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Abstract. Of eleven substituted phenoxyacetic acids tested, 
only three (2,4-dichloro-, 4-chloro-2-methyl- and 2-
methylphenoxyacetic acid) served as growth substrates for 
Alcaligenes eutroplws JMP 134. Whereas only one enzyme 
seems to be responsible for the initial cleavage of the ether 
bond, there was evidence for the presence of three different 
phenol hydroxylascs in this strain. 3,5-Dichlorocatechol and 
5-ch loro-3-methylca techol, metabolites of the degradation 
of 2,4-diehlorophenoxyacetic acid and 4-cWoro-2-methyl
phenoxyacetic acid, respectively, were exclusively metab
olized via the ortho-cleavage pathway. 2-Methylphenoxy. 
acetic acid-grown cells showed sim ultaneous induction of 
meta- and ortho-cleavage enzymes. Two catechol 1,2-
dioxygcnases responsible for orlho-cleavage of the intcr~ 
mediate catechols were partially purified and characterized. 
One of these enzymes converted 3,5-dichlorocatechol con
siderably faster than catechol or 3-chlorocatechoL A new 
enzyme for the cycloisomerisation ofmuconates was found , 
which exhibited high activity against the ring-cleavage prod
ucts of 3,5-dichlorocatcchol and 4-chlorocatechol, but low 
activities against 2-chloromuconate and muconate. 
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The bacterial degradation of 2,4-dichlorophenoxyacctic acid 
(2,4-D) and 4-chloro-2-methylphenoxyacetic acid (MCPA) 
has been investigated by various research groups. In general, 
the mctabolism is initiated by cleavage of the ether bond 
(Loos et al. 1967; Tiedje and Alexander 1969; Evans et aL 
1971 b; Gamar and Gaunt 1971) followed by ortho
hydroxylation of t he phenolic product to produce a catechol 
(Bollag et al. 1968a ; Beadle and Smith 1982). Variations of 
this pathway have been reported. Evans et aL (1971 b) and 
Gaunt and Evans (1971 a) postulated in addition an aerobic 
reductive eliminatioll of chloride. An initial hyd roxylation 
of 4-chloropbenoxyacetic acid to give 4-chloro-2-
hydroxyphenoxyacetic acid was shown by Evans et al. 
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Non-stGlldilrd abbreviations: MCPA, 4-chloro.2-methylphenoxy
acetic acid; 2MPA, 2-methylphL'llOxyacetic acid; PA, phenoxyacetic 
acid 

(1971 a). A1so 2,4-D was converted partially to 2,4-dichloro-
6-hydroxyphenoxyacctic acid by Pseudomonas NCIll 9340 
(Evans et al. 1971 b). 

Among bacterial species known to degrade 2,4-D, 
Alcaligenes elltrophlL~ JMP 134 is one of the best 
characterized organisms concerning geuetic aspects. Genes 
encoding enzymes for the degradation of 2,4-D by JMP 134 
have been localized on a plasmid, pJP4 (Don et a!. 1985; 
Streber et al. 1987) and evidence has beeu given for a 
pathway which includes 2,4-dicWorophcnol and 3,5-di
chlorocatechol as intennediates (Don et al. 1985). Further, 
Liu and Chapman (1984) described the purification of a 
pJJ>4-cncoded chlorophenol hydroxylasc, which formed 3,5-
dichlorocatcchol from 2,4-dichlorophenol. Don and 
Pemberton (1981) reported that after transfer of pJP4 to 
different recipient strains, these strains aquired the ability 
to degrade 2,4-D. Simultaneously, the ability to mineralize 
MCPA has been transferred in these experiments. In 
contrast Friedrich et al. (1983) described transconjugants 
which were able to degrade 2,4-0 but not MCPA. Therefore 
it is still inconclusive whether thc same or similar enzymes 
are involved in the catabolism of the structurally analogous 
substrates 2,4-0 and MCPA. 

Strcbcr et al. (1987) assumed a chromosomally encoded 
meta-eleavage pathway for phenol degradation by strain 
JMP 134. Remarkably, only ortho-elcavage mechanisms 
were discussed as key activities for the assimilation of 
chlorosubSl1tuted catechols in 2,4-0 and MCPA-palhways 
(Tiedje et al. 1969; Gaunt and Evans 1971a, b ; Evans et 
a1. 1971 b ; Kilpi et al. 1983; Don et a!. 1985). Since 2,3-
dioxygenation of chlorosubstituted catechols was shown to 
generate either suicide (Bartels et a l. 1984) or dead-end prod
ucts (Schacht, unpublished data), it would appear that the 
meta-cleavage pathway for the degradation of chloroaro
matics including 2,4-D or MCPA may be unproductive or 
even Cou lltcrproductive. 

