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Abstract 

This review examines the enzymes of 4-chlorobenzoate to 4-hydoxybenzoate converting pathway found in certain 
soil bacteria. This pathway consists of three enzymes: 4-chlorobenzoate: Coenzyme A ligase, 4-chlorobenzoyl- 
Coenzyme A dehalogenase and 4-hyroxybenzoyl-Coenzyme A thioesterase. Recent progress made in the cloning 
and expression of the pathway genes from assorted bacterial strains is described. Gene order and sequence found 
among these strains are compared to reveal independent enzyme recruitment strategies. Sequence alignments made 
between the Pseudomonas sp. strain CBS3 4-chlorobenzoate pathway enzymes and structurally related proteins 
contained within the protein sequence data banks suggest possible origins in preexisting/3-oxidation pathways. 
The purification and characterization of the physical and kinetic properties of the pathway enzymes are described. 
Where possible a comparison of these properties between like enzymes from different bacterial sources are made. 

Introduction 

This review examines the enzymes of a 4- 
chlorobenzoate (4-CBA) degradation pathway found 
in certain soil bacteria. 4-Chlorobenzoate is not known 
to be a natural product but is introduced into the envi- 
ronment through its use as a precursor in the synthesis 
of dye stuffs, pigments and pharmaceuticals (Shimao 
et al. 1989). It is also produced as a by-product in the 
microbial breakdown of certain herbicides (Cork & 
Krueger 1991; Haggblom 1992) and of the ubiquitous 
pollutants, polychlorinated biphenyls (introduced into 
the environment through their former use in plastics, 
carbon paper, cooling systems and transformers) (Hig- 
son 1992; Abramowicz 1990; Commandeur & Parsons 
1990). 

In recent years several strains of 4-CBA degrad- 
ing bacteria belonging to the genera Acinetobacter 
(Adriaens et al. 1989), Alcaligenes (Van den Tweel 
et al. 1986), Pseudomonas (Klages & Lingens 1980), 
Nocardia (Klages & Lingens 1979), Corynebacterium 

(Zaitsev et al. 1991; Groenewegen et al. 1992) and 
Arthrobacter (Marks et at. 1984; Mtiller et al. 1988; 
Shimao et al. 1989) have been isolated from 4-CBA 
enrichment cultures of soil or sludge samples. The 
potential for utilization of these 4-CBA degrading bac- 
teria for decontamination purposes is suggested by the 
observation that most of the isolates grow efficiently on 
4-CBA as the sole carbon source and one Arthrobacter 
strain, in particular, tolerates very high levels of 4-CBA 
in culture (Shimao et al. 1989). Furthermore, total 
degradation of 4-chlorobiphenyl has been achieved by 
natural ~ettigrew et al. 1990) and constructed (Adri- 
aens et al. 1989; Furukawa & Chakrabarty 1982; 
Sylvestre et al. 1985) consortia as well as with pure 
cultures (Shields et al, 1985). Alcaligenes sp A2, in 
particular, has been shown to carry a large plasmid 
encoding the genes responsible for the oxidation of 
the biphenyl unit plus genes encoding enzymes which 
dehalogenate the 4-CBA by-product to the metabolite 
4-hydroxybenzoate (4-HBA) (Hooper et al. 1989; Pet- 
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Scheme I. Catabolism of 4-Chlorobenzoate (4-CBA). 

tigrew et al. 1990; Layton et al. 1992) (see Scheme 
1). 

Each strain of bacteria appears to use a com- 
mon pathway for 4-CBA mineralization wherein the 
chloroaromatic is first converted to 4-HBA which in 
turn is oxidized to CO2 via aromatic metabolizing path- 
ways. The 4-CBA degrading pathway of Pseudomonas 
sp. strain CBS3 appears to be the most thoroughly 
characterized. We will first focus our attention on this 
pathway and then examine the 4-CBA pathways found 
in the other known 4-CBA degrading bacteria. 

4-CBA degradation in Pseudomonas sp. strain 
CBS3 

Pseudomonas sp. strain CBS3 was originally isolat- 
ed from soil by requiring growth on 4-CBA as the 
sole source of carbon (Klages & Lingens 1980). This 
bacterium was found to contain several dehalogenas- 
es, which include two different 2-haloalkanoic acid 
hydrolases (Klages et al. 1983; Schneider et al. 1991), 
an enzyme system that oxidizes 4-chlorophenylacetate 
to 3,4-dihydroxyphenylacetate (Klages et al. 1981; 
Markus et al. 1984) and an enzyme system that 
hydrolyzes 4-CBA to 4-HBA (Mtilter et al. 1984; 
Thiele et al. 1987; Scholten et al. 1991) (the subject of 
this review). 

The chemical strategy that we have seen unfold 
for the biodegradation of 4-CBA in Pseudomonas sp. 
strain CBS3 involves the coupling of three catabolic 
pathways (Scheme 1). The first pathway converts the 
4-CBA to 4-HBA in a three step process (Scholten et al. 
1991) (Scheme 2). The 4-HBA thus formed is oxidized 
to protocatechuate and then to carboxymuconate via 
the ortho-cleavage pathway. The/%ketoadipate ulti- 
mately derived is further oxidized to succinyl-CoA 
and acetyl-CoA via the/3-ketoadipate pathway. It is 
the 4-CBA ~ 4-HBA dehalogenation pathway which 
is unique to this strain of Pseudomonas and which 
allows 4-CBA to be mineralized in conjunction with a 
conventional aromatic metabolizing pathway. 

Earlier attempts by other investigators to purify the 
4-CBA dehalogenase activity from Pseudomonas sp. 
strain CBS3 (Thiele et al. 1987) had been unsuccessful 
because of the low levels of activity that were observed 
with cell-free extract. The cloning of the cosmid vec- 
tor pPSA 843 carrying a 9.5 kb chromosomal DNA 
fragment encoding the dehalogenase genes from Pseu- 
domonas sp strain CBS3 into E. coli was reported in 
1986 (Savard et al. 1986). Transfer of the hybrid cos- 
mid to the 4-CBA dehalogenase-minus strain Pseu- 
domonas putida KT2440 conferred on this strain the 
ability to dehalogenate 4-CBA and to grow on it as the 
sole source of carbon. Cloning the dehalogenase genes 
did not, however, immediately solve the purification 
problem. The maximal activity observed for the cellu- 
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lar extract from either clone was quite low (at least 20 
times lower than measured with whole cells) and it was 
short lived (Savard et al. 1992). The low and transient 
dehalogenase activity observed with lysed cells was 
suspected to be the result of degradation or dilution of 
an unidentified cosubstrate or the disruption of a sup- 
porting membrane structure. Thus, structural homolo- 
gy between the dehalogenase and known proteins was 
examined to gain insight into the catalytic properties of 
the former. This was ultimately accomplished through 
oligonucleotide sequencing and selective expression 
of the dehalogenase encoding Pseudomonas sp. strain 
CBS3 DNA fragment (Scholten et al. 1991). 

