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ABSTRACT
The g-ketoadipate pathway is a chromosomally encoded convergent pathway
for aromatic compound degradation that is widely distributed in soil bacteria
and fungi. One branch converts protocatechuate, derived from phenolic com-
pounds including-cresol, 4-hydroxybenzoate and numerous lignin monomers,
to B-ketoadipate. The other branch converts catechol, generated from vari-
ous aromatic hydrocarbons, amino aromatics, and lignin monomers, afso to
ketoadipate. Two additional steps accomplish the conversigrketoadipate to
tricarboxylic acid cycle intermediates. Enzyme studies and amino acid sequence
data indicate that the pathway is highly conserved in diverse bacteria, including
Pseudomonas putid@cinetobacter calcoaceticudgrobacterium tumefaciens
Rhodococcus erythropolisnd many others. The catechol branch of the
ketoadipate pathway appears to be the evolutionary precursor for portions of the
plasmid-borneortho-pathways for chlorocatechol degradation. However, accu-
mulating evidence points to anindependent and convergent evolutionary origin for
the eukaryoti@-ketoadipate pathway. In the face of enzyme conservatiors-the
ketoadipate pathway exhibits many permutations in different bacterial groups with
respect to enzyme distribution (isozymes, points of branch convergence), regula-
tion (inducing metabolites, regulatory proteins), and gene organization. Diversity
is also evident in the behavioral responses of different bactegakitoadipate
pathway-associated aromatic compounds. The presence and versatility of trans-
port systems encoded If¢yketoadipate pathway regulons is just beginning to be
explored in various microbial groups. It appears that in the course of evolution,
natural selection has caused p&etoadipate pathway to assume a characteristic
set of features or identity in different bacteria. Presumably such identities have
been shaped to optimally serve the diverse lifestyles of bacteria.
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INTRODUCTION

The microbial degradation of aromatic compounds has tremendous practical
significance. In addition to the well publicized problem of environmental con-
tamination by toxic aromatic hydrocarbons, huge amounts of aromatic material
are contributed to the biosphere from natural sources. The complex aromatic
polymer lignin comprises about 25% of the land-based biomass on earth, and
the recycling of this and other plant-derived aromatic material is a vital com-
ponent of the earth’s carbon cycle. The resonance energy that stabilizes the
carbon-carbon bonds of aromatic rings presents microorganisms with a signifi-
cant biochemical challenge. Both aerobic and anaerobic microorganisms have
been isolated that degrade aromatic compounds, but much more is known about
aerobic pathways. In general, degradation proceeds in two phases. First, an
aromatic compound is prepared for ring cleavage by a variety of ring modifi-
cation reactions. Of the many diverse pathways that have been identified, all
have in common a mono- or dioxygenation step that results in the formation
of a dihydroxylated benzene ring. The second phase of degradation includes
ring fission and subsequent reactions leading to the generation of tricarboxylic
acid cycle intermediates. Ring fission is catalyzed by dioxygenases and is
termedortho-cleavage when it occurs between the hydroxyl groups (intradiol
cleavage) andnetacleavage when it occurs adjacent to one of the hydrox-
yls (extradiol cleavage). A third aerobic ring cleavage pathway, the gentisate
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Figure 1 Major aerobic routes of aromatic ring cleavagetho-, meta, and gentisate cleavage.

pathway, is followed when the two hydroxyl groups on the aromatic ring are
parato each other, and cleavage occurs between the carboxyl-substituted carbon
and the adjacent hydroxylated carbon (23) (Figure 1). Of the three pathways,
the best studied are thmetacleavage pathway and tleetho-cleavage or, as

it is commonly known, the8-ketoadipate pathway. The latter name derives
from the fact thatg-ketoadipate is a key intermediate of theho-cleavage
pathway.

The metacleavage and thg-ketoadipate pathways each catalyze the dis-
similation of the archetypal ring cleavage substrates, catechol and protocate-
chuate.Metafission pathway enzymes differ from those of tirtho-pathway
in their ability to also catalyze the degradation of methylated catecholic sub-
strates, and thus they have been well studied in connection with the degradation
of methylated aromatic hydrocarbons such as toluene and xylene. Modified
ortho-cleavage pathways include enzymes that are closely related to those of the
B-ketoadipate pathway but that have evolved to handle chlorinated substrates.
These pathways appear to be used primarily for the dissimilation of chlorinated
catechols generated from the metabolism of chlorobenzoates, chlorobenzenes,
and chlorophenoxyacetate. The modifietho-cleavage pathways are encoded
on catabolic plasmiddMeta-cleavage pathways specifying the degradation of
phenol, toluene, and naphthalene have been described that are plasmid en-
coded. Because they contribute to the degradation of environmental pollutants,
themetacleavage pathway and modifiedho-pathways have been the subject
of a number of recent reviews (8, 131, 140, 148).

The g-ketoadipate pathway is widely distributed among taxonomically di-
verse eubacteria and fungi (Figure 2). It is almost always chromosomally
encoded and plays a central role in the processing and degradation of naturally-
occurring aromatic compounds derived from lignin and other plant components,
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as well as in the degradation of some environmental pollutants. This pathway
often coexists in bacteria with plasmid-encodeetapathways (8), and itis al-
ways present in bacterial strains that degrade chlorinated aromatic compounds
by means of plasmid-encoded modifiedho-cleavage pathways. This is be-
cause the final steps in the complete degradation of chlorinated catechols are
catalyzed by the final two enzymes of thieketoadipate pathway (140). These
characteristics underscore the importance ofgHeetoadipate pathway as a
major utility pathway for aromatic compound degradation.

The rough outlines of thg-ketoadipate pathway were established prior to
1966, but the publication of four landmark papers by L Nicholas Ornston
firmly established the chemical and enzymatic steps of the reactions in the
two branches. Important features of the regulation of the pathway as it exists in
Pseudomonas putidaere also described (97-99, 106). It seems appropriate
that, in the 30th anniversary year of the publication of Dr. Ornston’s papers,
the g-ketoadipate pathway be reviewed. Here we focus on progress on molec-
ular and biochemical aspects of tjieketoadipate pathway made in the last
decade and since this topic was last comprehensively summarized (105, 107,
145). We also review work on accessory features, including substrate transport
and chemotaxis, which properly should be considered part of this degradation
sequence. Emphasis is placed on ghketoadipate pathway as it operates in
diverse groups of soil bacteria. As should be evident from the discussion below,
the 8-ketoadipate pathway has assumed a characteristic gene organization and
set of regulatory features, or identity, that is specific to the bacterial group in
which it resides. Because of this, tAeketoadipate pathway provides an ideal
model system for examining how a widely distributed, yet highly conserved
series of enzymes, can diversify without compromising its core catalytic activ-
ities. Such information may aid in the identification of environmental selective
forces that resultin the tailoring of a particular pathway to best serve the lifestyle
of a particular organism.