Generally, nonhalogenated methylsubstituted aromatics 
are degraded via meta-cleavage pathways (Sala Trcpat et a1. 
1972; Murray et a1. t972 ; Dagley 1978). Only few microor
ganismsare known to be able to degrade methy!catechols via 
modified ortho-cleavage pathways (Miller 1981 ; Powlowski 
and Dagley 1985 ; Picper et al. 1985), among them being 
strain JMP 134 which is able to degrade 4-methylcatechol 
via ortho-cleavage (Pieper et aL 1985). Because degradation 
of methyl- and chlorosubstituted aromatic compo unds 
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appears to be incompatible in a single bacterial strain (Rei
ncke and Knackmuss 1980; Latorre et al. 1984; Rubio et al. 
1986), in the present paper special aUention is given to the 
mode of ring...c;leavagc during growth of Alcaligenes 
eutrophus JMP 134 on 2,4-0, MCPA and 2-methyl
phenoxyacetic acid (2M P A). 

Matl'riais and methods 

Organisms 

Alcaligenes eutfophus JMP 134 was isolated on the basis of 
being able to grow with 2,4-dichlorophenoxyacetic acid (2,4-
D) as sole source of carbon and energy (Don and Pemberton 
1981). 

eli/lUre conditions 

For growth in liquid culture, the mineral medium as de
scribed by Dorn et al. (1974) contained 5 roM of the re
spective substrate. 

Cells were grown in 100, 1000 or 3000 m! Outed Erlen
meyer flasks containing 10, 100 or 500 ml of medium, respec
tively. The nasks were incubated at 30°C on a rotary shaker 
at 150 rpm and growth was monitored photometrically by 
measuring the turbidity at 546 nm. Solid media were pre
pared by the addition of 1.5% (wt/vol) agar No.1 (Oxoid) 
to the mineral medium. The concentration of the carbon 
source in agar plates was 2 mM. Stock cultures were 
maintained on 2,4-D-containing agar plates. 

Preparation of cell eXlracts 

Cells were harvested during late exponential growth phase 
and suspended in phosphate-acetone buffer (100 mM, 
pH 7.5) (Nozaki 1970) for catechol 2,3-dioxygenase (C230) 
and 2-hydroxy-6-oxohexa-2,4-dieuoate hydrolase (2-hy
droxymuconic semialdehyde hydrolase, H MSH) and in Tris~ 
hydrochloride buffer (1 00 ruM, pH 7.5) (Dorn and 
Knackmuss 1978a) for the other enzymes tested. The cell 
suspension were disrupted using a French-press (Aminco, 
Silver Spring, MO, USA) and the cell debris was removed 
by ocntrifugation al l00,OOO xg for I h at 4"C. Ccll extracts 
were used the same day. 

Enzyme assays 

Catechol2,3-dioxygenase (C230, EC 1.13.1 1.2) was assayed 
by the method of Nozaki (1970). Catechol 1,2-dioxygenase 
(C120, EC 1.13. 11 .1) activity was measured by the procedure 
of Dorn and Knackmuss (1978a, b). Extinction coefficients 
were those reported by D orn and Knackmuss (I 978 b). If 
C230 was simultaneously induced, this enzyme was in
activated by treating the extract with H 20 2 (0.01 %) for 
10 min before adding the test substrate (Nakazawa and 
Yokota 1973). 2- Hydroxymuconic semialdehyde hydrolase 
(HM SH) was asssayed as described by Williams and Murray 
(1974). t:ls,Cis-Muconate cycloisomerase (EC 5.5.1.1) was 
assayed by the method of Schmidt and Knackmuss (1980) 
using cis,cis-m ueonate and 2-chloro-cis,cis-m ueonate as su b
strates. Further substrates were prepared in situ by incuba
tion of 4-ehloroeatechol and 3,5-dichlorocatechol with 
partially purified catechol 1,2-dioxygenase of the type U, 
which was free of any cydoisomerase activity. Cell exLract 

was added aftcr total conversion of the respective catechol. 
4-Carboxymethylenebut-2-en-4-olide hydrolase was mea
sured by the method or Schmidt and Knackmuss (1 980) 
modified by Schlomann (unpublished data) using hislidine
hydrochloride buffer. 4-Carboxymethylbut-3-en-4-0Iide hy
drolase was assayed as described by Oroston (1966). For the 
assay of maleylacetate reductase, the method described by 
Gaal and Neujahr (1980) was modified by using Tris-hydro
chloride buffer and NADH. Specific activi ties are expressed 
as micromoles of substrate converted or product formed per 
minute per gram protein at 25"C. Protein was determined 
by the Bradford procedure (Bradford 1976). 

Activities with whole cells 

For measuring 2,4-0 monooxygenase activity freshly 
harvested cells were resuspended in 50 mM phosphate butTer 
(PH 7.5) to an optical density of about 5 and incubated with 
the respective substrate (2 mM) on a watherbath shaker 
at 30°C. Substrate concentrations during incubation were 
measured by high pressure liquid chromatography (H PLC). 