Analysis of dehalogenase activity in [2 insertion 
mutants and deletion mutants generated in the labo- 
ratory localized the dehalogenase encoding region to 
a 4.8 kb stretch of the original 9.5 kb cloned DNA 
fragment (Savard et al. 1992). Selective expression of 
the dehalogenase genes from the cloned 4.8 kb DNA 
truncation fragment in a maxicell system revealed a 
30 kDa potypeptide as one of the components of the 
dehalogenase system (Savard et al. 1992). Selective 
expression of the dehalogenase genes using the more 
sensitive T7 polymerase promoter based expression 
system revealed not only the 30 kDa polypeptide but 
also 57 -  and 15 kDa polypeptide products (Scholten et 
al. 1991). Deletion mutants were then used in conjunc- 
tion with the selective expression systems to locate the 
approximate positions of the three encoding genes on 
the DNA fragment and the direction of transcription 
(Savard et al. 1992; Scholten et al. 1991). 

Oligonucleotide sequencing of the cloned 4.8 kb 
DNA fragment identified 3 open reading frames 
(ORFs) corresponding to 29 847, 57 155 and 16 107 Da 
polypeptides arranged continuously 5' to 3' on the 
DNA fragment (Babbitt et al. 1992). The noncod- 
ing intervals between the 30 kDa and the 57 kDa 
polypeptide encoding ORFs and between the 57 kDa 

and 16 kDa polypeptide encoding ORFs comprise 8 
and 105 bases, respectively. The ORFs were veri- 
fied by comparing the predicted size and N-terminal 
sequences of the encoded polypeptides with the molec- 
ular weights and N-terminal amino acid sequences of 
the three dehalogenase polypeptide components later 
purified from the E. coli clone (Babbitt et al. 1992; 
Chang eta]. 1992). Possible links between the dehalo- 
genase polypeptide components and proteins whose 
amino acid sequences are contained in major databases 
were probed by carrying out primary sequence homol- 
ogy analyses. 

Accordingly, the 30 kDa polypeptide encoded by 
ORFI was first found to be related to 2-enoyl-CoA 
hydratases functioning in fatty acid fl-oxidation (Bab- 
bitt et al. 1992). The 57 kDa polypeptide encoded by 
ORF2 was found to be related to a large family of 
ligases catalyzing acyl adenylation/thioesterification. 
There was no match found for the 16 kDa polypeptide 
encoded by ORF3. 

Based upon the links made between the 57 and 
30 kDa dehalogenase polypeptide components and 
the ligases (several of which were CoA ligases) and 
the 2-enoyl-CoA hydratases, respectively, the reac- 
tion sequence shown in Scheme 2 (Viz. 4-CBA: CoA 
ligase, 4-CBA-CoA dehalogenase and 4-HBA-CoA 
thioesterase) was constructed. The three enzymes rep- 
resented in Scheme 2 were fractionated and identified 
(Scholten et al. 1991). Later, subclones were generat- 
ed for overexpression of the individual genes in E. coli 

(Chang et al. 1992). The isolation of the 4-CBA-CoA 
ligase from the original Pseudomonas sp. strain CBS3 
has also been reported (L6ffler et al. 1992). 
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4-CBA to 4-HBA converting pathways in other 
4-CBA degrading bacteria 

Special strains SU and TM1 of Arthrobacter contain 
enzymes that catalyze hydrolytic dehalogenation of 4- 
CBA to 4-HBA (Marks et al. 1984; Mtiller et al. 1988; 
Ruisinger et al. 1976). The reaction (observed in cell 
free extracts) requires ATP and coenzyme A, indicat- 
ing a dehalogenation pathway analogous to that found 
in Pseudomonas sp. strain CBS3 and shown in Scheme 
2. The dehalogenase genes of Arthrobacter sp. strain 
SU were cloned and expressed in E. coli (Schmitz et 
al. 1992). In Arthrobacter, as was observed in Pseu- 
domonas sp. strain CBS3, three ORFs, encoding the 
dehalogenase activity, are juxtaposed (Schmitz et al. 
1992; Savard et al. 1992; Babbitt et al. 1992). ORF1 
and ORF2 were suggested (based on similarities of 
polypeptide size and sequence to the Pseudomonas 4- 
CBA ~ HBA pathway enzymes) to encode the 4-CBA: 
CoA ligase and 4-CBA-CoA dehalogenase, respective- 
ly (Schmitz et al. 1992). The Arthrobacter sp. strain 
SU ORF3 encodes a 4-HBA-CoA thioesterase which 
is of similar subunit size (17 kDa) as that of the Pseu- 
domonas sp. strain CBS3 4-HBA-CoA thioesterase 
however, the two thioesterases do not share significant 
sequence identity (Schmitz et al. 1992). 

4-CBA to 4-HBA conversion in cellular extracts 
of Acinetobacter sp. strain 4-CB1 also occurs by ini- 
tial synthesis of 4-CBA-CoA from 4-CBA, ATP and 
CoA (Copley & Crooks 1992). With this system the 4- 
CBA-CoA was shown to undergo dehalogenation to 4- 
HBA-CoA which in turn is hydrolyzed to 4-HBA. The 
amino acid sequences of the enzymes mediating these 
three reactions in Acinetobacter sp. strain 4-CB 1 have 
not yet been reported so no comparison to the corre- 
sponding enzymes from Arthrobacter sp. strain SU or 
Pseudomonas sp. strain CBS3 can be made at this time. 
Nevertheless, the Acinetobacter 4-CBA-CoA dehalo- 
genase has been purified and its physical and kinetic 
properties studied (Crooks & Copley 1993). A compar- 
ison of the properties of the 4-CBA-CoA dehalogenase 
isolated from the Acinetobacter sp. strain 4-CB 1 and 
Pseudomonas sp. strain CBS3 is provided below. 

Tsoi et al. (1991) have cloned the Arthrobacter 
globiformis genes required for 4-CBA dehalogenation 
in E. coli JM109. Although these workers were able to 
detect (using a minicell expression system) two protein 
products sized at 32 and 58 kDa from the cloned genes, 
they did not ascribe function. By analogy to the Pseu- 
domonas sp. strain CBS3 4-CBA degrading pathway, 

these two proteins may function as the 4-CBA-CoA 
dehalogenase and 4-CBA: CoA ligase, respectively. 

The 4-CBA to 4-HBA converting pathway which 
employs a 4-CBA: CoA ligase, 4-CBA-CoA dehalo- 
genase and 4-HBA-CoA thioesterase thus appears to 
occur in both Gram positive and Gram negative 4-CBA 
degrading bacteria. We suspect that the chemical steps 
for 4-CBA ~ 4-HBA conversion reported to take place 
in the 4-CBA degrading strains Arthrobacter sp. strain 
SB8 (Shimao et al. 1989), Coryneform strain NTB-1 
(Groenewegen et al. 1992) and Alcaligenes sp. strain 
ALP83 (Layton et al. 1992) constitute the same three- 
step dehalogenation pathway represented in Scheme 
2. 