BIOLOGICAL DISTRIBUTION

Prokaryotes

Bacterial representation includes species of the gram-positive organisms of
Bacillus (22), Rhodococcu¢6, 150),Arthrobacter(10), andNocardia (133),

as well as gram-negative bacteria representing the alpha, beta, and gamma
subdivisions of the proteobacteria. As discussed belov tketoadipate path-

way has been examined in most detail in the following gram-negative genera:
Acinetobacter(15), Alcaligenes(62), Burkholderia(162, 163),Comamonas
(108), Enterobacten(28), Pseudomonasand Azotobacter(46), as well as in
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the nitrogen-fixing plant symbiotic speci&hizobiumand Bradyrhizobium
and the plant pathogekgrobacterium tumefacier§s18, 121).Ortho-cleavage
dioxygenase activities indicative of thfeketoadipate pathway have been re-
ported in free-living nitrogen fixers belonging AzomonagsAzospirillum,and
Beijerinckiaspecies (20). Thg-ketoadipate pathway has not yet been reported
in members of the Archea.

Eukaryotes

A eukaryotic version of thg-ketoadipate pathway has been identified in mem-
bers of the ascomycetous and basidiomycetous yeasts and fungi (13, 82). The
fungal pathway has been studiedRhodotorulaspp. (21, 30);Trichosporon
cutaneunt40, 79, 132)Aspergillusspp. (64, 72), antlleurospora crassér8).

The catechol branch of the eukaryotic pathway is present in some but not all
eukaryotes and, when present, appears to match that of the prokaryotic pathway.
The protocatechuate branch differs from its prokaryotic counterpart irgthat
carboxyeis,cismuconate, the product of protocatechuate ring cleavage, is cy-
clized to giveps-carboxymuconolactone rather tharcarboxymuconolactone

(13, 14) (Figure 2). The two branches of the fungaketoadipate pathway
converge ap-ketoadipate rather than gtketoadipate enol-lactone, as in the
bacterial pathway (Figure 2).

Funneling Pathways

Despite its widespread taxonomic distribution, th&etoadipate pathway has
been identified almost exclusively in soil microorganisms, with strong repre-
sentation from bacterial groups that are found associated with plants. This
makes sense in view of the large number of phenolic compounds synthesized
by plants during growth.

A great variety of soluble phenolic compounds are released in plant rhizo-
spheres where they serve as chemical signals that can mediate a diverse array of
plant-microbe interactions, both symbiotic and virulent (129). Lignin, a major
component of wood, is a polymer of phenolic aromatic compounds. Lignin-
related monomers, as by-products of decaying plant material, have been de-
tected in soil in micromolar quantities (151). Coniferyl alcohol, ferulate, vanil-
late, and 4-coumarate are converted to protocatechuate prior to degradation via
the 8-ketoadipate pathway (24, 121). Unsubstituted lignin-related compounds
such as cinnamate are metabolized via the catechol branch of the pathway
(4). The naturally occurring aromatics mandelate, anthranilate, and trypto-
phan are also converted to catechol and further catabolizedtbg-cleavage
(100, 130). Quinate and shikimate, two hydroaromatic compounds released in
abundant quantities from decaying plant material (55), are converted to proto-
catechuate before entry into theketoadipate pathway (11, 117) (Figure 3). An
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aromatization pathway leading to the formation of 4-hydroxybenzoate with sub-
sequent metabolism by tifeketoadipate pathway is followed in the catabolism
of the alicyclic compound cyclohexanecarboxylateAsthrobactersp. (10).

Benzoate and 4-hydroxybenzoate almost always serve as growth substrates
for microbes possessing tlifeketoadipate pathway, and the pathway has been
studied most extensively in connection with the degradation of these two aro-
matic acids, which are only one (4-hydroxybenzoate) or two (benzoate) enzy-
matic steps removed from protocatechuate and catechol.

Aromatic hydrocarbons, aminoaromatics, and chlorinated aromatic com-
pounds representative of industrially produced toxic substances are sometimes
degraded by thg-ketoadipate pathway (Figure 3). Routes for aniline, benzene,
naphthalenep-cresol, and 4-chlorobenzoate degradation have been described
that proceed througbrtho-cleavage (6, 9, 29, 57, 154). A 4-chlorobenzoate
pathway that has been studieddiseudomonag\cinetobacterandArthrobac-
ter species is of particular interest because it involves an unusual conversion
of 4-chlorobenzoate to 4-hydroxybenzoate via coenzyme A—esterified interme-
diates (29). The three enzymes that catalyze this conversion are a coenzyme
A ligase, a dehalogenase, and a thioesterase. The 4-hydroxybenzoate that is
generated is degraded via theketoadipate pathway (29).

There is one well-documented example of a plasmid-encgdeastoadipate
pathway. A 200-kb plasmid has been described fAanimetobacter calcoaceti-
custhat encodes benzene degradation via the catechol branchieketeadip-
ate pathway (154).

CONSERVATION OF ENZYME STRUCTURE AND
FUNCTION

Prokaryotes

The chemistry and enzymology of tlieketoadipate pathway have been studied
primarily as they occur iR. putida All nine enzymes catalyzing the conversion

of protocatechuate and catechol to tricarboxylic acid cycle intermediates have
been purified and characterized, and in several cases, crystal structures are avail-
able (Table 1). The best-studied enzyme is protocatechuate 3,4-dioxygenase
(P3,40), which catalyzes the intradiol cleavage of protocatechuate by incorpo-
rating two atoms from molecular oxygen to fogrcarboxyeis,cismuconate.
Enzyme activity requires the participation of a ferric iron ion that is located

at the interface between tlaeand 8 polypeptide chains and is ligated by his-
tidyl and tyrosyl residues within the subunit (93). A refined crystal structure

of the Pseudomonas aeruginogaow reclassified a®. putidg enzyme has

been reported (94). All the P3,40s studied to date haveFe*t protomeric
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structure, with thex and 8 subunits sharing substantial amino acid sequence
identity (30%). However there is considerable diversity in the number of pro-
tomers that constitute active enzymes (Table 1).

