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Abstract 2,4-0lmethylphenoxyacetic acid and 2,4-dime
thylphenol are not growth substrates for Alcaligenes 
eutrophus JMP 134 alt hough being cooxidized by 2,4-
dichlorophenoxyacetategrown cells. None of the relevant 
catabolic pathways were induced by the diroethylphen
oxyacetate. 3.5-0iroethylcatecbol is not su bject to meta
cleavage. The alternative orlho-c1eavage is also unpro
duct ive and gives rise to (+ )-4-carboxymelhyl-2,4-di
methylbut-2-en-4-0Iide as a dead-end metabolite. High 
yields of this metabolite were obtained with the mutant 
Alcaligenes eUlfopllus JMP 134-1 which constitutively ex
presses the genes of 2,4-dieblorophenoxyacetie acid 
metabolism. 
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Observations accumulated which indicate that chloro
and methylsubstituted aromalic compounds are incom
patible growth substrates when present at certain relative 
concent rations (Rei neke et al. 1982; Schmidt et al. 1985; 
Taeger et al. 1988). In order to accompl ish simultaneous 
utilization of both methyl- and chloroaromalics the con
struction of a bifunctional ortho-cleavage pathway was 
suggested (Knackmuss 1984) and finally realized by 
patcbwork assembly of pat hway segments in a single 
organism (Rojo et a l. 1987). 

Chloroaromatics can be degraded without dimculties 
via modified ortho-cleavage pathways (Reincke 1984; 
Reineke and Knackmuss 1988). Catabolism of analogous 
methylaromatics via ortho-cleavage pathways, however, 
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was shown to generale mcthylsubstituted 4-carboxy
metbylbut-2-en-4-0Iides as dead-end melabolites 
(Catciani et a t. 1971; Knackm uss el a!. 1976). The exis
tence in nature ofa catabolic sequence for the productive 
degradation of 4-methylcatechol via an onho·cieavage 
route has recently been described in Alcaligenes ewrophus 
JM P 134 (Pieper et al. \985) and Rhodococcus ruber N 75 
(Bruce and Cain 1988). An isomerase catalyzi ng the 
transformation of 4-carboxymethyl-4-methylbut -2-cn-4-
olide into the 3-methyl·isomer was identified as the key 
enzyme of this novel methyloxoadi pate-pathway. 

To find out whether dimethylsubstitu ted aromatic 
compounds can also be assimi lated via this pathway, 
catabolism of2,4-dimetbylphenoxyacetic acid (2,4-MPA) 
by Alcaligenes eutrophus JMP 134 was investigated as a 
model system. Strain JMP 134 was found to be a versati le 
organism because il assimilales various substituted 
phenoxyacctic acids. Besides 2,4-dichlorophcnoxyacetic 
acid (2,4-0) the analogous substra tes 4-chloro-2-methyl
and 2-methylphenoxyacetic acid are readily utilized. 2,4-
Dirnethylphenoxyaceticaeid, however, is only eooxidized 
and is not a growth su bstra te (Pieper et al. 1988). III the 
present paper the catabolic steps which prevent total 
breakdown and assimilation of thi s compound are inves
tigated in greater detail. 

Materials and methods 

Organisms 

Alcaligenes eUlrophus JMP 134 was isolated y,tjth 2,4-dichloro
phenoxyacetic acid (2,4-D) as sole source of carbon and energy 
(Pemberton et al. 1979). Alcaligenes eUlrophus JMP 134-1 is a spon
taneous mutant of this strain (Pieper et al. 1989). 

CU/LUre conditions 

For growth in liquid culture mineral medium as described by Dorn 
et al. (1974) was used. It contained 5 mM of the organic substrate 
with thecxccption of2-mcthylphenol whieh was added al a conccn-



nation of 2 mM. Cells were grown in 100 or 1000 ml fluted 
Erlenmeyer flasks contaiOlng 10 or 100 ml of medium. respectl\·ely. 
The flasks were incubated at 30?C on a rotary shaker at 150 rpm. 

For aocumulation of metabolites, if not otherwise stated, resting 
cells of Afruligelln .. utropfms JMP 1]4 pregrown on 2.4-0. 2-MPA 
or 2-methylphenol and of A. elltrop/llls 134-1 pregrown on fructose 
were used. Harvested cells were resuspended in phosphate buffer 
(PH 7.4. 50 mM) and incubated at ]O°C with the respective sub
strate. 

Indllelioll experimellls 

Cells were grown in 500 ml fluted Erlenmeyer flasks contaIning 
50 ml medium and fructose as carbon source. During late ex
ponential growth phase, this culture was transferred into a 3000 ml 
flask, containing 500 m1 of medium. supplemented with fructose 
(5 mM) and the inducer (2 mM). Cells were harvested after 15 h of 
incubation at ]O' C on a rotary shaker at 150 rpm. 