Properties of the purified enzymes of the 4-CBA to 
4-HBA converting pathway 

The 4-CBA: CoA ligase 

The 4-CBA: CoA ligase of Pseudomonas sp. strain 
CBS3 has been purified to homogeneity by a 6-step 
purification procedure (Ltffler et al. 1992). The same 
ligase was also purified from an E. coli clone (Scholten 
et al. 1991; Chang et al. 1992). Ltffler et al. (1992) and 
Chang et al. (1992) reported similar properties for the 
Pseudomonas and E. coti enzyme isolate. The enzyme 
displays an isoelectric point of 5.3 (Ltffler et al. 1992) 
and has an observed molecular mass of 110-115 kDa 
and consists of two identical polypeptide subunits of 
57 kDa (Ltffler et al. 1992; Chang et al. 1992). The 
kinetic data taken from Ltffler et al. (1992) and Chang 
et al. (1992) and summarized in Table 1 indicate that 
over the pH range of 7-9 the catalytic turnover rate of 
the ligase is 30-100 s -1 . 

The 4-CBA: CoA ligase was found to require a diva- 
lent metal cofactor for catalysis. Chang et al. (1992) 

satisfied with Mg , reported that this requirement is 2+ 
Mn 2+ or Co 2+ (Kin and kca~ values obtained using 
the three different metal ions are very similar) but not 
with Ca 2+ or Zn 2+. Ltffler et al. (1992), on the other 
hand, reported that Mg 2+ (100%), Mn 2+ (87%), Co 2+ 
(77%), Fe 2+ (70%), Zn 2+ (23%) and Ni 2+ (11%) were 
all effective as cofactors. 

Examination of potential alternate substrates for 
the 4-CBA: CoA ligase showed that it is not active 
with aliphatic carboxylic acids including palmitate, 
caproate, laurate and butyrate (Chang et al. 1992). 
This ligase is thus distinct from the fatty acid: CoA 
ligases. Likewise, the substrates for 4-coumarate: CoA 
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Table 1. Kinetic constants of the Pseudomonas sp. strain CBS3 4-CBA:CoA ligase. 

Substrate Km (~M) kcat (S -1)  

pH 7.0, 25 ° C pH 8.4, 30 ° C pH 7.0, 25 ° C pH 8.4, 30 ° C 

4-CBA 8.50-4-0.09 a 50X 65 b 29 4- la (50, 30° C) b 107 b 

CoA 70-4-6 a 110-190b (32 4- 40, pH 8.5, 25° C) a 354-1 a 107b (32 4- 2, pH 8.5, 25° C) a 

MgATP 104 -4- 5 a 2400-3500 b 242 4- 0.4 a 107 b 

a Data from Chang et al. 1992 for the enzyme isolated from the E. coli clone. 
b Data from L6ffler et al. 1992 for the enzyme isolated from Pseudomonas sp. strain CBS3. 

Table 2. Kinetic constants of the Pseudomonas sp. strain CBS3 and Acinetobacter sp. 4-CB1 
4-CBA-CoA dehalogenase. 

Substrate or inhibitor kcat ( s -  l) Km Ki (#M) c 

4-CBA-CoA a 0.60 -4- 0.01 b 1.30 a 3.7 -t- 0.3 

4-bromobenzoyl-CoA a 1.35 -4- 0.03 b2.31 a4.2 -4- 0.3 

4-iodobenzoyl-CoA a 1.07 4- 0.01 a6.5 "4- 0.3 

4-fluorobenzoyl-CoA a8 × 10 -6 b3 × 10 -3 b78 a40 4- 5 

2,4-dichlorobenzoyl-CoA a0.511 4- 0.005 a 10.4 4- 0.4 

3,4-dichlorobenzoyl-CoA a0.052 4- 0.001 a42 4- 3 

4-chloro-2-nitrobenzoyl-CoA a0.063 4- 0.002 a30 4- 2 

4-chloro-3-nitrobenzoyl-CoA a0.0256 -t- 0.002 a5.5 -4- 0.2 

4-chloro-3-methylbenzoyl-CoA a5 × 10 -4  a75 4- 5 a76 4- 7 

benzoyl-CoA - a72 4- 8 

CoA - a 140 4- 10 

4-CBA - a21000 -t- 2000 

a Data for the Pseudomonas sp. strain CBS3 enzyme measured at 25 ° C in 50 mM K + Hepes and 
1 mM DTT (pH 7.5) (Liang et al. 1993). 
b Data for the Acinetobacter sp. 4-CB 1 enzyme measured at 300 C in 20 mM potassium phosphate 
buffer at pH 7.2 (Crooks & Copley 1993). 
c Ki values were determined for these compounds as competitive inhibitors vs. 4-CBA-CoA. 

ligase, phenylacetate: CoA ligase, 4-hydroxybenzoate: 
CoA ligase, 2,3-dihydroxybenzoate: CoA ligase and 2- 
aminobenzoate: CoA ligase are not substrates for the 
4-CBA: CoA ligase (Chang et al. 1992). The follow- 
ing descending order of reactivity: 4-CBA (kca~/Km 
= 340 x 104 M - I s  - l )  > 4-bromobenzoate (k~a~/K,, 
= 170 x 104 M - I s  -1) > 4-iodobenzoate (kcat/K,~ = 
82 × 104 M - I s  -1) > 4-methylbenzoate (kcat/Km = 
29 × 104 M - i s  -1 ) > benzoate (k~at/K,~ = 1 × 104 
M -  1 s -  1) indicates that the 4-chloro substituent plays 
an important role in substrate recognition perhaps by 
binding to and desolvating a small hydrophobic pocket 
on the enzyme (Chang et al. 1992). L6ffler et al. (1992) 
have reported that the 4-CBA adduct substituted at the 
C(2) with a nitro substituent or at the C(3) position 
with a chloro or nitro substituent is not a substrate nor 
are the benzoates substituted at C(2) and/or C(3) with 

chloro, fluoro, iodo, amino or hydroxyl substituents. 
Overall, the ligase displays a high level of substrate 
specificity. 