For assaying phenol hydroxylase, the rate of oxygen 
uptake was measured polarographically by use of a Clark
type oxygen clectrode. Freshly harvcsted cells were washed 
and resuspended in 50 mM phosphate buffer (PH 7.5) to an 
optical dcnsity of about 30. Of this suspension, 100 III were 
added to 2.8 ml phosphate butTer (50 mM, pH 7.5) sa turated 
with air. After 5 min of constant endogenous oxygen uptake, 
the rcaction was started by adding the assay substrate to a 
fina l concentration of 0.1 mM. Uptake rates were deter
mined at 25°C with initial time course ratcs and corrected 
for endogenous O2 uptake. Activities are exprcssed as 
micromoles of O2 uptake per minute per gram protein. This 
ratc is a total activity of phenol hydroxylascs and catechol 
dioxygcnases. Because no accumulation of catcchols was 
found, the activity of phenol hydroxylases must be rate 
limiting. To make the measured activities comparable wi th 
other enzyme activities, they werc therefore divided by two. 
The protein concentration of whole cells was detennined 
according to Schmidt et al. (1963). 

Analysis of kinetic data 

The initial-velocities data were exam ined graphically in 
double reciprocal plots. Michaelis constants (Km) were 
calculated by the method of Lineweaver and Burk (1934). 

DEAE cellulose chromatography 

Cell exLract was applied to the top of a DEAE cellulosc 
column (0 1.5 em x 30 em) which was equilibrated with 
Tris-hydrochloride butTer (20 mM, pH 8.0, containing 
0.1 mM NaCl). The column was washed with the same buf
fer at a flow rate of about 20 mlfh. A linear gradient 0.1 -
0.35 M Nael in Tris-hydrochloride buffer was applicd and 
3.5 ml fractions were collected. 

Analytical methods 

The concentrations of substituted phenoxyacetic acids and 
phenols were determined by high pressure liquid chromatog
raphy with M-660 solvent programmer and WISP 710 
autosampler (Waters Association Inc., Milford, MA, USA) 
at 210 nm (detcctor SF 770, Schocffel) with column SC 125/ 
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Table 1. Relative rates of conversion of various substituted phcnoxyacetic acids by freshly harvested cells of Alcaligenes eUlropitus JMP \34 

Assay substra te Relative rates ' of conversion after growth with 

2,4-Dichlorophenoxyacelic acid 
4-Chloro-2-methylphenoxyacctic acid 
2.Mcthylphcnoxyacctic acid 
Phcnoxyacelic acid 

2,4-Dichloro
phenoxyacctic acid 

100 (105) 
45 
35 
65 

4-Chloro-2 -met byl
phenoxyacctic acid 

100 (21) 
45 
45 
70 

2-Mclhyl
phcnoxyacetic acid 

100(40) 
SO 
55 
70 

• Cells were harvested during exponential growth. The docrcase of substrate concentration was followed by high pressure liquid chromatog
raphy_ Rates arc expressed as percentages of that for 2,4.dichlorophenollyacctic acid (=' 100%). T he specific activities, given in micromoles 
substrate per minute per gram protein, appear in parentheses 

Lichrospbcr 5 11m (Bischoff) io a solvent system containing 
1 g ofH 3P04 and 400 - 600 ml ofmctbanol per liter of H20. 
Samples of culture Ouid (2 - 10 Ill) wcrc injected after cells 
had been removed by centrifugation. 

Chloride ion concentration was measured with an ion 
selective combination electrode (model 96/ 17, Orion Re
search Inc., Ca mbridge, MA, USA) which was calibrated 
with NaCI (0.1 - 50 mM) in mineral medium before each 
measurement. 

Chemicals 

2,4-Dichloro-, 4-chloro-2-methyl- and 4-chlorophenoxy
acetic acid. 2-methylphenol. 3-methylcatcchol and 4-
methyleatechol were obtained from Aldrich Chemie, 
Steinheim, FRO, 2-methyl-, 4-methyl-, 2-chloro- and 2,4-
dimethylphenoxyacctic acid from Ventron, Karlsruhe, 
FRG. Phenoxyacetic acid was purchased from Fluka AG, 
Buchs, Switzerland. 4-Chloro-2-methyIphenol and catechol 
were purchased form Merck AG, Darmstadt, FRG. 3-
Chloro- and 4-cWorocatechol were prepared as previously 
described (Schreiber et al. 1980) and 3,5-dichlorocatechol 
was prepared as dcscribed by Dorn and Knackmuss (1978 b). 
2-Ch loro-4-methylphenoxyacetic acid was prepared from 2-
chloro-4-methylphenol by the method of Winnacker and 
Kuch ler (1972). 2-Chloro-4-mcthylphenol was suppl ied by 
Bayer AG, Leverkusen, FRG. 5-Chloro-3-melhyleatochol 
was a generous gift from Juha Knuutinen, University of 
Jyvaskyla, Finland. cis,cis-Muconatc and 2-chloro-cis,cis
muconate were prcpared as described by Schmidt et al. 
(1980), and lralls-4-carboxymethylenebut-2-en-4-0Iidc and 
maleylacclate as described by Reineke and Knackmuss 
(1984). 