Several of the parallel steps in the two branches ofthetoadipate pathway
appear to be catalyzed by analogous reactions, raising the question of whether
or not catalysis is mediated by homologous enzymes. This seems to be the
case for the ring fission step; catechol 1,2-dioxygenase (C1,20) catalyzes the
incorporation of oxygen to formis,cismuconate and resembles P3,40 because
it is a dimeric, ferric iron—containing enzyme. The two dioxygenases share
noticeable amino acid sequence identity (about 25% identity betweeR the
putida catAandpcaGgene products), and the C1,20 sequences that have been
reported have conserved tyrosyl and histidyl residues at positions corresponding
to those that have been proposed to ligaté"Fat the active site of P3,40
(85). Most C1,20s studied to date are homodimers of identical subunits. An
exception is the enzyme frolseudomonas arvillatrain C-1, which forms
isozymes from combinations of two different subunits to gie a8, and
BB dimeric forms of the enzyme (83). The C1,20s associated withBthe
ketoadipate pathway (encoded¢stA) are often referred to as type | enzymes
to distinguish them from type Il catechol 1,2-dioxygenases, which catalyze the
cleavage of chlorinated catechols and thus initiate degradation via modified
ortho-cleavage pathways. Type | and type Il C1,20s share 25-35% overall
amino acid sequence identity and show a high degree of sequence conservation
in the proposed active site region (85).

The next parallel set of enzymes in the sequefiemarboxyeis,cismuconate
lactonizing enzyme (CMLE) andis,cismuconate lactonizing enzyme (MLE),
also appear to catalyze analogous reactions (Figure 2). However, a determina-
tion of the stereochemistries of the lactonizations has shown that the reaction
mechanisms of the two enzymes are actually quite different. CMLE mediates
ananti-cycloisomerization whereas MLE catalyzesymaddition to the double
bond ofcis,cismuconate (17). The amino acid sequences of these two enzymes
(deduced from thé. calcoaceticuandP. putida pcaBandcatBgenes) are not
similar. Based on sequence analysis, CMLE belongs to the class Il fumarase
family of proteins (153), whereas MLE is a member of a different family that
includes mandelate racemase (MR). MLE and MR have remarkably similar
three-dimensional shapes, a finding that has heightened interest in the natural
evolution of enzymes because the two enzymes catalyze chemically distinct
reactions (86, 130). A probable common ancestry for MLE and MR is made
more intriguing by the fact that both enzymes are part of the same metabolic
pathway (mandelate feeds into the catechol branch oftketoadipate path-
way as shown in Figure 4; 38).
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Mechanistic distinctions between the two branches ofthetoadipate path-
way extend toy-carboxymuconolactone decarboxylase (CMD) and mucono-
lactone isomerase (Ml). The genggédC andcatC) encoding these proteins
share little sequence similarity, and a stereochemical analysis of the reactions
catalyzed has indicated that the enzymes have opposite stereofacial specifici-
ties for their substrates (16). The crystal structure of Ml has revealed that it
is a decamer consisting of two pentamers stacked on top of each other. Five
active sites, arranged around a central hydrophilic core, are contributed by five
dimers (66).

Whereas most of the enzymes of {hketoadipate pathway are specialized
and are not closely related to other proteins of wide biological distribution,
the final two steps of the pathway are catalyzed by enzymes representative of
tightly conserved groups that are generally involved in coenzyme A transfer and
thiolytic cleavage. The twg@-ketoadipate:succinyl-CoA transferase subunits
from P. putidashare about 40% amino acid sequence identity with the two sub-
units of acetoacetyl-CoA:acetate/butyrate transferase @stridium aceto-
butylicumand pig heart succinyl-CoA:3-ketoacid transferase (109). Sequence
alignments suggest that the homodimeric structure of the mammalian enzyme
probably derived from a gene fusion of the bactesiand 8 subunits during

OH

‘00C, 0C ? H
S-Mandelate g‘ OH Mandelate N ok
© dehydrogenase racemase
——e
Benzoylformate S-mandelate R-mandelate
Benzoylformate
Cco, decarboxylase
H{ 20
Benzaldehyde
Benzaldehyde
dehydrogenase
€00’ Benzoate Coo' Benzoate diol
1,2- dnoxygenase @ dehydrogenase C[OH
——-
(BenABC) (BenD) OH
Benzoate Benzoate diol Catechol

Figure 4 Conversion of mandelate and benzoate to catechol (38, 91).
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evolution. Amino acid residues shown to be critical for catalysis are conserved
in all three proteins (109, 134). TiReputidag-ketoadipyl-CoA thiolase amino
acid sequence is about 45% identical to the deduced amino acid sequences of thi-
olases involved in polyg-hydroxybutyrate biosynthesis caligenes eutro-
phus(128), fatty acid degradation by human mitochondria (1), and butyrate pro-
duction byC. acetobutylicunil47). Most thiolases resemble theketoadipyl-
CoAthiolase purified fron®. putidain that they are homotetramers (128). Even
though a great deal of amino acid sequence conservation is seen with other
transferases and thiolases, gietoadipate:succinyl-CoA transferases gnd
ketoadipyl-CoA thiolases synthesized By putidaand A. calcoaceticusare
specific to the3-ketoadipate pathway. Mutations in the genes encoding these
enzymes block growth on benzoate and/or 4-hydroxybenzoate (27, 50, 109).
All of the genes of the8-ketoadipate pathway from. putidaand A. cal-
coaceticushave been cloned and sequenced. These two organisms, although
both members of the gamma subdivision of the proteobacteria, have diverged
sufficiently at the DNA level to have &C contents that differ by 20%. De-
spite this, pairwise comparisons of isofunctional enzymes reveal amino acid
sequence identities ranging from 45 to 68% (Table 1), an obvious indication
that thes-ketoadipate pathways from putidaandA. calcoaceticuare closely
derived from a common ancestor. Comparisons of selected enzyme sequences
from other organisms, along with enzymological data from other species, ex-
tend this conclusion to eubacteria in general. For instance, CatB and CatC
from the gram-positive organisiR. erythropolisshare 39% and 49% amino
acid identity with their counterparts from putida(D Eulberg, LA Golovleva,
& M Schldmann, personal communication).