The 4-CBA-CoA dehalogenase 

The 4-CBA-CoA dehalogenases from Acinetobacter 
sp. strain 4-CB 1 and from the E. coli clone expressing 
the Pseudomonas sp. strain CBS3 gene have been puri- 
fied and characterized (Chang et al. 1992; Crooks & 
Copley, unpublished data). Both dehalogenases appear 
to be 120 kDa homotetramers of 30 kDa subunits. 
Neither enzyme seems to require a divalent metal ion 
for activity. The K,~ value for 4-CBA-CoA is 34 #M in 
the case of the Acinetobacter enzyme and 4 #M in the 
case of the Pseudomonas enzyme. The turnover rates 
for the two enzymes, however, are the same, 1 s-1 
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Fig. 1. Alignment of 4-Chlorobenzoate-CoA dehalogenase sequences from Arthrobacter species strain SU (4CBA.deha.Asp) Pseudomonas 
species CBS-3 (4CBA.deha.Psp) with homologous proteins. Each sequence shown in the alignment is identified as described below. Residues 
that are conserved in all 8 sequences shown in the alignment are designated by dots (o). Three stretches of sequence that exhibit particularly 
high sequence similarity among all of the aligned proteins are boxed. Sequences are listed by their abbreviation in the Figure, followed by the 
designations used to identify each protein in the Figures and text. Figure designation, protein names, species, Genbank Locus #, and the original 
reference for each sequence are also included in that order where known. The "GB Locus #" designations can be used to obtain the sequences 
using database search tools available from NCBI. All database searches were performed by email using the NCBI blast and fasta network 
services, email address: btast@ncbi.nih.gov, ll0.Ec, ORF 56, Escherichia coli, ECOll0K, Yura, T. et al. 1992; enoyl.Rn.mit, enoyl-CoA 
hydratase, Rattus norvvegicus (mitochondria), RNECH, Minami-Ishii, N. Et al. 1989; orf257.Rc, enoyl-CoA hydratase homolog, Rhodobacter 
capsulatus, RC 257, Beckman, D.L. and Kranz, R.G. 1991; enoyl.Pf, fatty acid/3-oxidation multienzyme complex, a-chain, Pseudomas 
fragi, $38338, Sato, S. et al. 1992; dhna.Ec, DHNA synthase, Escherichia coli, ECODHNASYN, Sharma, V. et al. 1992; enoyl.Rn.per, 
enoyl-CoA hyratase/3-hydroxyl-CoA dehydrogenase, Rattus norvegicus (peroxisomes), RATPECOA, Osumi, T. et al. 1985; 4CBA.deha.Asp, 
4-chlorobenzoate-CoA dehalogenase, Arthrobacter sp. st. SU, ARGFCBABC, Schmitz, A. et al. t992; 4CBA.deha.Psp, 4-chlorobenzozte-CoA 
dehalogenase, Pseudomonas sp. CBS-3, Babbitt, RC. et al. 1992. 

(Table 2). The leaving group mobility has been studied 
for both enzymes. While both enzymes convert the 4- 
bromobenzoyl-CoA twice as fast as the 4-CBA-CoA, 
the Pseudomonas enzyme has much more difficul- 
ty dehalogenating the 4-fluorobenzoyl-CoA substrate 
(kca~ = 8 × 10-6s - |) (Liang et al. 1993) than does the 
Acinetobacter enzyme (kca~ = 3 x 10-3s - t )  (Crooks 
& Copley 1993), suggesting a difference in mechanism 
and/or reaction energetics. Structure/activity measure- 
ments made with 4-CBA-CoA analogs bearing electron 
donating or withdrawing substituents at the benzoate 
ring C(2) or C(3) (Table 2) have suggested the impor- 
tance of stefic/solvation effects on the Pseudomonas 
dehalogenase reaction but have failed to provide insight 
into the mechanism of the dehalogenation reaction 
(Liang et al. 1993). The inhibition constants measured 
for benzoyl-CoA (72/~M), CoA (140/~M) and 4-CBA 
(21 raM) compared to the K~ value measured for 4- 
CBA-CoA (4 #M) suggests the dominant role played 
by the CoA moiety in substrate anchoring to the Pseu- 
domonas dehalogenase (Liang et al. 1993). 

Known substrates for 2-enoyl-CoA hydratase were 
tested as potential substrates (hydration) for the Pseu- 
domonas 4-CBA-CoA dehalogenase and converse- 
ly, 4-CBA-CoA was tested as a potential substrate 
(dehalogenation) for a 2-enoyl-CoA hydratase. 4- 
CBA-CoA dehalogenase was not active with crotonyl- 
CoA, c~-methylcrotonyl-CoA and /%methylcrotonyl- 
CoA (Chang et al. 1992). Likewise, the 2-enoyl-CoA 
hydratase, crotonase was not an active dehalogenase 
towards 4-CBA-CoA (Liang & Dunaway-Mariano, 
unpublished data). Thus, the 4-CBA-CoA dehaloge- 
nase is distinct from its closest structural and catalyt- 
ic analogue (as discussed below), the 2-enoyl-CoA 
hydratase. 

The 4-HBA-CoA thioesterase 

The Pseudomonas sp. strain CBS3 4-HBA-CoA 
thioesterase expressed in E. coli was isolated as an 
apparent 66 kDa homotetramer of 16 kDa subunits 
(Chang et al. 1992). The 4-HBA-CoA thioesterase 
was shown to be inactive with the aliphatic acyl- 
CoA thioesters including palmitoyl-CoA, hexanoyl- 
CoA and acetyl-CoA, and thus, to be catalytically 
distinct from the thioesterases involved in fatty acid 
metabolism. The relative reactivity of benzoyl-CoA 
derivatives toward thioesterase catalysis was found to 
be 4-HBA-CoA (kca~/Km = 1.5 x 106 M-Is - I )>> 
benzoyl-CoA (kea~/Km = 13 x 102 M- l s  -1) ~ 4- 
CBA-CoA (kcat/K,~ = 6.4 x 102 M-ls-~) .  These 
results suggest that the thioesterase is highly discrim- 
inating and recognizes 4-HBA-CoA, in part, through 
interaction with the 4-OH substituent. Furthermore, 
the 4-HBA moiety of the 4-HBA-CoA appears to play 
a dominant role (K/values for 4-HBA and 4-HBA-N- 
acetyl-L-cysteine are 34 -4- 4 and 52 :t: 7, respectively; 
Taylor & Dunaway-Mariano, unpublished data) in sub- 
strate anchoring. 

Thus, as observed with the ligase and dehalogenase 
of the 4-CBA dehalogenation pathway, the thioesterase 
displays a high level of substrate specificity. The kinet- 
ic properties of the three pathway enzymes give no 
indication that these enzymes serve alternate physio- 
logical functions in the host cell. Therefore, we have 
pursued the idea that the genes encoding these three 
enzymes were recruited from a preexisting metabolic 
pathway(s) and retooled to recognize and transform the 
new metabolites. 
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Origin of the 4-CBA degrading pathway 

Given the existence of several examples of bacteria 
which mineralize 4-CBA by conversion to the 4-HBA 
using the same three step pathway (represented in 
Scheme 2) we wonder if the 4-CBA --+ 4-HBA path- 
way enzymes found in each of the different 4-CBA 
degrading bacterial strains share the same origin or 
are examples of different recruiting strategies. We are 
continuing to investigate and contemplate the origins 
of these pathways and specifically, to determine if the 
4-CBA ~ 4-HBA pathway enzymes are 'retooled' 
enzymes and, if this is so, to determine from which 
pathway or pathways these enzymes were recruited. 
Our first investigation of the lineage of the 4-CBA --+ 
4-HBA pathway enzymes involved the identification 
of proteins with which they share significant sequence 
identity thus allowing connections to other proteins to 
be made based upon structural homology (Babbitt et 
al. 1992). Our recent findings are described below. 

