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ABSTRACT

SUBSTRATE SPECIFICITY AND SPECTROSCOPIC PROPERTIES OF
2,4-DICHLOROPHENOXYACETIC ACID/a-KETOGLUTARATE DIOXYGENASE

By

Ruth Elizabeth Saari

2,4-Dichlorophenoxyacetic acid (2,4-D) was one of the first herbicides used 

which act by mimicking a plant growth hormone; it and related phenoxy herbicides are 

still in wide use today. It is not highly persistent in soil, due to microbial biodegradation. 

In the soil isolate Ralstonia eutrophci JM P134, the first step in catabolism of 2.4-D is 

catalyzed by 2,4-D/a-ketoglutarate (a-KG)-dioxygenase (TfdA). This O: and Fe(II) 

dependent enzyme couples the oxidative decarboxylation of a-KG to the oxidation of 2.4- 

D producing 2,4-dichlorophenol and glyoxylate. TfdA is a useful model protein for 

studying a-KG-dependent dioxygenases because it is readily purified and assayed.

TfdA was shown to utilize thiophenoxyacetic acid (TPAA) to produce thiophenol, 

allowing the development of a continuous spectrophotometric assay for the enzyme using 

the thiol-reactive reagent 4,4'-dithiodipyridine. In contrast to the reaction with 2.4-D, the 

kinetics o f TPAA oxidation were non-linear and ascorbic acid was found to be required 

for and consumed during TPAA oxidation. The ascorbic acid was needed to reduce an 

oxidized inactive state of the enzyme formed in the absence of substrate or the presence 

o f TPAA prior to turnover. Evidence also was obtained for the generation of an

irreversibly inactivated enzyme species by an oxidative reaction. Based on initial rate
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studies at optimal ascorbate concentrations, the kcal and Km values for TPAA were 

estimated to be 20-fold lower and 80-fold higher than the corresponding values for 2,4-D.

TfdA hydroxylates at C-2 of 2,4-D to produce an unstable hemiacetal. 

Dichlorprop, an analog of 2,4-D containing a methyl group at C-2, was used as a substrate 

to gain insight into the stereochemistry of this hydroxylation. TfdA from JMP134 was 

shown to use the (S)-enantiomer o f dichlorprop. indicating that it likely hydroxylates 2,4- 

D to give the (R)-hemiacetal. The same stereospecificity was observed with 

Burkholderia cepacia RASC, another 2.4-D degrading strain which possesses a closely 

related TfdA. By contrast, a strain of Alcaligenes denitrificans which grows on the 

phenoxy herbicide mecoprop degraded (R)-dichlorprop. Despite the opposite 

stereospecificity of A. denitrificans cell extract, the dichlorprop disappearance was 

catalyzed by an a-KG dioxygenase, and genomic DNA from this isolate hybridized to 

(/& 4R A SC

The inactive copper form of TfdA was studied by electron paramagnetic 

resonance (EPR), electron spin echo envelope modulation (ESEEM), and x-ray extended 

absorption fine structure (EXAFS) spectroscopies. Cu-TfdA possesses at two equatorial 

histidines and two other N/O ligands in the presence or absence o f a-KG, one of which 

disappeared upon addition of 2.4-D. EXAFS of the active Fe-TfdA showed 5-6 N/O 

ligands, including -2  histidines, one of which was displaced upon binding of 2,4-D. 

whereas little change was observed upon binding of a-KG.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

PREVIE
W

Bayer EX1060



To the Creator behind the irreducible complexity o f  biochemistry
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CHAPTER 1

INTRODUCTION

The section in chapter I describing 2,4-D catabolism by Ralstonia eutropha JMP 134 is 

based on a review article for which I was one o f the authors: Hausinger, R. P., Fukumori, 

F., Hogan, D. A., Sassanella, T. M., Kamagata, Y., Takami, H., and Wallace, R. E. 

(1996). “Biochemistry of 2,4-D degradation: evolutionary implications.” Microbial 

Diversity and Genetics of Biodegradation, K. Horikoshi, M. Fukuda, and T. Kudo, eds., 

Japan Scientific Press, Tokyo.

1
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2,4-Dichlorophenoxyacetic acid (2,4-D) is a widely used broadieaf herbicide that 

is rapidly biodegraded in soil (reviewed by e.g. (Loos 1969: Sinton et al. 1986)). Several 

bacteria capable o f degrading 2,4-D have been isolated, of which the best characterized is 

Ralstonia eutropha JMP134 (Don and Pemberton 1981; Pemberton et al. 1979). The 

enzymes that catalyze the upper portion of the degradative pathway in this bacterium are 

encoded by the tfd genes on the pJP4 plasmid (Don et al. 1985) and include the main 

focus of this thesis, TfdA. This introduction will describe the pathway of 2,4-D 

metabolism in R. eutropha JMP 134. discuss the environmental and evolutionary 

significance of TfdA. examine the biochemical and genetic relationships between TfdA 

and other a-ketogiutarate (a-KG)-dependent dioxygenases, and provide an outline of the 

remainder of the thesis.