Preparalioll of cell extracts 

Cell extn!ct5 were prepared as previously dcscribed (Pieper et at. 
1988). 

Enzyme assays 

Activities of catechol 2,]-dioxygenase, catechol t,2-dioxygenase. 
2-hydroxymueonic scmialdehyde hydrolase. cis,cis·muconate cyelo. 
Isomerase. ehloromuconate cycloisomerasc. 4-carboxymethyl
cncbut -2 -en-4-olidc hydrolase. 4-carboxymcthylbut-]-cn-4-0Iide 
hydrolase and maleylacetatc reductase were detcrmined as described 
by Piepcr ct al. (1988). 

Isomerisa tion of 4-carbo-\ ymet hyl-4-methylbut -2-ene-4-olide 
(4-mcthyl-2-cnclactonc) W8$ measured by HPLC analysis using the 
solv('nt syslem deSCribed by Pieper et a1. ( 1985). Disappeanmcc of 
4-mcthyl-2-enelactone as well as formation of 4-carboxymethyl-3-
methyl-but-2-ene-4-0Iide (3-methyl-2-cnelactone) was determined. 
PrOiein was assayed by the Bradford procedure (Bradford 
1976). 

Activitie~' Il'ith whole cells 

Activities of 2,4-0 monooxygenasc and phenol hydroxylascs were 
determined by measuring the uptake of substrates by high pressure 
liqUId chromatography. In addition consumption of oxygen at the 
e:o.:pencc of phenoxyacetates was assayed polarographically by usc 
of a Clark type eloctrode (Plcper et 81. 1988). 4-Methyl-2-enelactone 
isomerase was mcasured by H PLC as described above. Protein was 
determined accordmg to Schmidt et a!. (196]). 

Alla(vtical methods 

The concentration o f substrates and metabolites was determined by 
the HPLC system described by Pieper el al. (1985). Fructose was 
determined by Fehlings reagent. UV-spcctra werc determined WIth 
a Shimadzu UV 240 spectrophotometer. Mass spectra were recorded 
on a mass spectrometer MAT 71 J from Varian. NMR spcrtra were 
recorded on a Broker exl' 300 NMR spectrometer with Aspect 
2000 software using tetramcthylsiJane as internal standard and 
0 6-acetone as solvent. Optical activllY was measured in aqueous 
solution with a Perkin-Elmer 241 polarimcter 
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Chemicals 

ChemIcals were those reportt'd by Pieper et al. (1988). 2,4- 0 i
mcthylphenol was purchased from Aldrich Chemic, Stcinheim, 
FRG. 4_Carboxymcthyl_4_methylbut_2_en_4_0Iide was prcpart.-d as 
described by Knackmuss et al. (1976), The preparation of 4-car
boxymcthyl.2.4-climethylbut-2-cn-4-o1ide has bc.::n described by 
Hanmann et al. (1979) 

Results 

Despite long term exposure to 2,4-dimcthylphenoxy
acetic acid (2,4-M PA) as sole source o f carbon and energy 
no growth of Alcaligenes eulrophus JMP 134 at Ihe ex
pense of this compound was observed. Neither 2,4- D 
monooxygenase nor any of the three phenol hy
droxylating activities present in this stra in (Pieper et al. 
1988) were induced by incubation with 2,4-M PA. Ring
c1eavagc activities of catechol 1,2-dioxygenase type I and 
Iype 11 (e120 1, C I10 II , Pieper el a!. 1988) and catechol 
2,3-dioxygenase were essentially the same as in non
induced cells (Table I). The same was true for lower path
way enzymes such as hydroxymuconic semialdehyde 
hydrolase, cis,cis-muconatc cydoisomerase, chi oro
muconate cycloisomerase, 4-carboxymethylbut-3-en-4-
olide hyd rolase and 4-carboxymcthylenebut-2-en-4-0Iide 
hydrolase. The same negative results were obtained using 
2,4-dimclhylphenol as an inducer. 