Alignment of the 4-CBA-CoA dehalogenase with 
homologous proteins 

The sequences of the Pseudomonas sp. strain CBS3 
and Arthrobacter sp. strain SU 4-CBA-CoA dehalo- 
genases are aligned with the sequences of a subset 
of structurally related proteins as shown in Fig. 1. 
The two 4-CBA-CoA dehalogenase sequences are 48% 
identical and 65% similar (calculated using the same 
definitions for similarity as those used by the align- 
ment algorithm (Smith 1990)). The similarity extends 
throughout these two sequences but concentrates in 
several long stretches of very high identity. The per- 
cent identities (see Table 3) found to exist between 
pairs of all of the sequences shown in the alignment 
is relatively low, ranging between 16% and 32% for 
all pairs except for the dehalogenase pair. In the over- 
all alignment, the observed sequence similarities are 
much less global than the similarities existing between 
the two dehalogenase sequences. Evidence that a pri- 
mary structural relationship exists for the entire set of 
proteins is observed in three main clusters of conserved 
residues (boxed in Fig. 1). Another group of proteins 
that exhibit sequence similarities with the dehaloge- 
nase, the A3-cis-A2-trans-enoyl-CoA isomerases are 
not included in the alignment shown in Fig. 1 because 
their overall sequence similarity with the dehalogenas- 
es is low in comparison to those of the other proteins 
shown in the alignment. An earlier sequence align- 

ment which included a representative of the isomerase 
sequences is given in Babbitt et al. (1992). 

A possible link between the mechanisms of action 
of the dehalogenase, 2-enoyl-CoA hydratase, A3-cis, 
A2-trans-enoyl-CoA isomerase and dihydroxynaph- 
thoate synthase is apparent from the nature of the 
reactions that they catalyze (see Scheme 3). For each 
reaction, one would expect excess electron density to 
accumulate at the carbon adjacent to the CoA-thioester 
during the course of catalytic turnover. For the extreme 
case of a stepwise reaction proceeding in the absence of 
acid catalysis, a thioester enolate intermediate would 
be formed. Independent of whether the reaction pro- 
ceeds by a concerted or stepwise pathway, with or with- 
out acid catalysis, we might expect that a specialized 
active site surface, functioning to bind the thioester 
moiety of the substrate and to polarize (through inter- 
action with positively charged amino acid side chains) 
the C = O bond, to be conserved among this group of 
enzymes. 

It is of interest to note that we were unable to find 
significant similarities between the protein sequences 
shown in Fig. 1 and the sequences of proteins which 
catalyze related reactions in fl-keto-CoA thioesters. 
Attempted alignments of the HMG-CoA ligase, acetyl- 
CoA acetyl transferase, 3-ketoacyl-CoA thiolase, and 
citrate synthetase sequences failed. Proteins catalyzing 
reactions of carboxylate substrates proceeding through 
aci-acid intermediates were also found to be struc- 
turally unrelated. This latter group includes man- 
delate racemase, fumerase, aconitase and enolase. 
Nor were aspartate ammonia lyase, argininosuccinate 
lyase or 3-hydroxyl'-3-methyl-glutaryl lyase found 
to be structurally related, Finally, neither of the 4- 
CBA-CoA dehalogenases appear to share significant 
sequence identity with known 2-haloalkanoic dehalo- 
genase sequences including the two 2-alkanoic dehalo- 
genases identified in the Pseudomonas sp. strain CBS3 
(Schneider et al. 1991). 

In summary, the 4-CBA-CoA dehalogenases from 
Pseudomonas sp. strain CBS3 and Arthrobacter sp. 
strain SU appear to share common ancestry with the 
hydratase and isomerase of the fatty acid t-oxidation 
pathway and with the dihydroxynapthoate synthase of 
the menaquinone (vitamin K2) biosynthetic pathway. It 
is noteworthy that the 4-CBA --+ 4-HBA dehalogena- 
tion, fatty acid d-oxidation and menaquinone path- 
ways also contain structurally related CoA ligases (see 
below). 
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Table 3. The percent identities calculated for each pair of sequences aligned in Fig. 1. The abbreviations used for the sequences are 
defined in Fig. 1. 

Sequence enoyl.Rn.mit orf257.Rc 4CBA.deha.Asp 4CBA.deha.Psp. dhna.Ec enoyl.Pf enoyl.Rn.per 

ll0.Ec 31 32 25 23 28 20 21 
enoyl.Rn.mit 32 24 25 29 18 22 
orf257.Rc 30 32 28 18 19 
4CBA.deha.Asp 48 20 16 19 
4CBA.Psp. 25 17 t 9 
dhna.Ec 16 20 
enoyl,Pf 26 
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isomerase (III) and dihydroxynapthoate synthase (IV), 

Alignment of  the 4-CBA: CoA Iigase with homologous 
proteins 

An al ignment  o f  the two 4-CBA: CoA ligases from 
Pseudomonas sp. strain CBS3 and Arthrobacter sp. 
strain SU is shown in Fig. 2a. Overall,  the sequence 
similarit ies are global  with only a few long stI'etches o f  

identity or  dissimilarity. The two sequences are 38% 
identical and 58% similar. 

Based on our most recent (August  1993) database 
searches, 49 protein sequences that exhibit  sequence 
similarities with the two 4-CBA: C o A  ligases have 
been identified. It is noteworthy that the recently deter- 
mined sequence (Altenschmidt  & Fuchs 1992) o f  the 
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Fig. 2A. A~ignment~fthe4-Ch~r~benz~ate:C~A~igasesequencesfr~mArthr~bacterspeciesstralnSU(4CBA.deha'Asp)andPseud~m~nas 
species CBS3 (4CBA.deha.Psp) with 15 other homologous sequences. Each sequence shown in the alignment is identified as described below. 
Five stretches of sequence that exhibit significant sequence similarity in all 17 of the proteins shown are boxed in bold lines. Part of the boxed 
region shown in the uppermost left of the Figure spans the sequence motif highlighted in Figure 2b and discussed further in the text. The other 
regions shown by boxes around only a few of the 17 sequencesin the alignment represent regions of sequence similarity that help to distinguish 
the two sequence sub-families discussed in the text. The alignment shown is that determined by the algorithm PIMA (Smith, 1990) except that 
some additional gaps have been added (designated by '=') to align motifs of high silnilarity among all of the sequences but that were left offset 
by the algorithm. In all cases, these motifs can be aligned by PIMA as shown in the Figure when alternate sets of proteins are used as the 
dataset. While the alignment shown exhibits several short regions of high sequence similarity among all of the sequences, the overall low degree 
of sequence similarity leads to an enormous number of possible alignments. For this reason, no further changes in the alignment (beyond the 
introduction of the gaps mentioned above) were made over that determined as optimal by the PIMA algorithm. Thus, careful examination of 
the alignment shows that addition or deletion of some gaps would result in better local alignments for some pairs of sequences. These changes 
were not made because we could not determine a single 'best' alignment given the low degree of overall sequence similarity in the dataset. 

