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SUMMARY 

Pseudomonas putida wild-type strain P23Xl degrades 4-hydroxy- 
phenylacetic acid by an inducible meta-cleavage pathway. Induction 
experiments with three mutant strains -blocked at different reactions 
in the pathway indicate that the enzymes are synthesized following 
two sequential inductive events. 4-Hydroxyphenylacetic acid induces 
the &hydroxyphenylacetic acid-3-hydroxylase. 3,4-Dihydroxyphenyl- 
acetic acid induces at least the three subsequent enzymes (3,4-dihy- 
droxyphenylacetic acid 2,3-dioxygenase, +carboxymethyl-2-hydroxy- 
muconic semialdehyde dehydrogenase, and +carboxymethyl-2-hydroxy- 
muconic acid decarboxylase). Thus, the genes encoding the first 
four enzymes of this cleavage pathway appear to exist as two 
operons. 

INTRODUCTION 

The meta-cleavage pathway (Fig. 1) of 4-hydroxyphenylacetic 

acid in two strains of Pseudomonas putida and an Acinetobacter 

strain has been elucidated by Sparnins et al (1). This meta- 

cleavage pathway closely resembles the -cleavage pathway for 

e-cresol degradation with respect both to the types and sequence 

of reactions (2). There is no evidence of a comparable tautom- 

erase-mediated reaction in the 4-hydroxyphenylacetic acid meta- 

cleavage pathway (1). Studies of the regulation of 

degradation of aromatic compounds have been confined to the m- 

cleavage of phenol and the isomers of cresol (3,4,5,6,7). In this 

communication we report studies on the regulation of synthesis of 

some enzymes involved in the cleavage pathway of 4-hydroxy- 

phenylacetic acid by P. putida strain P23Xl employing mutant 

Copyright 0 1977 by Academic Press, Inc. 
All rights of reproduction in any form reserved. 

565 

ISSN 0006-291 X 



Vol. 76, No. 2, 1977 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS 

4-HYDROXYPtiENYLACEIIC ACID - 3,4-DWDROXYPHENYLACETlC ACID 
W--w+- 

0% 

i 

23dioxygenarc 

5CARBOXYMETHYL-2- 

HYDROXYMLKONlC SEMIALMHYDE 

5-CAdXYhtETHYL-2- 

HYDROXYMUCONIC ACID 

SUCCINIC 
SEMIALDEHYDE 

4+NDROXY-2-KETO- 

PY RUVATE h PIMEL,C #,(-ID l ,” hydratoss 

Figure 1. The meta-cleavage pathway for the degradation 
of 4aroxyphenylacetic acid. 

strains defective in different reactions of the pathway. 

MATERIALS AND METHODS 

Organisms and conditions of growth. The mutant strains used are 

listed in Table 1 and were all derived from wild-type P. putida 

strain P23xi (NCIB 9865). This organism was isolated on 2,3- 

xylenol by Dr. D. Hopper, who has reported some of its metabolic 

activities (8). Cultures were grown in the basal medium of Hegeman 

(9) supplemented with 10 mM fumarate. Inducing carbon sources were 

added to cultures growing on fumarate basal medium to a final con- 

centration of 2.5 mM. Conditions of growth, induction of enzymes 

and preparation of cell suspensions were as described by Bayly and 

Wigmore (2) except that induction was for 4 hr. Extracts of freshly 

harvested cells were prepared by sonic disintegration at 0-2O using 

a Branson B12 sonifier at an output of 20 KI-Iz for three 10 sec. 

periods with 1 min. intervals. 

Mutagenesis and selection of mutant strains. Exponential phase 

nutrient broth cultures were exposed to E$(v/v) ethylmethane 
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Table 1. Mutant strains used. 

Strain 

~23x6 

P23X28 

P23X21 

Phenotype 

hydroxylase deficient. 

2,3-dioxygenase deficient. 

dehydrogenase deficient. 

sulphonate for 30 min. at 30' which resulted in a 95 to 99$ 

reduction in the number of viable cells. Following overnight 

expression in nutrient broth, mutant strains unable to grow at 

the expense of 4-hydroxyphenylacetic acid were selected by the 

penicillin G (5 x 10 4 U/ml)/D-cycloserine (2 mg/ml) method of 

Ornston et al (10). The selective carbon source was quinic acid 

(2.5 mM) and the contra-selective carbon source was 4-hydroxyphenyl- 

acetic acid (2.5 mM). The three mutant strains used in this study 

were derived by this method. 

Enzyme assays. 2,3-dioxygenase and dehydrogenase activities were 

determined by the method of Sparnins et al (1). Determinations 

of decarboxylase and hydratase activities were based on the methods 

of Sala-Trepat and Evans (11) and Collinsworth et al (12) respect- 

ively. The preparation of substrates for the assays of dehydrog- 

enase, decarboxylase and hydratase have been described (1). 

Hydroxylase activity in cell suspensions was determined polaro- 

graphically using a Clark oxygen electrode as described by Bayly 

and McKenzie (13). 