Results 

Growth Oil phenoxyac€lic acids 

Strain Alcaligenes eutrophus JMP 134 was tested for growth 
on solid medium, containing phenoxyacetic acid (PA), 2-
methyl- (2MPA), 4-methyl-, 2-cbloro-, 4-chloro-, 4-chloro-
2-methyl (MCPA), 2-chloro-4-methyl-, 2,4-dimcthyl-, 2,3-
dichloro-, 2.4-dichloro- (2,4-D) or 3,4-dichlorophen
oxyacetic acid. Uniform growth after 5 days of incubation 
was observed with 2,4-0, MCPA and 2MPA. Also growth 
in liquid culture was observed with these compounds as 
sole source of carbon and energy. Substrate concentrations 
higher than 5 mM inhibited growtb on 2,4-D and MCPA. 

At substmtc concentrations of 5 mM the same growth rate 
was observed for 2,4-0 and 2MPA (p = 0.17 - 0.1 8 h- I) 
whereas the organism grcwconsidcrably slower with MCPA 
(J.l = 0.07 b - 1). Corresponding to the amount of substrate 
consumed, quantitative elimination of chloride was found 
in cultures growing on 2,4-D or MCPA. The molar growth 
yield was considerably higher with 2MPA (66 g/mol) than 
with 2,4-0 (32.4 gfmol) or MCPA (31.2 g/mol). 

Initial degradation steps 

No information was available if different enzymes were re
sponsible for the initial attack and further catabolism of 
difTcrcntly substitu ted phenoxyacctic acids by Alcaligenes 
eutrophus JMP 134. Because the initial enzyme proved to be 
unstable in cell extracts, experiments were carried OUI wilh 
wbole cell s. Disappearance of phenoxyacetic acids was 
monitored by HPLC. The relative rates of conversion of 2,4-
DjMCPA/2MPAjPA remained constant regardless of which 
phenoxyacetic acid had been used as growth substrate 
(Table I). Therefore a single enzyme (designated as 2,4-D 
monooxygenase) appears to be responsible for the initial 
conversion of these compounds. 

HPLC analysis revealed that 2,4-D-grown cells 
accumulated 2.mcthylphenol when incubated with 2MPA, 
while 2MPA-grown cells accumulated 2,4-dich lorophenol 
when incubated with 2,4-0. These metabolites were iden
tified by cochromatography with the authentic compounds. 

The different accumulation pattern of the phenols by 
differently induced cells suggests the presence of different 
phenolhydroxylases. Comparison of relative 02-consump
tion rates for different substituted phenols by 2,4-D-, 
MCPA- and 2MPA-grown cells a lso showed significant 
dilTerenccs (Table 2). 2,4-D- and MCPA-grown cells clearl y 
revealed the highest activity against 2,4-dichlorophenol. Ac
tivity was found also against phenol. This activity was about 
four times higher than that found against 2- and 4-
methylphenol. 2,4-D-grown cells harvested during early 
stationary growth phase showed the same activity against 
2,4-dichlorophenol as cells harvested during exponential 
growth phase. These, however, exhibited no activity against 
phenol, 2- and 4-methylphcnol. In contrast, 2MPA-grown 
cells showed equal activities against phenol and 2- and 4-
methylphenol, while the activity against 2,4-dichlorophenol 
was sign ificantly lower. 

Cleavage of carecJlOls 

Because strain JMP 134 can synthesize ortho- and meta
cleavage enzymes, enzyme activities synthesized after growth 
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Table 2. Relative rales of oxygen-uptake at the expense o f various substituted phenols by freshly harvested and wasbed cells of Alcali1:ene.f 
eutrophus JMP 134 

Assay substrate Relative ra les· ofcollvers.ion after growth with 

2,4-Dichlorophenol 
4-Ch!oro.2-methylphenol 
2·Melbylphcnol 
4-Melhyiphenol 
Phenol 

2,4-Dichloro
phcnoxyacctic acid 

IOO~ (230) 
W 
10' 
10' 
40' 

4-Chloro-2-mcthyl
phcnoxyacetic acid 

100 (130) 
ND e 

15 
15 
65 

2-MelhyJ
phcnoxyacetic acid 

100 (15) 
100 
330 
320 
300 

• Cells were harvested during cxponenlial growth. The oxygen uptake: rates are expressed as percentages of that for 2,4-dicblorophenoJ ( = 
100%). Specific activities (in parentheses) were estimated on the basis of half of the oxygen uPlake rate in micromol O 2 per minute per 
grUffi protein 
b NO ::: not determined 
< The same activities were fou nd in cells harvested during early stationary growth phase 
d No activities were found in cells harvested during early stationary growth phase 