2,4-D catabolism by R. eutropha JMP134

The overall pathway for metabolism of 2,4-D in R. eutropha (formerly 

Alcaligenes eutrophus (Yabuuchi et al. 1995)) JMP134 is shown in Scheme 1. The 

biochemistry of catabolism in this bacterium was recently reviewed and compared to 

variant 2,4-D degradation pathways in other microorganisms (Hausinger et al. 1996). 

Below, I detail aspects of the first step in the reaction and provide an overv iew of the 

remaining steps.

1
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2.4-D 2,4-dichlorophenoI 3.5-dichlorocatechol

COO

2.4-dichloro-m . cis 
muconate

TfdA

COO TfdD

TfdF/
chromosomal
enzymes

OOC

P-ketoadipate 2-chIoromaleylacetate cA-2-chlorodienelactone

Scheme 1. Pathway for 2,4-D degradation in R. eutropha JMPI34.

TfdA, 2,4-D/a-KG-dependent dioxygenase; TfdB, 2,4-dichlorophenol hydroxylase; 
TfdC, chlorocatechol dioxygenase; TfdD. chloromuconate cycloisomerase; TfdE, 
dienelactone hydrolase; TfdF. maleylacetate reductase

3
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Ether bond cleavage as the first step o f  2,4-D degradation by R. eutropha JMP134

TfdA. the first enzyme in the 2,4-D catabolic pathway encoded on pJP4, catalyzes 

the oxidative removal of the acetate moiety from the ring o f this herbicide, releasing 2,4- 

dichlorophenol (Scheme I). As early as 1957 certain microorganisms were known to 

degrade 2,4-D via a pathway containing a phenolic intermediate (Steenson and Walker 

1957). From studies carried out with a 2,4-D degrading strain of Arthrobacter. the 

reaction was suggested to proceed via hydroxylation o f the methylene carbon to give a 

hemiacetal, which is unstable and spontaneously decomposes to form the corresponding 

phenol and glyoxylate (Helling et al. 1968; Tiedje and Alexander 1969). This proposal 

was based on studies with 180  ether-labeled 2.4-D showing that all the l80  oxygen 

remains in the phenol, and on the identification of glyoxylate as one of the products. The 

R. eutropha enzyme was initially assumed to be a monooxygenase, e.g. (Don et al. 1985; 

Streber et al. 1987), but was later shown to be an a-KG dependent dioxygenase 

(Fukumori and Hausinger 1993a). The enzyme catalyzes the decarboxylation of a-KG to 

form succinate and CO;> and couples this reaction to hydroxylation of substrate (Scheme 

2). TfdA was the first example of an a-ketoglutarate-dependent dioxygenase involved in 

xenobiotic metabolism; by contrast, the remaining enzymes in the pathway showed 

similarities to previously described enzymes in chloroaromatic metabolism, as outlined in 

the following section. The work described in this thesis focuses on further 

characterization of the kinetics and metallocenter o f the 2,4-D/a-KG dioxygenase, and on 

investigations of the diversity of ether-cleavage enzymes among 2.4-D degraders.

4
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2.4-D

O O2

a -K G

TfdA
Fe*2 unstable

hemiacetal

CO2

glyoxylate

spontaneous

succinate

2,4-dichlorophenol

Scheme 2. Reaction catalyzed by TfdA.

Active TfdA is a homodimer with subunits of Mr 32,000 containing one ferrous 

ion per subunit (Fukumori and Hausinger 1993b). Ascorbic acid, while not required for 

the reaction, increases the rate somewhat and improves the linearity of the reaction (ibid.). 

a-KG as the cosubstrate gave the best activity, but the enzyme had some activity with 

analogs that lacked the distal (non-keto) carboxyl group (pyruvate, a-ketobutyrate. a- 

ketovalerate, a-ketocaproate, a-ketoisovalerate; kcal/Km < 1% of that for 2,4-D. ibid.), or 

in which the chain was lengthened by one methylene unit (a-ketoadipate; kca/K m = 7% of 

that for 2,4-D). TfdA showed no activity towards analogs in which the chain was 

shortened by one methylene group (oxaloacetate) or when the a-keto group was missing 

(P-ketoglutarate, malonate, succinate, glutarate). The dioxygenase showed relatively

5

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

PREVIE
W

Bayer EX1060