Eukaryotes

Two of the reactions in the protocatechuate branch of the fungal pathway are
unique to eukaryotes and are not found in bacteria (14, 44). These are the
cyclization of 8-carboxyeis,cismuconate to gives-carboxymuconolactone,
rather thary -carboxymuconolactone as seen in prokaryotes, and the apparently
direct conversion gB-carboxymuconolactone gketoadipate (Figure 2). Re-
cently, 8-carboxyeis,cismuconate lactonizing enzyme (CMLE) has been pu-
rified from N. crassaand the corresponding cDNA clone and gene sequence
obtained (78). The sequence of the gene encodisgismuconate lactoniz-

ing enzyme, (MLE) from the fungus. cutaneunias also been obtained (79).
Inspection of the deduced amino acid sequences and mechanistic studies with
purified enzymes strongly indicate that the fungal enzymes have evolved inde-
pendently from the bacterial CMLEs and MLEs. Furthermore, the cycloiso-
merases fror. cutaneunandN. crassaappear to represent a novel eukaryotic
motif in the cycloisomerase enzyme family. The finding that MLE and CMLE
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from T. cutaneunandN. crassarespectively, catalyzesynlactonization that

has an identical absolute stereochemistry to that oPtipaitidaMLE (67, 79)
initially raised the possibility that the eukaryotic CMLE was related to the bac-
terial MLE (78). However, there are differences in the regiochemical course of
the reaction with halogenated muconates betwee tloetaneunMLE and

the P. putidachloromuconate cycloisomerase (79). Also, Bag@utidaMLE
requires a divalent metal ion for activity, whereas the eukaryotic enzymes do
not (78, 79). Finally, thd. cutaneunMLE has no discernable sequence sim-
ilarity to bacterial MLE. Likewise, th&\. crassaCMLE is not at all similar at

the amino acid sequence level to bacterial cycloisomerases, either CMLE or
MLE (78). However, thel. cutaneunMLE and N. crassaCMLE share 21%
amino acid identity (79). The inference from these studies is that the fungal
and bacteriaB-ketoadipate pathways have evolved independently and conver-
gently. Many of the other fungat-ketoadipate enzymes catalyze reactions
that are seemingly identical to their bacterial counterparts. It will be interest-
ing to see whether the sequences of additional fungal genes, as they become
available, reveal common or disparate evolutionary ancestries with prokaryotic
B-ketoadipate pathway genes.

Relationship to the Modifie@rtho-Pathways

DNA sequence analysis and enzyme studies indicate that the catechol branch
of the 8-ketoadipate pathway is the evolutionary precursor of at least portions
of the modifiedortho-pathways for chlorocatechol degradation. This is almost
certainly the case for the initial two steps of the pathways, catalyzed by cate-
chol 1,2-dioxygenase, and a cycloisomerase (Figure 5). The chloromuconate
cycloisomerases catalyze dechlorination and formation of dienelactones. Inthe
case of thgg-ketoadipate pathway, the corresponding enol-lactone is generated
by two enzymatic steps catalyzed by muconate cyclosiomerase (muconate lac-
tonizing enzyme, MLE) and muconolactone isomerase. The enzymes catalyz-
ing the lactone hydrolyzing step (e.g. PcaD/CatD and ClcD) show significant
differences, and the final step of the modif@tho-pathways, catalyzed by ma-
leylacetate reductase, lacks any counterpart at all ig tketoadipate pathway.

In addition to the close structural relationship between type | (acting
primarily on unmodified catechol) and type Il (acting on chlorocatechols)
catechol 1,2-dioxygenases, mentioned above, muconate and chloromuconate
cycloisomerases are closely related, sharing on the order of 40% amino acid
identity. Despite their close structural similarity, the cyclosiomerases differ
with respect to substrate specificity as well as dehalogenation ability (140).
Although the dienelactone hydrolases of the moditigtio-pathways and the
enol-lactone hydrolases of thieketoadipate pathway were initially assumed
to be closely related, sequence data have shown that this is not the case; the two
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Figure 5 Comparison of thertho-(8-ketoadipate) and modifieattho-pathways (140).
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groups of enzymes share no obvious amino acid sequence identity. However,
close inspection of the sequences does suggest that enol-lactone hydrolases
have features indicative of/ 8 hydrolase fold enzymes, a group to which the
dienelactone hydrolases belong (95, 140). Dienelactone hydrolases catalyze
the formation of maleylacetates, which in turn are converteg-ketoadipate

by maleylacetate reductases (Figure 5) (65, 139). When taken together, avail-
able comparative sequence and enzyme data suggest thatkiéteadipate

and the modifiedrtho-pathways are related. However, the evolutionary path
connecting the two appears to be more tortuous than initially supposed.

Itis also important to point out that the use of chlorocatechols as carbon and
energy sources by bacterial cells requires the synthesis of the last two enzymes
of the thep-ketoadipate pathway-ketoadipate:succinyl-CoA transferase and
B-ketoadipyl-CoA thiolase. Thus modifiestho-pathways, all of which are
plasmid encoded, depend on the presence oBtketoadipate pathway in the
host strain in order to operate.

ACCESSORY FEATURES: CHEMOTAXIS AND
TRANSPORT

Chemotaxis

An aspect of aromatic biology that is undoubtedly important for biodegradation
is the detection and acquisition of aromatic compounds from the environment,
processes that are governed by chemotaxis and transport. Aromatic acids and
hydroaromatic compounds are good chemoattractants for motile gram-negative
soil bacteria, including. putida Rhizobium leguminosarubiovars trifolii and
phaseoliBradyrhizobium japonicumand Azospirillumspecies (2, 7, 49, 54,

74, 119, 120). The ability of bacteria to sense and swim towards micromolar
concentrations of phenolic compounds could be a factor guiding the association
of bacteria with plant roots, sites expected to be rich in aromatic material. Fer-
ulate, vanillate, 4-coumarate, 4-hydroxybenzoate, protocatechuate, shikimate,
and quinate all derive from plant material; all are also growth substrates and
chemoattractants for selected soil bacteria.

In some cases, bacteria are chemotactically attracted to compounds that they
cannot immediately degrade. The strairPoputida(PRS2000) that has been
most studied with respect to chemotaxis is attracted to chlorobenzoates and
toluates, compounds that it cannot ordinarily metabolize because it does not
harbor catabolic plasmids encoding the requisite biodegradation genes (51,
53). The chemotactic response may still be important in natural situations,
however, because sources of attractant—say a chemical waste spill contain-
ing chlorobenzoates as a component—would also be sites enriched in strains



Annu. Rev. Microbiol. 1996.50:553-590. Downloaded from arjournals.annualreviews.org
by CARLETON UNIVERSITY LIBRARY on 03/10/05. For personal use only.