Table 3. Specific act ivities of catabolic enzymes from 2,4-dichloropheooxyacctic acid (2,4·0)-, 4-.{;hloro-2-methylphcnoxyacclic acid 
(MCPA)- and 2-methylphenoxyacetic acid (2MP A)-grown cells of Alcaligenes ell/rophus JMP 134 

En:.r.yme activity 

2,4-0 monooxygenase 
Phenol hydroxylase 

Catechol 2,J.-dioxygcnase 

Assay substrate 

2,4-0 
2,4-Dichlorophcnol 
Phenol 
2-Methylphenol 
Catechol 

sp. act. 

2,4-0 

105 
230 
130 
35 

<1 

CU/g protein) after growth with " 

MCPA 2MPA I'ructose 

21 40 6 
130 25 12 
75 80 < 5 
20 90 <5 

<1 370 <1 
2·1-1 ydroxymuconic seroialdehyde hydrolase 

(HMSH) 
2-Hydroxy-6-oxohepta-2,4-dienoaIC < 10 <10 295 <10 

Catechol 1,2-dioxygcnase Catechol 490 200 80 6 
3-Chlorocalcchol 300 80 40 10 

Muconatc cycloisoroerase cis,cis-Mueonate 8 <5 <5 <5 
2 -Chi oro-cis ,cis-mueona te 15 <5 <5 <5 
3-Ch loro-cis ,cis·mucona Ie 370 75 65 <5 
2,4-Diehloro-cis,ci.l"-muconate h 390 80 70 < 5 

4-Carbox ymelhylbu\ -3-en-4-0Iidc 
hydrolase 

4-Carboxymcthylbut -3-en-4-0Iide 70 50 90 30 

4-Carboxymeth ylenebut -2-en-4--0lide 
hydrolase 

trans-4-Carboxymethylcnebut -2--en- 2570 670 360 55 
4-o[idc 

Ma leylacetatc reductase Maleylacetate 600 500 310 15 

• Cells were harvested during exponential growth phase. Enzyme activitiesof 2,4·0 monooxygenase were determined with whole cells. 
Decrease of substrate concentration was foUowed by high pressure liquid chromatography. Phenol hydroxylation activities wcre also 
dctcnnincd with whole cells. The specific oxygen uptake with phenols was divided by two, to get comparable activi ties. All other activit ies 
were determined by photomctrie tests using cell extracts 
10 3.5-Dichlorocatccho[ was cleaved by partially purified catechol I ,2-dioxygcnase of the type II and the aceumulating product was used as 
assay substrate as described in the Materials and methods section. This product is no t yet clearly identified as 2,4-dichloro-cis,Clf-mucOnutc 

on 2,4- 0 , M CPA and 2MPAwerecomparcd. While2MPA
grown cells had high activities of enzymes ofa meta-cleavage 
pathway (Table 3), this pathway was not induced in 2,4-0-
or MCPA-grown cells. Ortho-c1cavagcactivitywith ca techol 
as well as with 3-chlorocatechol was found in all three cell 
extracts. 

An elut ion profile from a DEAE-cellulose column of a 
cell cxtract prepared fro m 2,4-0-grown cells showed two 
separate peaks of catechol 1,2-dioxygenase (C120) activity. 
The fraction s of the first peak, el uted a t 0.22 M NaC!, ex
hibited high activity against catecho l and 3-chlorocatechol 
whereas frac tionsofthc second peak, eluted at O.23 M NaC!, 

exhibited high activity against catechol only. Activi ties were 
a lso determined in pools of fractions from the flanks of the 
peaks to avoid contaminations by the respective isocnzymes. 
By measurements oftheactivity against catechol, both pools 
showed different stabilities under d iverse storage tempera
tures (data not shown). Since the first pool showed constant 
relative activites against catechol/3-chloroc.'l.techolj3,5-
dichlorocatechol under different sto rage conditions, it can 
bedesignatcd as a pure preparation of a C I20 Type II (Darn 
and Knaekmuss 1978a). The second pool, preparation of a 
C120 type I enzyme showed impurities ofi ls isoenzyme. T he 
amount of impurity d ue to C120 II after Slorage for 6 days 



Table 4. Apparent K. values and apparent V ..... valuesofsubstitu tcd 
catechols fo r two catechol l ,2-dioxygenases from AlcaligeNes 
eulrophus J M P 134 grown on 2,4-D" 

Substrate Catechol Catechol 
I ,2-dioxygenase 1 1,2-dioxygenase n 

v_. V_. V_ K. 
('/.) (,M ) (01,) (IlM) 