Although Alcaligenes eutrophus J M P 134-1 expressed 
the genes of 2,4-D monooxygenasc and chlorophenol
hydroxylase semiconstitutively and those of C120 II , 
dichloromuconate cycloisomerasc (Kuhm et al. 1990) and 
dienelactone hydrolase constitutively (Pieper ct a!. 1989), 
this strain also did nOI grow with 2.4-MPA or 2,4-
dimelhylphenol as sole sources of carbon and cnergy. 
Fructose-grown cells of this organism, which contained 
no meta-cleavage activity, metabolized 2,4-M PA with 
transient accumulation of 2,4-dimelhylphenol (Fig. I). 
The excretion of a single dead-end-metabolite was ob
served. Measurement of enzyme activities showed. that 
the activity of 2,4-D monooxygcnase towards 2,4-MPA 
(30 V /g protein, i.e. 80% of the activity found towards 
2,4-D as substralc) was considerably higher than the ac
tivity of chlorophenol hydroxylase towards 2.4-dimetbyl
phenol (15 V ig protcin, i.c. 25% of the activity fo und 
towards 2,4-dichlorophenol). 

In J MP 134 or JMP 134·1 Ihe possibility exists that 
2,4-MPA and 2,4-dimethylphenol are funnelled into the 
meta-cleavage pathway. Therefore turnover of 2,4-di
methylphenol by 2-M PA- or 2-methylphenol-grown cells 
and 2.4-D-grown cells of J MP 134 was compared. Corre
spondingly fructose-g rown cells of JMP 134-1 were ex
posed to 2.4-dimethylphenol. In 2.4-D-grown cclls of 
JMP 134. beside two phcnol hydroxy!ating activities only 
enzymes of thc ortho-cleavagc pathwa ys were induced, 
2-MPA-grown cells also cxhibited somc meta-cleavage 
activity (Piepcr ct al. 1988). In 2-methylpbenol-grown 
cells high meta-cleavage activity and poor ortho-cleavage 
activities were observed (Pieper et a1. 1988, 1989). Irres
pective of the growth substmte comparable amounts of 
the same dead-end metabolite were accumulated during 
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Table 1. Sped.fic activities of cala?oli~ enzymes from cells of Alcaligenes ell/rophus JM P 134 Induced with 2,4-dichloropheno:-:yacctic aCld 
(2,4-D), 2,4-dlmethylphenoxyacctlc aCid (2A-MPA) or 2,4·dirnelhylphcnol 

Enzym activity Assay substrate sp. act. [V/g protein] afler induction wilh a 

2.4-D 2.4-MI'A 2.4-Dimethyl- Fructose 
phenol 

2,4-D rnonooxygenase 2.4-D 32 < I ND' 6 

Phenol hydroxylase 2.4- Dlchlorophcnol 130 13 J2 J2 
Phenol <5 < 5 <5 <5 
2-Methylphenol <5 < 5 <5 <5 

Catechol 2.3-dioxygcnasc Cal!.'Chol < I <I < I < I 

2-1-lydroxymuwnic scmialdchyde 2-1-[ ydrox y-6-owhcp\a- < 10 < 10 < 10 < 10 
hydrolase 2,4-dienoale 

Catechol 1,2-dioxygcnase Catechol 310 10 8 6 
3-Chlorocau:chol 190 8 8 10 

Muconale cycloisomcrasc cis-tis-muconalc <5 <5 < 5 <5 
2,4-dichloro-cis .cis-muconatc 240 <5 <5 <5 

4-Carboxymcthylbut-3-cn-4-o1id 4-Carboltymethylbut-3- 60 20 30 30 
hydrolase en-4-olide 

4-Carboltymelhylcnebul-2- Irans-4-Carboxymclh ylcnebul- 760 70 65 55 
en-4·oHde hydrolase 2-cn·4·o]ide 

• Cells were harvested after 15 h of induction. Enzyme activities of 2.4-D monooltygen~se and phenol hydroxylases were determined wnh 
whole cclls. All other activities were determined in cell extracts 
b ND = not determined 
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Fig. J. CoOltldatlOn of 2.4-d imethylphcnoxyaccllc aCId by fructose
grown cells of Alcaligenes eUirophus J MP 134-1. Fructose-grown 
cells of Alculigtmes elllrophus JMI' 134-\ were suspended in phos
phate buffer (50 mM , pH 7.4, OD~4<;~m 15). Concentrations of 
2,4-dimelhylphcnoxyacctic acid ( e ). 2.4-dimcthylphcnol (0) and 
4-carboxymethyl-2,4-dimethylbut-2-en-4-o1ide ( _ ) were deter
mined by HPLC 

cooxidation of 2,4-dimethylphenoL This indicated that 
meta-cleavage is DOt involved in formation of this metab
olite. 