B-KETOADIPATE PATHWAY 569

carrying degradative plasmids (58). Higher densities of plasmid-bearing strains
at the point source of attractant coupled with chemotaxis of strains to the source
would increase the chances for plasmid transfer by conjugation with the chemo-
tactic strain. In such a scenario, chemotaxis could be an important mechanism
of plasmid distribution and strain recruitment to sites of toxic waste bioreme-
diation. Interestingly, the TOL plasmid (for toluene/toluate degradation) and
plasmid pAC27 (for chlorobenzoate degradation) do not themselves appear to
encode chemotaxis functions (51, 53).

The g-ketoadipate pathway is present in most of the bacteria for which
chemotaxis to aromatic compounds has been repoBgdponicunexpressed
a constitutive chemotactic responsegtdetoadipate, while protocatechuate-
grown cells were very chemotactic to protocatechuate (120) findings that sug-
gest that chemotaxis to at least some compounds by this microbesis a
ketoadipate pathway-associated trait. This is definitely the cade fmrtida
strain PRS2000. Chemotactic responses to the growth substrates benzoate and
4-hydroxybenzoate and to the nonmetabolizable compounds 3- and 4-toluate
and 3- and 4-chlorobenzoate were coordinately induced in cells grovfi on
ketoadipate (53, 54). Work with blocked mutants verified {#rkietoadipate,
generated intracellularly as a metabolite of benzoate or 4-hydroxybenzoate
degradation, is the direct inducer of the chemotactic response to aromatic acids
(53, 54).

PcaK: A Dual Function 4-Hydroxybenzoate
Chemotaxis/Transport Protein

Analysis of aP. putidamutant that was specifically nhonchemotactic to 4-
hydroxybenzoate led to the identification of a new gene associated with the
B-ketoadipate pathway termgutaK (50). The phenotype gbcaK mutants
suggests that they are defective in the synthesis of a chemoreceptor for 4-
hydroxybenzoate and related aromatic acids. These mutants failed to form
chemotactic rings on soft agar swarm plates containing 4-hydroxybenzoate as a
sole carbon source, and the mutants did not respond to aromatic acid chemoat-
tractants in quantitative computer-assisted assays. The chemotactic responses
of pcaK mutants to succinate and other nonaromatic compounds, including
Casamino acids, were normal (50). An important additional featupcak
mutants is that they grew at wild-type rates on 4-hydroxybenzoate at neutral
pH. That 4-hydroxybenzoate chemotaxis can be uncoupled from metabolism
suggests that this response is receptor-mediated.

Although thepcaK phenotype suggests that the gene encodes a chemore-
ceptor protein, the deduced amino acid sequence of PcaK indicates that it
is unrelated to known chemoreceptors. Rather, PcaK strongly resembles a
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Figure 6 Relationship between PcaK and PcaT and representative members of the five clusters
of the major superfamily of transmembrane facilitators (50, 76; JE Houghton, personal commu-

nication). The dendrogram was constructed by using the PILEUP program (Wisconsin Sequence
Analysis Package, Genetics Computer Group, Madison, Wisconsin). The length of the line con-

necting any two sequences is a relative measure of relatedness.

transport protein (50). The PcaK sequence predicts a 47.2-kDa membrane
protein that belongs to a large group of transport proteins termed the major
facilitator super family of proteins, or USA proteins (for uniporter, symporter,
and antiporter) (43, 76). PcaK is most closely related to a subgroup of proteins
that function in drug efflux (Figure 6). When expressedEstherichia coli

PcaK catalyzed the intracellular accumulation of 4-hydroxybenzoate against a
concentration gradient at rates that were at least as great as those measured in
wild-type P. putidag confirming its suspected role as an active transport system
for 4-hydroxybenzoate. This protein is quite specific for 4-hydroxybenzoate
and does not catalyze the transport of benzoate (50).
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An intact 4-hydroxybenzoate transport system is critical for optimal growth
of P. putidaat high pHs, where only a small percentage of the available 4-
hydroxybenzoate is present in the membrane permeable (4-hydroxybenzoic
acid) form, as well as for optimal growth at the very low external 4-hydroxy-
benzoate concentrations that are known to occur in natural environments. Wild-
type andpcaKmutant cells grew at similar rates on 4-hydroxybenzoate at pHs
6.3 and 6.8, bupcaKmutants grew at only about 40% the rate of wild-type cells
at pH 8.2 (50). In additiorpcaKmutant cells were significantly impaired, rel-
ative to wild-type cells, in their ability to accumulaté€] 4-hydroxybenzoate
when it was supplied at a concentration (Z®) that is sufficient to saturate
the transport system as expresseétircoli (50). This concentration is on the
order of the concentrations of 4-hydroxybenzoate that are seen in soils (151).

The most straightforward interpretation of the available data is that PcaK
has dual functions as a chemoreceptor and a 4-hydroxybenzoate transporter in
P. putida Because PcaK is not homologous to methyl-accepting chemotaxis
proteins or to periplasmic binding proteins, the two classes of characterized
chemoreceptors, it would appear to represent a previously unrecognized type
of chemoreceptor. This is an exciting possibility because it raises the sugges-
tion that a member of the major facilitator superfamily, a large and relatively
conserved group of proteins, may be able to initiate sensory signaling by a
mechanism distinct from the well-defin&d coli system (37, 56). At this point
much more work is required, however, to determine whether PcaK mediates
direct transmission of sensory input to the central chemotaxis machinéry of
putida by some novel means, or whether it functions indirectly to modulate
aromatic acid-stimulated transduction of sensory information.

Chemotaxis is certainly not an obligatory function of PcaK, because a ho-
mologous gene that is 57% identical at the amino acid level tdPthmitida
PcaK has been identified #. calcoaceticusa nonmotile organism (69). Al-
though theA. calcoaceticu$caK is presumed to mediate 4-hydroxybenzoate
transport, its function in this bacterium has not yet been explored in detail. The
pcaKgenes from both species are located within clustepsa$tructural genes
for protocatechuate degradation (see below). Very recently, a second gene has
been identified i\. calcoaceticusrhose deduced amino acid sequence is about
30% identical to that oP. putidaPcakK. This gene lies upstream of the benzoate
dioxygenase genes and has tentatively been desigbhatd{EL Neidle & LS
Collier, personal communication). It will be interesting to see wheliemK
encodes a benzoate-specific transporter.