Catechol 100 5.6 100 19.2 
3-Chlorocatechol 2 ND' 124 2.0 
4-Chloroc3lcchol 14 ND 122 OJ 
3,5-DiehlorOCaltcho! I ND 181 0.8 
3-Met hy1cmcchol 41 2.9 167 36.0 
S-Chloro-3· 

IIlcthylc31cchol 38 ND 376 NO 

• The kinctic cOllstants were detcnnined by use of double reciprocal 
plots [I/(S) against I/vl. All solutions wcrc salured with air at 25°C. 
Maximum velocities are given as percentages with respect to the 
reaction with eau.-chol ( .. IO(W.) 
, ND ... not determined 

at _ 16°C was estimated to be less than 0.5%. Apparent 
K", val ues and maximum ring cleavage velocities (V .... J of 
catechols for the two catecbol l ,2-dioll.ygenases are 
summarized in Tablc 4. The ratio of maximum velocities of 
1,2-d ioxygenation of 3-chlorocatechoJ/catechol by C120 U 
was 1.24. A lower ra tio points to additional induction of 
Cl20 I as can be seen in cell ex tracts of 2,4--0, MCPA· and 
2:\1 PA-grown cells (ratios of 0.61 ,0.40 and 0.5, respectively). 
About 50%, 35% and 40% respectively of the activities 
found against catechol were due to induction of Cl20 II . 

Degradation ofmucollares 

Schmidt and K.nack muss (1980) observed two muconate 
cycioisornerases in the 3-chlorobenzoate degrading organ
ism PseudomOllas sp. 81 3. Isoenzyme I showed high activity 
only against muconate while isoenzyme 11 was active against 
both muconate and 2-ch loromuconate. In contrast, cell ex
tracts of 2,4·D-, MCPA· and 2M PA-grown cells of 
Alcaligenes elltrophus JM r 134 exhibited only very low activ· 
ity against lUuconate and 2-chloromuconate. High acti vity, 
however, was found against 3.chloromuconate and against 
the ring.clcavage prod uct of 3,5·dichlorocatechol, indicating 
a muconate cycloisomerase different from those of Pseu
domonas sp. B 13. A muconate cycloisomerase of type I 
(Schmid t and Knackmuss 1980) with high activity against 
mucona te is synthesized by Alcaligenes eutrophw IMP 134 
when grown on phenol (data not shown). 

Chlorosubstituted mueonatc:s were converted by 
Pseudomonas sp. 013 to chlorosuhslituted 4.carboxy· 
methylbut·2-en-4·olides, spontaneous elimination of chJo· 
ride leading to formation of 4-carboxymethylenebut·2-en-4-
olide which is further converted to maleylacetate by a 4-
carboll.yotethylencbut·2-en-4-olide hydrolase (Schmidt and 
Knackmuss 1980). Due to unavailability of chloro· 
su bsti tutt.:d 4-carboxymethylenebut.2-cn-4-o1ide, the cor
responding product of 2,4-dichloromuconate eycioisomeri· 
sati on, Iralls·4-carboxymethylencbut-2-cn-4--0Iide was used 
as test substra te. As shown in Table 4, activites for this 
subst rate and for maJeylaeete were induced in 2,4·D~, 
MCPA- and also 2MPA-grown cells. Only low activities of 
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.1g. 1. Proposed pathways for the degradation of 2.4-dichloro
(R .. CI), 4--chloro-2-methyl- (R ~ C l-l l ) and 2-mclhytphenoll.yace
tic acid in Alcaligenes eUlrophus JMP 134. The enzymes are follows: 
I 2,4-0 monooll.ygenasc; 2 chlorophenol hydroxylase; 3. 4 phenol 
hydroxylase with different ratios of activi ties against phenol and 
nlcthylphcnols; 5 catechol 1.2-dioxygenase II ; 6 catechol t,2-
dioxygenase I; 7 c.1teehol 2,3-dioll.ygcnasc ; 8 spceiali7.ed cis,cis
muconatc cycioisomerasc; 9 4-carbollymelhylcnebut-2-en-4-olide 
hydrolase; /0 malcylacetatc reductase 

4-carboxymcthylbut·3-en-4·0Iidc hydrolase, an enzyme of 
thc 3-oxoadipatc-pathway, were induced in tbese cells. 

DiS(:ussion 

The prescnt results demonstrate, that 2-methylphenoxy
acetic acid (2MPA) is also a growth substrate for the 2,4-
dichlorophenoxyacetic acid (2,4-0) and 4-chloro-2-
melhylphcnoxyacetic acid (MCPA) degrading Alcaligenes 
eutrophus JM P 134. The first catabolic step, cleavage of the 
ether bond to produce the respective pbenols (Fig. 1), is 
apparently mediated by a single enzyme, probable a mono
oxygenase as described by Tiedje aDd Alexander (1969) and 
Gamar and Gaunt (1971). An initial ring hydroxylation or 
reductive elimination of chloride can be excluded. The 2,4· 
D monooxygenase or strain JMP 134 has a wide substrate 
specifi ty, phenoxyacetic acid (PA) and 2MPA as well as 2,4-
o and MCPA bei ng converted at high rales. 