To identify rhe structure of the dead-end metabo lite 
1MP 134-1 was pregrown on fructose. After being 
harvested cells were suspended in phosphate buffer (11 , 
OD546nm = 12). 2,4-Dimethylphenol was added in 5 
portions of 0.5 mOlal each. After total conversion of the 
phenol, the metabol ite was ex tracted from the acidified 
cell free supernatant with ethylaeetate. After evaporation 
of ethylacetate, a brown ish oil was obtained whieh was 

crystallized from diisopropylether. The UV-spcctrum 
(Amu = 211 nm) was identical with that reported fo r 
4-carboxymethyl-2,4-dimethylbut-2-en-4-olide (2,4-di
methyl-2-enelactone) by Hartmann et aL (1979). The 
mass spectrum also showed a fragmentation pattern 
which corresponds to that observed for 2,4-d imethyl-2-
enelaclonc (M + at m/e = 170 and prominent fragments 
due to loss of CH 2 COOH. HCOOH, and CH3)' lH _ 
NM R data also coincida ted with those given by 
Hartmann et al. (1979) for 2,4-dimeth yl-2-enelactone. 
Two prolons of a methylene-group resona te at 2.72 and 
2.87 ppm, respectively. The signals were split into 
doublets due to a geminal coupl ing of 15.6 Hz. A vinylic 
proton appears at b = 7.37 ppm (q, J = 1.6 Hz). Two 
methylgroups resonate at b = 1.82 ppm (d, J = 1.6 Hz) 
and 1.52 ppm (s). The melting point of 7rc described 
by Hartmann el al. was also certified. Retention proper
ties on reverse phase HPLC of Ihe metabolite and 
of au then tic 2,4-dimethyl-2-cnelaetone were identical. 
The isola ted metabolite was optically active [:x1025 = 
+ 20S ± 0. 1 ~ (e = 8.84 mg/ml water). 

The key enzyme of methylarene catabolism via 
ortho-cleavage which isomerizes 4-carboxymethyl-4-
methylbut-2-en-4-olide (4-mcthyl-2-enelactone) to 4-ear
boxymethyl-3-melhylbut-2-cn-4-0Iide (3-methyl-2-ene
lactone) was nOl induced in cells incubated with 2,4-
MPA. Activity with 4-mcthyl-2-enelaetone measu red in 
cell extracts was very low (20 U/g prolei n) compared wi th 
lhe activi ty measured in 4-methyl-2-enclactone-grown 
cells (600 V lg protein). 4-Methyl-2-enelactone-grown 
cells did not convert 2,4-dimcthy l-2-ene1actone ( ::S; I U/g 
protein), although 4-mcthyl-2-enclaetone isomerase was 
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Fig. 2. Metabolism of J.5·dlffic lhylca techol by Almligenes flllrQphus JMP 134. I, 4-Carboxymethyl-2,4-dlmelhylbut·2-en-4-olide (2,4-dime· 
thy]·2-cnclaclonc), is fonned as dead-end product. lis isomcri7.lllion [0 11 , 4'{I-carboxyethyl)-3-mclhylbu\-2-cne-4·olide was not observed 

present al a high level. To exclude restricted substra te 
uptake, crude extract of 4-methyl-2-cnelaclone-grown 
cells was incubated with 2,4-dimcthyl-2-enelaclone. 
Again, no turnover of 2,4-di methyl-2-enelactonc was 
observed. Isomerization of 4-mcthyl-2-cnelactone by 
purified isomerase (Pieper el al. 1990) was inhibited a t 
about 20% only if the substra te (100 ~M) was incubated 
with a 20-fold excess of 2,4-dimethyl-2-cnelaclOnc. This 
corresponds to a rather high in hibi tion constant of ap
proximately 5 mM. 

In order to prepare la rger amounts of 2,4-dimethyl-
2-enclactone for use as growth substra te JMP 134-1 was 
prcgrown in 31 o r fructose-co ntain ing medium (10 mM). 
This culture was inoculated into a fermenter conta ining 
51 of mineral medium supplemented with 16 mM fructose 
(initial OD 546nm 1.5). A small amoun t of 2.4-dimethyl
phenol (O.S mM) was added. As determined by HPLC, 
this compound was taken up at a rate o f 3.3 ~M{min. 

During cooxidation, 2,4-dimethylphenol (corresponding 
to 100 nM) was pumped into the fcrmenter at a now rate 
of 2S ml{h. After reaching a n OD 546nm of 3. fructose 
(30 mM) and 80 ml of a lOO-fold concentrated mineral 
salis solu tion (Dorn et al. 1974) were added and cooxida
tion of mClhylphenol was conti nued fo r 16 h. 6. 1 g 
(= SO mmol) of 2,4-dimcthylphenol had been oxidized 
after that time. Accumulatio n of the dead-end metabolite 
2,4-dimethyl-2-enclaclone was nea rly quantita tive as cal
culated fro m HPLC data. At the end of the cooxida tion 
experiment an OD546nm of 17 had been reached and 
fructose had been degraded completely. The cel1 free 
supernatant was concentrated by nush evaporat ion to a 
vol ume of 800 ml, acidified to pH 2.2 with HJP04 and 
extracted 6 times with SOO ml of et hylacctate each. After 
evaporation of the solvent the brownish oil was dissolved 
in three volumes of di isopropylcther. 2,4-Dimethyl
enclaetone crystallized from cold diisopropyklher. After 
washing with cold diisopropylether S.3 g (62% yield) of 
pure 2,4-dimethyl-2-enelacto ne were obtai ned. 