RESULTS 

P. putida strain P23Xl metabolizes 4-hydroxyphenylacetic acid 

-cleavage pathway elucidated by Sparnins et al (1) to 

succinic semialdehyde, pyruvate and CO2 (Barbour, unpublished 

observations). All enzymes tested that are involved in the degra- 
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Table 2. Specific activities of &hydroxyphenylacetic acid 
meta-cleavage pathway enzymes induced by 2.5 mM 
4-hydroxyphenylacetic acid and 2.5 mM 3,&dihydroxy- 
phenylacetic acid in wild-type strain PZ3Xl and 
mutant strain ~23x6. 

p23xi 

4-HpAa 3, 4-DHPAa 

hydroxylaseb 118.4 -=5 
2,3-dioxygenasec 0.84 0.463 

dehydrogenaseC 0.078 0.056 

decarboxylaseC 0.016 0.016 

hydratase c,d 0.040 0.021 

~23x6 

4-HpAa 3, 4-DHPAa 

(5 (5 
(0.001 0.241 

<O.OOl 0.048 

<O.OOl 0.013 

4.001 0.015 

a. Abbreviations: 4-HPA, &hydroxyphenylacetic acid; 
3,4-DHPA, 3,&dihydroxyphenylacetic acid. 

b. Values, corrected for endogenous respiration, are 
expressed as microlitres of oxygen taken up per 
hour per mg. dry weight of cells. 

C. Expressed as micromoles of substrate used (or 
product formed) per minute per mg. protein. 

d. Corrected for non-enzymatic breakdown of substrate. 

dation of &hydroxyphenylacetic acid were induced when fumarate- 

grown wild-type strain P23Xl was exposed to 2.5 mM 4-hydroxyphenyl- 

acetic acid (Table 2). When a fumarate-grown culture of mutant 

strain ~23x6 was exposed to 2.5 mM 4-hydroxyphenylacetic acid none 

of the meta-pathway enzymes tested were synthesized. Exposure of 

fumarate-grown cultures of both these strains to 2.5 mM 3,4- 

dihydroxyphenylacetic acid resulted in all enzymes tested except 

the hydroxylase being induced, (Table 2). These results indicate 

that mutant strain ~23x6 does not synthesize a functional hydroxy- 

lase in response to 4-hydroxyphenylacetic acid, end the failure of 

this compound to induce any enzymes in strain ~23x6 (Table 2) 

suggests that the inductive function of 4-hydroxyphenylacetic acid 

is restricted to the hydroxylase. 

Exposure of fumarate-grown cultures of mutant strains P23X28 

and PZ3XZl to 2.5 mM 3,4-dihydroxyphenylacetic acid resulted in 
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Table 3. Specific activities of 4-hydroxyphenylacetic acid 
meta-cleavage pathway enzymes induced by 2.5 mM 
sd'h d i y  roxyphenylacetic acid in wild-type strain 
~23x1, and mutant strains P23X28 and P23X2l. 

Strain 

P23Xl ~23x28 P23X21 

2,3-dioxygenasea 0.535 <O.OOl 0.272 

dehydrogenasea 0.062 0.034 to.001 

decarboxylasea 0.010 0.007 0.008 

hydrataseagb 0.017 0.012 0.013 

a. Expressed as micromoles of substrate used 
(or product formed) per minute per mg. 
protein. 

b. Corrected for non-enzymatic breakdown of 
substrate. 

all enzymes tested except the 2,3-dioxygenase and dehydrogenase, 

respectively, being synthesized (Table 3). These results suggest 

that at least the 2,3-dioxygenase, dehydrogenase and decarboxylase 

are subject to coincident control with synthesis elicited by 

3,&dihydroxyphenylacetic acid. 

DISCUSSION 

The first enzyme in the pathway, the hydroxylase, is induced 

by its substrate, k-hydroxyphenylacetic acid, while the three 

subsequent enzymes are coincidentally regulated with synthesis 

elicited by the second metabolite, 3,4-dihydroxyphenylacetic acid. 

3,&Dihydroxyphenylacetic acid does not have any inductive effect 

on the expression of the hydroxylase gene and it is not yet known 

whether this compound or a subsequent metabolite induces the 

synthesis of the hydratase or aldolase enzymes. These results 

indicate that the genes encoding the first four enzymes of the 

4-hydroxyphenylacetic acid pathway exist as two operons, one 

containing the hydroxylase gene while the other contains at least 

the 2,3-dioxygenase, dehydrogenase and decarboxylase genes. 
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This mode of regulation by two sequential inductive events 

differs from the regulation of the cleavage pathway for 

phenol degradation in P. nutida strain U (3,4,5,13), P. aeruginosa 

strain Tl (14) and P. arvilla mt-2 (15) where the primary metabol- 

ite, phenol, elicits the coincidentally regulated synthesis of all 

enzymes in the pathway. By the definition of Maas and Clark (16) 

the genes encoding the phenol cleavage enzymes exist as a 

single regulon with synthesis elicited by phenol. Bayly et al (6) 

showed that in P. putida strain U this regulon is composed of two 

operons, the first contains the phenol hydroxylase gene and the 

second contains the genes for all subsequent enzymes of the meta- 

pathway. Phenol is the effector compound for both operons and 

it has been suggested (3,7) that the expression of both operons 

is mediated by the same regulatory molecule. In P. putida strain 

P23Xl at least the first four enzymes in the 4-hydroxyphenylacetic 

acid meta-cleavage pathway appear to exist as two operons with 

each operon having different effector compounds. It is not known 

whether the expression of these two operons is mediated by 

different regulatory molecules. 
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