Clea rly different enzymes acting on phenols (Table 2) 
were synthesized by strain JMP 134 during growth with 
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different phenoxyacctic acids. 2,4-D grown cells from the 
early stationary growth phase exhibited high activity against 
2,4-dichlara- and 4-chloro-2-mcthylphenol but not against 
phenol and 2- and 4-methylphenoL This indicates induction 
of the pJP4-encodcd chlorophenol hydroxylase which had 
been purified by Liu and Chapman (1984). During ex
ponential growth, additional activities against phenol, 2-
and 4-methylphenol were induced, in 2,4-0- and MCPA
grown cells in a ratio of 4: 1 : 1, in 2MPA-grown cells in a 
ratio of approximately 1 : 1: 1. These results indicate that, in 
addition to the described chlorophenol hydroxylase, two 
further phenol hydroxylating enzymes can be induced by 
JMP 134. 

Il is probable that the three phenol hydroxylascs which 
can be synthesized by JMP 134, differ only in substrate 
specifily and that in each case thc corresponding eatechols 
arc the products (Fig. 1). This has been shown for the 
chlorophenol hydroxylase by Liu and Chapman (1984). A 
second phenol hydroxylating activity, found in 2,4-0- and 
MCPA-grown cells (fable 2) showed high activity against 
phenol and is therefore assumed to be a ring-hydroxylating 
activity. Also a side chain attack by the third phenol hydrox
ylase of JMP 134, which exhibits high activity against 2-
methylphenol seems unlikely. Hydroxylases attack.ing the 
side chain of methylpbenols which have been described, 
either attack methylgroups in meta-position to the hydroxyl
group (Hopper and Chapman 1971; Hopper and Taylor 
1975; Keat and Hopper 1978) or specifically attacks the 
para-methylgroup of 4-methylsubstituled phenols (Keat and 
Hopper 1978; Mcintire et al. 1985). 

Three diITerent enzymes acting upon catechols are in
ducible in JMP 134, lWO catccholl ,2-dioxygenases and one 
catechol 2,3-dioxygenase (Tables 3 and 4). Only ortho
cleavage activites were found in 2,4-D- and MCPA-grown 
cells of A. eutrophus JMP 134 (Fig. I). This shows a strict 
regulation which prevents a misrouting of the chloro
catechols by induction of the meta-cleavage pathway, which 
for different reasons has been describe<! to be unproductive 
for the degradation of chi oro substituted catechols (Horvath 
1970 ; Klecka and Gibson 1981; Surovtscva and Volnova 
1981; Kaminski ct al. 1983; Bartels ct a!. 1984). A similar 
strict rcgulation has been described only by Kilpi et al. 
(1983). In contrast, Reineke et al. (1982) showed that the 
loss of expression of C230 is obligatory for growth of 
Pseudomonas WR 211 on 4-chloroben7.oale. In this strain, 
4-l:hlorobenzoate is totally channeled into the unproductive 
meta-pathway. A mutation in the structural gene of C230 
prevents this misrouting in the derivative strain WR 216 
(Jeenes et al. 1982). Latorre et al. (1984) and Rubio et al. 
(1986) showed a si milar incompatibility of ortho- and meta
cleavage pathway in the ~ame species. 

2MPA-grown cells showed induction ofhoth ortho- and 
meta-cleavage enzymes (Fig. 1). Thc degradation of this sub
strate via 3-methylcatechol and the well known meta
cleavage (Sala·Trepat etal. 1972; Murrayet al. 1972; Dagley 
1978) was not further investigated. 11 is currently studied, 
what proportion of3-methylcatechol produced from 2MPA 
is channeled into the ortho-eleavage pathway and whether 
like 4-methylcatechol (Pieper et al. 1985), it can productively 
be metabolized via this route. 