B-Ketoadipate Transport

P. putidasynthesizes a transport system fbketoadipate. This transporter
was first identified based on the ability of 4-hydroxybenzoate-grown cells to
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accumulaté*C-labelled adipate, anonmetabolizable analogyekdtoadipate
(104). p-Ketoadipate appears to be the natural substrate for the transport system
because adipate uptake is inducible g»ketoadipate, and it is also competi-
tively inhibited by g-ketoadipate with &; of 40 uM, which is lower than the

K of 230uM observed for adipate (96, 104). Furthermore, regulatory mutants
have been isolated that constitutively synthesize the transport system as well
as three of the enyzmes of the protocatechuate branch of the pathway (CMLE,
CMD, and ELH) (116). This latter result is consistent with the idea that the
transporter and thpcaB C, andD genes belong to a common transcriptional
unit. In fact, a gene predicted to encode a protein with 67% amino acid se-
guence identity tar-ketoglutarate permease frag coli (Figure 6) (141) has
been identified immediately upstream and adjacent tpdad8DCgenes irP.

putida (JE Houghton, personal communication). This gene, desigmeai&g

is a strong candidate to encode héetoadipate transporter.

Discovery of a transport system f@rketoadipate was surprising because
previous experiments had shown that growtHPoputidawas limited by re-
stricted permeability to this compound (144). Indgekietoadipate supports a
doubling time of only 140 min, as compared to a doubling time of 75 min for
growth on a comparable concentration of 4-hydroxybenzoate (96). Together
with the observation that the transport system is induced only severalfold by a
concentration oB-ketoadipate that causes a 50-fold induction of the enzymes
of the B-ketoadipate pathway (116), this suggests that overexpression®f the
ketoadipate transport system may be disadvantageous to cells under some cir-
cumstances. One such circumstance might be the energy-dependent transport of
anonmetabolizable compound such as adipate. Transport of adipate mightharm
cells by depleting precious energy reserves during carbon starvation. This idea
was tested by comparing the starvation-survival rates of wild®ypatidacells
with those of a hyperconstitutive mutant that expresses 20-fold higher levels of
the transport system. When the two strains were co-starved in minimal medium
containing adipate but lacking a metabolizable carbon source, 99.99% of the
high-level transport constitutive mutant cells lost viability in 50 h, whereas the
viability of wild-type cells was unaffected. The mutant cells remained viable
when starved in the absence of adipate (52). These results emphasize the impor-
tance of tight control over nutrient acquisition systems, especially under con-
ditions of nutritional stress. Adipate is a naturally occurring dicarboxylic acid
thatP. putidawould be likely to encounter in its environmeii. aeruginosaa
fluorescent pseudomonad that is closely relatdd futidaand that occupies
a similar ecological niche, can utilize adipate as a growth substrate (146).

The question of how widely distributgtiketoadipate transport systems are in
bacteria has not been extensively addressed. The transport system is expressed
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in several biotypes dP. putidaandPseudomonas fluorescef®6). The pres-
ence of g8-ketoadipate transport systenRnaeruginosar other bacteria does
not appear to have been examined.

PATHWAY ORGANIZATION AND REGULATION IN
DIVERSE BACTERIA

Branch Convergence and Isozymes

Although the enzymes of th&-ketoadipate pathway are conserved among bac-
teria, the pathway shows great diversification in the forms of regulation and
pathway organization that have evolved. Some organisms carry only portions
of the pathway, and the two branches of the pathway converge at different
points in different bacteria. For example Rrnputidg the pathway converges at
B-ketoadipate enol-lactone, and one set of enzymes is present to complete the
conversion to tricarboxylic acid cycle intermediates (50, 99, 189¢utrophus

has two isofunctional hydrolases that conygitetoadipate enol-lactone
ketoadipate, the branch convergence point (63)A.lcalcoaceticusthe two
branches never converge: two independently regulated sets of genes encode
isofunctional enzymes for the last three steps of the pathway (Figure 7) (15,
69, 142). Comamonaspecies (formerly known as the acidovorans group of
pseudomonads) metabolize protocatechuate througméti@pathway. How-

ever they are capable of growth with tfieketoadipate pathway intermediate
B-carboxyeis,cismuconate using a truncated version of the protocatechuate
branch of the8-ketoadipate pathway (108). A complete catechol branch of the
B-ketoadipate pathway is present@omamonas acidovorari&2a). Some or-
ganisms, such aszotobactespp., synthesize only the protocatechuate branch
of the 8-ketoadipate pathway and metabolize catechol and related substrates
exclusively through enetacleavage route (46). The catechol branch of the path-
way appears to be present only in some members of the rhizobial/agrobacterial
phylogenetic groups (19, 117).

Inducing Metabolites

The genes of thg-ketoadipate pathway are inducible by pathway intermediates.
Among different bacteria, however, many variations in inducing metabolites are
seen. Forexample, protocatechuate induces all of the genes of the protocatechu-
ate branch ii\. calcoaceticu§l5), and none of thpcagenes ifNocardia(133)

or Agrobacteriun{111) species (Figure 8-Ketoadipate, on the other hand, is

an importantinducing metabolite in every organism exéeptlcoaceticusg-
Carboxyeis,cismuconate is an inducer of protocatechuate-branch degradation
genes in species @omamonag108), Agrobacterium(111), andRhizobium
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(121), but not, apparently, in other bacteria. In some instances two different
compounds can act to induce the synthesis of a single enzynirkmolde-

ria (Pseudomongscepacia for example, CMLE synthesis is induced By
ketoadipate and 4-hydroxybenzoate (162). More than one inducer can also
effect the synthesis of some of the enzyme#\grobacterium Alcaligenes,
andAcinetobactespp. (Figure 8). Examples of both substrate induction and
product induction are seen, and in diveBsadyrhizobiurrspecies, most of the
enzymes of protocatechuate catabolism are produced constitutively (118). The
results of physiological regulation studies@ketoadipate pathway enzymes

in diverse bacterial species are shown in Figure 8.

Gene Organization

Molecular studies of thg-ketoadipate pathway carried out withputida A.
calcoaceticusandA. tumefaciensave confirmed that molecular diversity as
revealed by disparate induction patterns extends to diversity in gene organiza-
tion and transcriptional regulation. Current information about the organization
of the genes involved in catechol and protocatechuate degradaffopitida
andA. calcoaceticuss summarized in Figure 9. A complete set of informa-
tion (with the exception opcaF) is also available foA. tumefacien$\348,

a strain that has only the protocatechuate branch ofthetoadipate path-
way. Recently threeat genes have been identified and sequenced from the
gram-positive specieR. erythropolis1CP (143) (D Eulberg, LA Golovleva,

& M Schlémann, personal communication). Features of the gene clusters that
are obvious from a superficial inspection are theattgenes anghcagenes are
generally clustered, but within these clusters, no particular gene order is main-
tained from species to species. ExceptiongpasJandpcaGH which encode
two-subunit enzymes and thus would be expected to evolve as a unit.