Discussion 

Studies on Ihe degradation o f certain dimethyl phenols 
have shown that 2,3- and 3.4-dimethyleatechol arc key 
metabolites which can be ut ilized via meta-cleavage path
ways (Ribbons 1970). An essent ial fea ture fo r utilizat ion 
of 2.4- and 3,5~dimet hy l phenol (Chapman and Hopper 
1968; Hopper and C hapma n 197 1), which could give 

rise to 3,S-dimeth ylcatechol, is the oxidation of a methyl 
group in stead of ring hydroxylation. In contra st, 2,4-
dichlorophenoxyacetic acid or 2-methylphcnoxyacetic 
acid grown cells of Alcaligellest!lIlroplllls JMP 134 readily 
cooxidize 2,4-dimethylphenol and 2,4-di methylphenoxy
acetic acid (2,4-MPA) to 3,S-d imethy1catechol and 
further via an ortho ri ng-cleavage mechanism. 

Although 2.4-d imelhylphenol and 2,4-MPA were 
readily comelabolized by JM P 134 they did not serve as 
growt h substrates. The inefficiency of these compounds 
to serve as inducers is not a sufficient explanation, be
cause the mutant JMP 134-1 , expressing 2,4-0 mo nooxy
genase and chlorophenol hydroxylase scmiconstitulivcly 
(Pieper e t aL 1989), also did not grow with these su b~ 

strates. 
Dimcthylsubstituted a romatic compounds are co

oxidized by the chloroaromatic degrading o rganism 
Pseudomonas sp . B t 3. This organism, when grown with 
3-chlorobcnzoate, cometabolized 3,S-dimetbylbenzoate 
via 3,S-dimethylcatechol (Hartmann el al. 1979). Alrali
genes ell/rophus JMP 134 is a beller candida te for 3,S
dim ethylca techol assimIla tion be<:ause It dIners from 
Pselldomonas sp. B 13 in at least two aspects. Firstly, 
strain JMP 134 can degrade and assimilate 4-methyl
ca techol via a modified o rtho-cleavage pathway. Sec
ondly it harbors a meta-cleavage enzyme which functions 
in the assimilation of ccrtain methylsubstituted aro
matics. This enzyme, however, ex hibits no activity against 
3,5-dimethy1catechoL Consequently in either JM P 134 
or JMP 134-1 2,4-M PA and 2,4.dimcthylphenol were 
exclusively converted to 4-carboxymethyl-2,4-dimethyl
but-2-en-4-ol ide (2,4-dimethyl-2-enlactone). 

Like 4-carboxymethyl-4-methylbul-2-en-4-ol ide (4-
rnethyl-2-enelactone) the dimethylsubsti tuted lactone 
lacks a proton at the chiral carbon atom to undergo a 
shift of the double bond yielding a but-3-en-4-01ide in the 
sense of the classical muconolactone isomerase reaction 
(Stanicr and Omston 1973). Instead 4-methyl-2-
cnelaclOne is isomerized in JMP 134 to the 3-methyl-
2-enelactone, which is subsequently metabolized via a 
reaction sequence corresponding to the classical 3-oxo
adipate pa thway (Pieper ct al. 1985). The 2,4-dimct hyl-
2-enclacto ne, however, is not bound and consequently 
not transformed by the 4-methyl-2-enelactone iso
mcrising enzyme (Fig. 2). 

The ease of production of large amounts of optically 
pu re 2,4-dimethyl-2-enelactonc from 2,4-dimethylphenol 
by fructose-grown cells of JMP 134- J opens the possi-
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bility to use this dead end metabolite as an enrichment 
substrate. Microorgan isms which utilize this compound 
may harbor a com plementary catabolic sequence with a 
new kind of methyl-2-enelactone isomerase or a com
pletely different mechanism involvi ng di rect hydrolysis 
of the lactone ring. This catabolic potential together with 
the pJP4 encoded pathway creates the biochemical basis 
for the construction of a bifunctional ortho-cJcavage 
route for simultaneous degradation of dichloro- and 
dimethylaromatics. 
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