'[\vo catechol 1,2-dioxygenases were induced in 2,4-0-, 
MCPA- and 2MPA-grown cells of JMP 134. Whereas 
isoenzyme 11 exhibited high activity against catechol and 

also ehlorosubstituted catechols (Table 4), isoenzyme r ex
hibited high activity against catechol only, indicating a type 
of catechol 1,2-dioxygenase known from the classical 3-
oxoadipatc pathway. A similar situation of induction of two 
ca techol 1,2-dioxygenases after growth of baetcrial strains 
on chloroaromatics has been described by Oorn and 
Knaekmuss (1978a) and Reineke and Knaekmuss (1980), 
but also the induction of only one catechol 1,2-dioxygenase 
with broad substrate specifity bas been reported (Reineke 
and Knackmuss 1984). Due to the fact that chlorophenol 
hydroxylase of strain JMP 134, as shown by Liu and 
Chapman (1984), was highly specific against chlorophenols 
and exhibited no activity against unsubstituted phenol, we 
investigated if further enzymes, highly specific for 
chlorosubstituted substrates, were synthesized by strain 
JMP 134. Purificatio.n of catechol 1,2-dioxygenasc active 
against chlorocatechols has already been carried out with 
bacterial species isolated on monochloroaromatics such as 
3-chlorobenzoate (Reineke and Knackmuss 1980) and 
chlorobenzene (Reineke and K nackmuss 1984). The enzyme 
of Alcaligenes eutrophus JMP 134, however, was found to 
be specialized to 3,5-dichlorocateehol as substrate, which is 
converted faster than the monoehlorosubstituted com
pounds. Also Kilpi Cl a!. (1983) observed a significantly 
higher activity against 3,5-diehlorocatcchol than against 3-
ehloroeatechol in cell extracts of a pseudomonad isolated 
on 2,4-0. 

I nvestigation~ on muconate cycloisomeri..zing enzymes in 
ehloroaromatic-degrading bacterial species have been re
ported by Schmidt et al. (1980) and Hartmann et al. (1979). 
Using purified enzymes, Schmidt el al. (1980) showed that 
the 3-chlorobenzoate degrading Pseudomonas sp. H13 in
duces a muconate eycloisomerase type I with high activity 
only against muconate when grown on benzoate, while a 
muconate cycloisomerase type II with high activity against 
muconate and also against 2- and 3-ehloronmconate is 
formed when grown on 3-chlorobenzoate. Independent of 
the substitution of the benzoates used as growth substrates 
by Hartmann et al. (1979), the authors found a considerabl y 
higher activity against 2-ehloromuconate than against 
muconate. Since the authors investigated mueonale 
eyc1oisomerizing activities only in cell extracts, it is not 
known if these activities are due to induction of only one 
cyc\oisomerase. 

The muconate cycloisomerase induced by 2,4-D-grown 
cells of Alcaligenes eUlfOphus JMP 134 is highly specific. 2-
Chloromuconate and muconate were converted only at low 
rates, whereas high activitics were found against 3-
chloromuconate and against the ring-cleavage product of 
3,5-dichlorocateehol . 

Products ofcycloisomerisation of2-chloromuconate and 
3-ehloromuconate by Pseudomonas sp. H13 have been 
identified by Schmidt and Knaekmuss (1980) as trans· and 
cis-4-carboxymethylenebu t -2-cn-4-olide, respectivcly. Chlo
ro-substituted 4-carboxymethylbut-2-cn-4-olides, which 
spontaneously eliminate chloride, were assumed to be the 
reaction products. Both cis- and Irans-4-carboxymcth
ylenebut-2-en-4-olide were converted to maleylacctate by 
the action of 4-carboxymethylenebut-2-en-4-olide hydrolase 
(dienelactone hydrolase) (Schmidt and Knaekmuss 1980). 
The fale of 2,4-dichloro- and 4-chloro-2-methylmuconate 
has not been as thoroughly examined. Bollag et al. (l 968 b), 
Ticdje et al. (1969), Evans et al. (1971 b) and Sharpec ct 



a1. (1973) reported 2-chloro-4-carboxymethylenebut-2-en-4-
o lide to be a metabolite in the degradation or 2,4-D. Gaunt 
and Evans (1971 b) reported 2-methyl-4-carboxymethyl
enebut-2-cn-4-olide as a metabolite in the degradation or 
MCPA. High activi ties against 4-carboxymcthylenebut-2-
en-4-01ide in 2,4-D- and 4-carboxymethylenebut-3-en-4-
olide supports the assumption of the degradation o r 2,4-D 
and MCPA via dienelactoncs as mctabolites (Fig. 1). 

Alcaligenes ell/rfJphlls JMP 134 is an llnusu:.ll bacterium 
in tha t it harbours several sets o r enzymes catabolizing 
differently substituted phenols and catechols. These arc 
properly regulated in order to avoid misrouting of chloro
catechols into the unproductive meta-cleavage pathway. The 
sC(;ond outstanding reature or this organism is its capability 
to assimilate at least 4-methylcatechol via an ortho-cleavage 
pathway (Pieper e t at 1985). Since the organism also 
harbours an efficient meta-cleavage pathway, both catechol 
1,2- and catcchoI2,3-activities become induced irconfronted 
to mixtures of chloro- and methylaromatics (Pieper 1986). 
Because this may become a serious problem in industrial 
sewage treatment systems, simulla neous metabolism or 
methyl- and chloroaromalics is currently investigated. 
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