Supraoperonic Clustering

Supraoperonic clustering of genes has been observed; operons encoding en-
zymes for related metabolic functions are contiguous on the chromosome. The
close physical association cdtgenes witthengenes angicagenes wittpob
genes, the former for conversion of benzoate to catechol and the latter for con-
version of 4-hydroxybenzoate to protocatechuate, is striking. Not only are the
bengenes located directly upstream from it genes inA. calcoaceticus

but BenM, a regulator that positively activatesngene expression, can also
function to activateatgenes (135; EL Neidle & LS Collier, personal commu-
nication). That this is a relatively recent evolutionary event is suggested by the
observation that thA. calcoaceticus begenes are homologous to tk@XYZL
genes from th@. putida metgpathway—encoding TOL plasmid (45). This in-
dicates that the evolutionary ancestries of ta¢andbengenes are distinct
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Acinetobacter calcoaceticus

l pca_genes 1 gui_genes | pob genes ]
-— - r_— [
c [ x|~ [s]rfm]
) )
67 172 104
| ben genes 1L ]
M A e[ [= & ||

T Y | [} '

4 41 18 42 618 9
Pseudomonas putida Agrobacterium tumefaciens
{ pca genes ] lpca genes ||pob genes| pca_genes ]

(pea] [pea] [areee] Rhodococcus erythropolis

—

fm

Ln‘bu‘ L]

1kb

Figure 9 The pcaandcat gene organization in various bacteria (35, 36, 39, 47, 48, 50, 60, 69,
87-89, 109, 113, 142, 153). Transcriptional units, designatdibbyontal arrows are in some
cases putative. Where known, spacing between genes (in base pairs) is indicated below the genetic
maps. Gene designations are as given in Table 1. Functiohemi& catX,andcatYare unknown.

The genesgui andbenABCDare for quinate and benzoate degradation, respectively (see Figures 4
and 10). Sequence comparisons indicatedh@& may encode a porin (36). No direct involvement

of this gene in quinate degradation has been sh@ohAencodes 4-hydroxybenzoate hydroxylase.
catB, catM, pcaR pcaU, pobR andbenMare regulatory genes described in the t@dbSencodes

a regulator that lowers expression m§bAby an unidentified mechanism (AA DiMarco & LN
Ornston, personal communicatiomcaKandbenKare proposed aromatic acid transport genes as
described in the texpcaTis proposed to encodefketoadipate transporter.

and that selection pressures may have brought patches of independently de-
rived genes togetheP. putidacosmid clones have been obtained that include
both benandcat genes, and mapping studies indicate that these two clusters
are contiguous on both tHe aeruginosaandP. putidachromosomes (161).
These observations substantiate the perceived importance by some investiga-
tors of benzoate as a favored growth substrate that is funneled into the catechol
branch of theg-ketoadipate pathway and of 4-hydroxybenzoate as a favored
substrate to enter the protocatechuate branch. Genes for conversion of quinate
to protocatechuate are located betwpeaandpobgenes inA. calcoaceticus
(Figure 9). Quinate is also a good growth substrate for this soil-dwelling species
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(Figure 10). This is perhaps not surprising in view of the fact that quinate has
been estimated to account for 10% by weight of leaf litter (55).

Genes for the two branches of theketoadipate pathway do not necessarily
map close to each other on the chromosom@e.lcalcoaceticusfor example,
thecatandpcagenes are separated by a distance of about 290 kb (EL Neidle
& B Gralton, personal communication). The relative positionsaifandpca
genes have not been determine®.iputida but in the closely related organism
P. aeruginosathey are located on practically opposite sides of the chromosome,
2000 kb apart (59). The relative positiongpefalJ pcaGH andpcaRKFTBDC
on theP. putidachromosome have not been determined, and the possibility
that these gene clusters are closely linked, or even contiguous, has not been
excluded.

DNA sequence data point to a common ancestry for genes encoding iso-
functional enzymes fron®. putidaand A. calcoaceticugTable 1) and have
also revealed some remarkable features of the geadsK, catD, pcalJF, and
pcaD) that encode the three isozymes of the last three steps Af ttedcoaceti-
cus B-ketoadipate pathway. The nucleotide sequencest§F andpcalJF
are virtually (99%) identical (69) and can freely exchange genetic information
to repair mutations in the homologous set (27). Why are they so stable? Why
isn’'t one of the sets lost through recombination? In contrastpta® and
catD genes appear to have evolved for avoidance of genetic exchange. These
genes share just 52% nucleotide sequence identity, and the deduced amino acid
sequences of PcaD and CatD frémcalcoaceticuare no more similar to each

CoO’ CoO0’
HOQOH HOQOH
OH OH

Quinate Shikimate

) Quinate/Shikimate .
Quia 1 dehydrogenase l QuiA

00" Dehydroquinate €O0"  Dehydroshikimate
dehydralase Q dehydralase @
QuiC

Dehydroquinate Dehydroshikimate Protocatechuate

Figure 10 The quinate/shikimate degradation pathwajainetobacter calcoacetic86).
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other than they are to the PcaD protein frérputida(48; JE Houghton, per-

sonal communication). Why are these genes so different? Hartnett & Ornston
(48) have proposed that in the casecaflJF/pcalJF, genetic recombination

and accompanying repair of mutations may help cells to maintain an accurate
protein product. However, in the case of t&D/pcaDgene sequences, diver-
gence somehow occurred beyond a threshold to a point where genetic exchange
between genes became detrimental, and defective proteins were generated. This
favored the selection of rapidly diverged genes.

Regulators and Operons

Structural genes are often flanked by regulatory genes, many of which are
divergently transcribed. The best studied regulatory protein iftketoadipate
pathway is CatR, which positively regulates expressiaatBCandcatAgenes

in P. putidain response to the inducers,cismuconate (60, 137). Although
catBCandcatAare contiguous on the. putidaPRS2000 chromosomeatA

can be independently transcribed fraaBC(60). InP. aeruginosacatAis
located about 3 kb away froocatBC(70).

