
tially, the 1H NMR spectrum of the metabolite 4 (dH

7.11 (q, J 1.6, 3-H), 2.92 and 3.24 (ABq, J 15.8, 1*-H2),
2.23 (s, 3 *-H3) and 1.83 (d, J 1.6, 2-Me) was obtained
for solutions in (CD3)2CO (later, CDCl3 was used), the
solvent usually chosen for muconolactones. However,
when solutions in (CD3)2CO were stored at ambient FIG. 3. Dehydration of the 4-acetonyl-4-hydroxy-2-methylbut-2-
temperature, partial dehydration of the butenolide 4 en-1,4-olide 4 yielding the corresponding cis- and trans-diene lac-

tones, 5 and 6.occurred to give what is now believed to be a mixture
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by Rhodococcus rhodochrous N75, it was found to be from environmental pollutants. Although both of the
strains employed in our experiments were able furtheran excellent substrate for cells of Pseudomonas HH35

(table 1), giving the butenolide 4 in quantitative yield. to degrade the 4-hydroxy-3,5-dimethylbenzoate, they
did indeed produce ‘‘new’’ metabolites instead of miner-As it was oxidised with about a 10-fold higher specific

activity than the benzoic acid 1 by resting cells of Pseu- alising this ‘dead-end’ metabolite of 2,4,6-trimethyl-
phenol. In view of recent reports on new dead-end me-domonas sp. HH35 (table 1) and still with about a 5-

fold higher specific activity by crude extracts of the tabolites derived from known pollutants such as pro-
toanemonin produced from 4-chlorobiphenyl [19] orsame strain (table 2), we were so far not able to detect

it directly as an intermediate. In contrast, the corre- chloro- and bromopicolinic acid from 4-chloro- and 4-
bromobiphenyl [20], it becomes clear that we still needsponding quinone was not oxidised by the cells or crude

extracts. In Pseudomonas sp. HH35 the transformation more information on the fate of individual compounds
or the corresponding catabolites in the environment.2 r 4 requires formally a dioxygenative cleavage of the

benzene ring. We propose that the 2,6-dimethylhydro-
quinone is directly subjected to a dioxygenolytic ring- ACKNOWLEDGMENTS
cleavage between C-1 and C-2 by analogy with the

We thank the BBSRC and the Loudon Bequest for financial sup-cleavage of homogentisate by homogentisate-1,2-dioxy-
port and Dr. G. Downing for NMR spectra and A. Jordan for technicalgenase [12] or the 1,6-cleavage of 3,6-dihydroxy-2-
assistance.

methoxyphenylacetic acid reported recently [13]. An
NADH-dependent hydroxylation of the 2,6-dimethyl-
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14. Ewers, J., Rubio, M. A., Knackmuss, H. J., and Freier-Schröder,lide 4 has not previously been described, either as a D. (1989) Appl. Environ. Microbiol. 55, 2904.

natural or a synthetic product. However, the chemistry 15. The Merck Index (1989) (Budavari, S., Ed.), 11th ed., p. 1122
of maleylacetone and its cyclic tautomer has been stud- and references cited therein, Merck & Co., Rahway, NJ.
ied in some detail, especially by Seltzer and co-workers 16. Bayly, R. C., and Barbour, M. G. (1984) in Microbial Degradation

of Organic Compounds (Gibson, D. T., Ed.), p. 253, Dekker, New[11], who have investigated the mechanism of the en-
York.zymic conversion of maleylacetone into fumarylacetone

17. Seltzer, S. (1992) in The Enzymes (Boyer, P. D., Ed.), Vol. 6, 3rd[17]. The 1H NMR data published [11] for the cyclic
ed., p. 381, Academic Press, New York.form of maleylacetone agree well, mutatis mutandis,

18. Prucha, M., Wray, V., and Pieper, D. H. (1996) Eur. J. Biochem.with those for the 2-methyl derivative 4. Recently, Pru- 237, 357.
cha et al. [18] have shown that 4-hydroxy-3-methylmu- 19. Davison, A. D., Karuso, P., Jardine, D. R., and Veal, D. A. Can.
conolactone exists in the cyclic form in acidic solution. J. Microbiol. 42, 66.
Our findings clearly demonstrate the importance of re- 20. Blasco, R., Mallavarapu, M., Wittich, R.-M., Timmis, K. N., and

Pieper, D. H. (1997) Appl. Environ. Microbiol. 63, 427.search into the fate of dead-end metabolites derived

201

AID BBRC 7223 / 6937$$$901 08-20-97 18:41:19 bbrcgs AP: BBRC