2 aminobenzoate: CoA ligase from denitrifying Pseu- 
domonas sp. is not related to this group. 

The 51 sequences represent 37 unique protein func- 
tions. A subset of the 51 sequences was used to 
generate a sequence alignment (shown in Fig. 2a) 
with the two 4-CBA: CoA ligases. This alignment 
shows a selected region of these sequences (span- 
ning 250 amino acid residues in length and roughly 
corresponding to the middle section of the 4-CBA: 
CoA ligase sequence) which displays the highest lev- 
el of sequence identities. Included in the alignment 
shown in Fig. 2a are only those sequences which 
share less than 30% sequence identity with any oth- 
er protein in the alignment (excluding the two 4-CBA: 
CoA ligase sequences). The gramicidin synthetase I 
sequence (designated 'gram I.Bb' in Fig. 2a) for exam- 
ple, was used in the alignment to represent a fam- 
ily of protein sequences which share comparatively 
high sequence identity among themselves. This family 
of  proteins includes gramicidin synthetase II, tyroci- 
dine synthetase I, the entire family of a-aminoadipyl- 
cysteinyl-valine (ACV) synthetases (representing at 
least 4 species and 12 homologous domains), surfactin 
synthetase and the EntF gene product. 

The most pronounced region of sequence similarity 
among the proteins aligned in Fig. 2a spans amino acids 
# 161-170 in the Pseudomonas sp. strain CBS3 4- 
CBA: CoA ligase sequence (4CBA.lig.Psp). This motif 
(whose function is described below) can be recognized 
in all 51 sequences. An alignment of this conserved 
region, which includes all of  the variations (17 total) 
exhibited by these 51 protein sequences, is shown in 
Fig. 2b. The high degree of sequence conservation 
observed for this motif is exceptional, particularly in 
the light of the broad range of substrates, functions and 
chemistries these proteins represent. 

From the sequence alignment presented in Fig. 2a 
it is evident that these proteins share sequence similar- 
ity beyond that exhibited in the highly conserved motif 
of  Fig. 2b. Regions of high similarity in the seventeen 
proteins shown in the alignment are boxed. Qualita- 
tive estimates of sequence similarity can be determined 
from the percent identities existing between all pairs 
of sequences included in the alignment. This analysis 
suggests that the six sequences shown at the top of 
the alignment (enn.Fs, gramlI.Bb., angR.Va, ala.Lc, 
HC.tox.Cc, ad.red.Sc), which are 25-35% identi- 
cal to each other over the truncated sequence lengths 
shown, might be grouped together in one sub-family. 
In addition, the seven sequences shown at the bottom 
of the alignment (luci,PHp, rflgL.Vc, aas.Ec, acyl.Po, 
110.Ec, EntE.Ec, baiB.Esp) which exhibit a similar 
level of sequence identity among themselves ( 25-38% 
identical) might be grouped together as a second sub- 
family. In contrast, the 4-CBA: CoA ligase sequences 
(4CBA.lig.A, 4CBA.lig.P), and the sequences desig- 
nated 'phosph.Sv' and 'acet,Nc' exhibit only 9-20% 
sequence identity with the other sequences for the 
regions shown in the alignment. 

Unfortunately, the low degree of global sequence 
similarity among these sequences makes it impossible 
to construct a single 'correct' alignment that would 
allow the generation of a phylogeny from these data. 
The somewhat speculative grouping into sub-fanfilies 
is supported, however, by the observation that short 
regions of some of these sequences exhibit locally 
high degrees of similarity. An understanding of the 
importance of these sub-grouping awaits availability 
of more sequences that can be used to generate a sin- 
gle 'correct' overall alignment. Finally, we note that 
the 4-CBA: CoA ligase from theArthrobacter sp. strain 
SU appears to share more sequence similarity with the 
proteins in the alignment in some of these highly con- 
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110.EC 
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4C~-A.lig.Psp 
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Fig. 2B. Alignment of the highly similar stretch of sequence 
spanning residues 161-170 in the 4CBA:CoA ligase from Pseu- 
domonas sp. strain CBS with all other unique versions of this 
motif represented by the 51 sequences we found to share signif- 
icant sequence similarity. The three residues conserved in all of 
these versions are boxed. Most of these sequence motifs repre- 
sents more than one protein, although only one protein name is 
listed for each motif in Figure 2a. Sequences are listed below 
for both Figures 2a and 2b in alphabetical order of their abbre- 
viations, followed by the designations used to identify each pro- 
tein in the Figures and text as described in the legend for Figure 
1. l l0.Ec=ORF 56, Escherichia coli, ECOll0K, Yura, T. et al. 
1992; 4CBA.lig.Asp, 4-chlorobenzoate: CoA ligase, Arthrobacter 
sp.st.SU, ARGFCBABC, Schmitz, A. et al. 1992; 4CBA.lig.Psp, 
4-chlorobenzoate:CoA ligase, Pseudomonas sp. CBS-3, Babbitt, 
P.C. et al. 1992; aas,Ec,2-acylglycerophosphoethanolamine acyl- 
transferase/acyl-acyl carrier protein synthetase, Escherichia coli, 
ECOAAS, Jackowski, S. et al. 1993; acet.Bs, acetyl-CoA syn- 
thetase, Bacillus subtilis, BACACUCBA, Grundy, F.J. Et al. 1993; 
acyl.Po, acyl CoA synthetase, Pseudomonas oleovorans, POOCT, 
van Beilen, J. B. et al. 1192; ad.red.Sc, alpha-aminoadipate reduc- 
tase, Saccharomyces cerevisiae, YSCLS2A, Morris, M.E. and 
Jinks-Robertson, S. 1991; ala.Lc, D-alanine-activating enzyme, 
Lactobacillus casei, LBADAAE, Heaton, M.P. and Neuhans, EC. 
1992; angR. Va, transacting transcriptional activator, Vibrio anguil- 
larum, VIBANGRA, Farrell, D.H. et al. 1190; bai.Esp, baiB protein, 
Eubacterium sp.st. VPI 12708, EUBBAIOA, Mallonee, D.H. et aL 
1990; enn.Fs, enniatin synthetase, Fusarium scirpi, FSESYN1A, 
Haese, A. et al. 1993; entE.Ec, enterobactin synthetase component 
E, Escherichia coli, ECENTB, Staab, J.F. et al. 1989; gramI.Bb, 
gramicidin S synthetase 1, Bacillus brevis (Nagano), BACGS1, 
Hori, K. et al. t989; HC.tox.Cc, HC-toxin synthetase, Cochliobo- 
lus carbonum, CCLHTS1X, Scott-Craig, J.S. et al. 1992; luci.PHp, 
photinus-luciferin 4-monooxygenase, Photinus pyralis, PPYLUC, 
de Wit, J.R. et al. 1987; phosph.Sv, phosphinothricin synthetase A, 
Streptomycesviridochromogenes, SVPTT, Wohllben, W. et al. 1992; 
rfbL.Vc, rfbL protein, Vibrio cholerae, VCRFBAT, Manning, P.A. 
1991. 

served regions than does the 4-CBA: CoA ligase from 
the Pseudomonas sp. strain CBS3. 

The question which emerges from the recognition 
of structural relatedness between this large group of 
proteins is: what common functional feature(s), if any, 

o I o 
II _ II 

R - -  C - - O  J" R - -  C - - O A M P  

o II o 
II II 

R - - C - - O A M P  ~ R - - C  - - S ~  

o III o 
II II 

R - - C  - -S I~  ~ R - - C  - - X I ~  

Scheme 4. A summary of the types of reactions catalyzed by the 

proteins represented in Fig. 2. (I) Adenylation, (II) Thioesterifi- 

cation and ( l id Formation of an ester or amide. 

do these proteins share? Recently, based upon a small- 
er group of some of the proteins aligned in Fig. 2a we 
(Scholten et al. 1991; Babbitt et al. 1992) and others 
(Toh 1990; Turgay et al. 1992; van Beilen et al. 1992; 
Masuda et al. 1989; Staab et al. 1989; Rusnak et al. 
1991; Hori et al. 1991) have suggested the possibility 
that they may share a common function. Most of these 
proteins are enzymes which catalyze the adenylation of 
carboxylate substrates with ATP (the possible excep- 
tions, lacking defined catalytic function, are angR.Va, 
l l0.Ec, phosph.Sv, l l0.Ec, rfbL.Vc, baiB.Esp and 
orfl.Pa). A reoccurring theme among these adenylate 
forming enzymes is the intermediate or final acyl trans- 
fer to a thiol, that being enzyme linked phosphopan- 
tetheine or bound CoA, respectively (see Scheme 4; 
Babbitt et al. 1992). Thus, the chemistry conserved 
among these proteins is likely to be related to acyl 
adenylate formation and possibly to thioester forma- 
tion. 

In recent studies, we (Chang 1994) have carried out 
site directed mutagenesis of conserved residues of the 
sequence motif highlighted in Fig. 2b and of the con- 
served Glu residue at amino acid position 306 of the 
Pseudomonas sp. strain CBS3 4-CBA: CoA ligase (see 
Fig. 2a) to test the possible role(s) of these residues 
in acyl adenylate formation and in thioester forma- 
tion. Kinetic analysis of the wild type enzyme and the 
G163I, G166I, P168A, K169M and E306Q mutants of 
the Pseudomonas sp. strain CBS3 4-CBA: CoA ligase 
revealed that these amino acid residues function in acyl 
adenylate formation. The mutations increased the 4- 
CBA and ATP Km values from 14 #M and 308 #M for 
wild type to 105 #M and 1314 #M for G163I, 73 #M 
and 981 for G1661, 20/IM and 830 #M for K169M and 



253 #M and 321 #M for E306 (the P168A mutant was 
inactive) while not effecting the K,~ for CoA so much. 
Single turnover experiments showed that the rate of 
the adenylation half reaction had been effected (k = 
135 s -1 for wild type vs 0.04-25 s - I  for the mutants) 
while the rate of the thioesterification step was unal- 
tered (100 s -1 for wild type and mutants). Thus, Glu 
# 306 and the motif of Fig. 2b appear to be primarily 
involved in an acyl adenylate formation. It is of inter- 
est to note that this motif is absent from the sequences 
of the family of the acyl adenylate forming enzymes, 
the aminoacyl tRNA synthetases. This distinction cou- 
pled with the global sequence identity found among 
the proteins of Fig. 2a suggests that the origin of these 
(largely) thioester ester forming enzymes may have 
involved divergent evolution from a common ances- 
tor distinct from the ancestor of the aminoacyl tRNA 
synthetases. 

Alignment of  the 4-HBA-CoA thioesterase with 
homologous proteins 

Recent database searches have failed to identify 
sequence data that would alter our earlier report that 
no known protein sequences are homologous to the 
4-hydroxybenzoate-CoA (4-HBA-CoA) thioesterase 
from Pseudomonas sp. CBS3 (Babbitt et al. 1992) 
including the putative 4-HBA-CoA thioesterase com- 
ponent of the dehalogenase system ofArthrobacter sp. 
strain SU (Schmitz et al. 1992). The lack of homology 
between the two 4-HBA-CoA thioesterases is particu- 
larly remarkable in light of the high degree of similarity 
observed between the 4-CBA-CoA dehalogenase and 
4-CBA: CoA ligase components of the two 4-CBA --+ 
4-HBA pathways. 

While there is no obvious sequence similarity that 
exists between the Pseudomonas thioesterase and the 
putative thioesterase from Arthrobacter, the latter pro- 
tein does share significant sequence similarity with at 
least two other proteins (Schmitz et al. 1992). These 
are the hypothetical protein (ent.orf4.Ec) of MW 15 
kD (Liu et al. 1989) encoded by a gene residing down- 
stream of the EntE, EntB, and EntA of the E. coli 
enterobactin biosynthetic pathway operon and the pro- 
tein encoded by ORF2 of the comA gene (comp2.Bs) 
(Weinrauch et al. 1989), associated with the devel- 
opment of genetic competence in Bacillus subtilis. An 
alignment of these proteins is shown in Fig. 3 (attempts 
to align the Pseudomonas sp. strain CBS3 thioesterase 
sequence with this multiple alignment failed, indicat- 
ing that there is no significant relationship between 
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it and this group of proteins), The Arthrobacter sp. 
strain SU thioesterase sequence (4CBA.thio.Asp in 
Fig. 3) exhibits 32% sequence identity with the pro- 
tein encoded by ORF2 of the comA gene (comp 2.Bs) 
and 26% identity with protein encoded by the ORF 
associated with the EntA/B genes (ent.orf4.Ec). The 
comp2.Bs sequence is 40% identical to the ent.orf4.Ec 
sequence. 

The alignment shown in Fig. 3 reveals a definite 
relationship between the structures of the three pro- 
teins as evidenced by the high sequence identity locat- 
ed in a stretch of 13 residues in the central region 
of the sequences (boxed region in Fig. 3). A number 
of individual residues are also conserved in all three 
sequences. Both the relatively high degree of sequence 
similarity among these proteins and the fact that all 
are of unusually small size suggests that they derive 
from a common ancestor. Unfortunately, the function 
of neither the comp2.Bs or ent.orf4.Ec protein has been 
clearly defined (although it has been established that 
they are transcribed during induction of their respec- 
tive pathways). Thus, a more definitive understanding 
of their relationship to the putative thioesterase from 
Arthrobacter awaits characterization of their catalytic 
functions. 

Recruitment of  the 4-CBA ~ 4-HBA pathway 
enzymes in Pseudomonas sp. strain CBS3 and 
Arthrobacter sp. strain SU 

The 4-CBA --+ 4-HBA converting pathways observed 
in the Pseudomonas sp. strain CBS3 and Arthrobac- 
ter sp. strain SU each consists of a 4-CBA: CoA tig- 
ase, a 4-CBA-CoA dehalogenase and a 4-HBA-CoA 
thioesterase. The chemical strategy used by these two 
organisms to replace the halogen substituent of 4-CBA 
with a hydroxyl group (to allow catabolism of the aro- 
matic ring) is, therefore, the same. Here we return to 
our earlier question of whether these two sets of path- 
way enzymes were recruited from the same preexisting 
metabolic pathway(s). 

First, it might be argued on the basis of the high 
level of sequence identity shared between the 4-CBA: 
CoA ligases and between the 4-CBA-CoA dehaloge- 
nases of the Pseudomonas and Arthrobacter 4-CBA 
---+ 4-HBA pathways that these two pathways have 
a common origin. On the other hand, the lack of 
sequence homology that one might otherwise expect 
to exist between the Pseudomonas and Arthrobacter 
4-HBA-CoA thioesterases would suggest that at least 
the thioesterase components of the two pathways have 
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comp2.Bs 
ent.orf4.Ec 
4CBA.thio.Asp 

comp2.Bs 
ent.orf4.Ec 
4CBA.thio.Asp 

comp2.Bs 
ent.orf4.Ec 
4CBA.thio.Asp 

....................... MDMKH~LLEA~ I E IVENTAERCVAVMP~H RTV;PF 37 

.......... MIWKRHLTLDELNATSDNTMVAHLGIVYTRLGDDVLEAEMPVDTRTHQPF 50 
blHRTSNGSHATGGNLPDVASHYPVAYEQTLDGTVGFVIDEMTPERATASVEVTDTLRQRW 60 

, .... ... ., . ... ~; 

YLHGGASVALA~AARPGAQNLIDHTTQACVGLEINANHLKSVKEGTVKAIAEPV I R 97 
~ LLHGGAS AALA~LG - SMAGFMMTRDGQCVVGTELNATHHR PVSEGKVRGVCQ PLHLGR 109 
~LVHGGAYCALA~LATEATVAVVHEKGMMAVGQ SNHTS FFR PVKEGHVP3tEAVR I HAGS 120 

TTIVYHIHIY;EQE;LICISRCTL~$1KK-- 126 
QNQSWEIVVFDEQGRRCCTCRLGTAVLG--- 137 

Fig. 3. Alignment of the 4-chlorobenzoate thioesterase sequence (4CBA.thio.Asp) from Arthrobacter sp. strain SU (Schmitz et al. 1992) 
with a hypothetical protein associated with genes involved in enterobactin synthesis, entorf4.Ec (Liu et al. 1989) and the comA gene product, 
comp2.Bs (Weinrauch et aL 1989). Positions at which residues are identical in all three sequences are designated by dots (e). The boxed region 
exhibits particularly high sequence similarity among all three proteins. 
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Scheme 5. Representation of the order observed for the 4-CBA --+ 4-HBA pathway genes found in Pseudomonas sp. strain CBS3 (I) and in 

Arthrobacter sp. strain SU (II). Both sets of genes are induced by 4-CBA. 
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Scheme 6. The chemical steps of 4-coumarate fl-oxidation in plants. 



separate origins. Furthermore, the difference in gene 
ordering on the 4-CBA ~ 4-HBA operons found in 
the Pseudomonas sp. strain CBS3 (Savard et al. 1992) 
and theArthrobacter sp. strain SU (Schmitz et al. 1992) 
(see Scheme 5) suggest different modes of gene recruit- 
ment for construction of the two 4-CBA ~ 4-HBA 
pathways. 

Elucidation of the gene sources involved in the 
development of the 4-CBA ~ 4-HBA pathways of 
the Pseudomonas and Arthrobacter systems may be 
aided by the recent finding of several examples of 
structural homology between two of the three 4-CBA 
--+ 4-HBA pathway enzymes and two other enzymes 
catalyzing parallel reactions in a known metabolic 
pathway. First, as pointed out earlier, the fatty acid 
/3-oxidation pathway contains: (i) fatty acid: CoA 
ligase which shares homology with the 4-CBA-CoA 
ligases and (ii) 2-enoyl-CoA hydratase which shares 
homology with the 4-CBA-CoA hydratases (Babbitt 
et al. 1992). Second, the enterobactin biosynthetic 
pathway contains enterobactin synthetase component 
E (i.e., 2,3-dihydroxybenzoate: CoA ligase) which 
shares homology with the 4-CBA: CoA ligases (Staab 
et al. 1989) and aputative thioesterase (Liu et al. 1989) 
which shares homology with the Arthrobacter 4-HBA- 
CoA thioesterase (Schmitz et al. 1992). Third, we find 
structural homology between the 4-CBA: CoA ligases 
and 4-CBA-CoA dehalogenases and the menaquinone 
pathway enzymes O-succinyl benzoate: CoA ligase 
and the dihydroxynaphthoic acid synthetase (Sharma et 
al. t992; Driscoll & Taber 1992), respectively. Finally, 
we note that the 4-CBA: CoA ligases and 4-CBA-CoA 
dehalogenases are structurally related to two proteins 
of an unidentified pathway encoded by the E. coIi K12 
genome (0-2.4 rain; Yura et al. 1992). For these latter 
two operons we find examples of both patterns of gene 
ordering i.e., in the menaquinone operon the two genes 
of interest are ordered in the same way as the dehalo- 
genase and ligase encoding genes of the Pseudomonas 
4-CBA --+ 4-HBA operon, while in the E. coli K12 
genome the gene ordering is found to match that of 
the Arthrobacter 4-CBA ---+ 4-HBA operon (Scheme 
5). 

Presently, we can not ascribe the origin of the 
4-CBA --+ 4-HBA pathway enzymes to one partic- 
ular metabolic pathway. Our current findings do, 
however, provide ample evidence that multiple pro- 
teins have been coconscribed and retooled to cat- 
alyze the reactions required for the dehalogenation of 
4-CBA. Furthermore, we have seen clear structural 
and/or functional links between the enzymes of the 4- 
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CBA ~ 4-HBA pathway and several biosynthetic and 
biodegradative pathways. Perhaps the closest chem- 
ical analogy to the 4-CBA -+ 4-HBA pathway is the 
4-coumarate ~ 4-hydroxybenzoate oxidation pathway 
found in plants and shown in Scheme 6. Unfortunate- 
ly, the proteins (with the exception of the 4-coumarate: 
CoA ligase) of this pathway and their encoding genes 
have not been characterized for a detailed comparison 
to be made at this time. 
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