CatR is a member of the LysR family of regulators (137). A closely re-
lated subgroup of the family includes proteins [CIcR (123), TfdR (77), and
TcbR (73)] that are regulators for modifiextho-pathways involved in the
degradation of monochlorocatechol, dichlorocatechol, and trichlorocatechol,
respectively. The CatR protein has been purified, and its DNA binding prop-
erties and mechanism o&tBCoperon activation investigated (124, 125, 138).
An inducer-independent binding site, also referred to as a repression binding
site (RBS), has been localized to a 27-bp region between bag8@saand— 53
relative to the transcription start site cdtB. Two CatR dimers have been pro-
posed to bind at this site, one bound to the DNA and the second stacked on the
first dimer (124). Addition of the inducer (100M cis,cismuconate) to the
system increases the affinity of CatR &@tBpromoter DNA by about twofold,
and it also stimulates the binding of a CatR dimer to a site called the activation
binding site (ABS) at nucleotides 47 to — 34 (124, 125). Parsek et al have
proposed that in the presence of inducer there is one dimer bound to the RBS
and one bound to the ABS (124, 125). Experiments with DNA bending vec-
tors show that binding of CatR to the RBS in the absence of inducer results in
bending of DNA. In the presence of inducer, the binding of a CatR dimer to the
ABS causes a relaxation of the bend angle. These observations have led to the
proposal that a relaxation in the bending of DNA in t&B promoter region
facilitates activation of transcription, possibly by allowing direct interaction
of CatR with thex subunit of RNA polymerase in the 35 region. There is
evidence that this general type of transcription activation mechanism may also
be used by other LysR proteins (122).
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All of the genes for catechol degradationAn calcoaceticusare activated
by CatM, a homologue of CatR (41% amino acid identity) that, like CatR,
acts in concert with the induceris,cismuconate to positively regulateat
gene expression (135). In vivo footprinting has been used to identify a CatM
recognition and binding site that is nearly identical to the proposed binding
site for CatR and related LysR proteins (135). AnalysiscafM mutants
has been complicated by the fact thfatcalcoaceticusynthesizes a second
LysR-type regulator, BenM, which can activatat gene transcription in re-
sponse tccis,cismuconate. BenM also inducesitA gene expression in re-
sponse to benzoate (90; EL Neidle, personal communication). The deduced
amino acid sequences of CatM and BenM are 57% identical (EL Neidle &
LS Collier, personal communication). It will be interesting to see if, and
how, these two regulators interact at tte#A promoter to bind and activate
transcription.

A fourth LysR family member, PcaQ, operatesAn tumefaciengo in-
duce expression ghca genes required for conversion of protocatechuate to
B-ketoadipate (111, 114). PcaQ recognizes Igitarboxyeis,cismuconate
and the unstable pathway intermedigt€arboxymuconolactone as inducers.
Although a LysR family member, PcaQ is not closely related to CatR subgroup
members. CatR and PcaQ share just 15% amino acid sequence identity.

P. putidaregulates most of the genes of the protocatechuate branch of the
B-ketoadipate pathway with PcaR, a protein that belongs to a newly described
family of regulatory proteins called the PobR family (25). PcaR functions
to activate the expression of at least four separate transcriptional urits in
putidain response t@-ketoadipate. A functiongbcaRgene is required for
inducible expression of gengsdaBDC pcaF, pcalJ) required for conversion
of B-carboxyeis,cismuconate to TCA cycle intermediates, as well as for ex-
pression of thg@caK gene encoding the 4-hydroxybenzoate transport protein
(61, 92, 110, 136) (Figure 8). ThecaGHgenes, encoding protocatechuate
3,4-dioxygenase are induced by protocatechua®epatidg but the regulatory
protein involved inpcaGHexpression has not yet been identified. The PcaR
protein, overexpressed . coli, was found to bind specifically to thecalJd
promoter fragment in DNA mobility shift assays. Addition gfketoadipate
did not alter migration of the complex (136). In complementary experiments
with lacZtranscriptional fusions, a deletion analysis ofpleal promoter region
indicated that no specific sequences upstream of-B& region are required
for full induction by PcaR (110). This indicates that PcaR binds unusually
closely to the transcription start site, and raises the possibility that PcaR has a
novel mechanism of transcriptional activation. Comparisons between the re-
gions upstream gicaRandpcalJhave revealed a 15-bp conserved nucleotide
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sequence, centered-atl0 relative to each transcription start site, that has been
proposed to serve as a PcaR binding site (136).

PobR regulates 4-hydroxybenzoate-inducible expressi@olof, the gene
encoding 4-hydroxybenzoate hydroxylaséincalcoaceticug25, 26). PobR,
like PcaR, has an N-terminal helix-turn-helix motif, is about 30 kDa in size,
and exhibits inducer-independent binding to the promoter region of the gene
it positively regulates. Despite superficial similarities, PobR and PcaR do not
cluster with LysR proteins or with other defined families of transcriptional reg-
ulators. Instead, sequence comparisons indicate that PobR forms the basis for a
new cluster of evolutionarily related proteins that includes, in addition to PcaR,
IcIR, the acetate operon repressoEincoli, and GylIR, a regulator of glycerol
catabolism inStreptomycespp. (25). PobR fron\. calcoaceticugand PcaR
from P. putidashare 32% amino acid sequence identjigaU is divergently
transcribed from th@calJFBDKCHGgene cluster. Its product functions as
an activator of the protocatechuate degradation genes and presumably acts in
concert with protocatechuate, the inducemeh gene expression iA. cal-
coaceticug41; LN Ornston, personal communication). PobR and PcaU from
A. calcoaceticushare 51% amino acid sequence identity, whereas PcaR from
P. putidais 34% identical to PcaU.

Genes have recently been identifiedhitumefacienandR. leguminosarum
that have been namegmbbRbased on their proposed function as regulators of
pobAexpression (112, 155). Itis not yet known if these genes are homologous
to the A. calcoaceticus pobBene. ThepcaRgene fromA. tumefacienss
homologous t@caRfrom P. putida(D Parke, personal communication).

Communication Between Branches: A New Layer of Regulation

A study of P. putida pcaFandpcaKregulation showed that, as expected, these
two independently transcribed genes depend on PcaRgdwmloadipate for
transcriptional activation. However, the additional surprising finding was made
that expression of thpcaK gene for 4-hydroxybenzoate transport is repressed
by growth on benzoate (92). This previously unrecognized layer of regula-
tory control in theg-ketoadipate pathway appears to extend to the first two
steps of 4-hydroxybenzoate degradation, as illustrated by repression of levels
of 4-hydroxybenzoate hydroxylase and protocatechuate 3,4-dioxygenase ac-
tivities by benzoate when cells were grown on a mixture of benzoate and 4-
hydroxybenzoate. As would be predicted from these redltsjtidacells pre-
sented with both substrates degraded benzoate in preference to 4-hydroxybenzo-
ate (92). Although the biological basis for this preference is not entirely
obvious, an argument can be made that the initial steps of benzoate degra-
dation are slightly less energetically demanding than the initial steps of 4-
hydroxybenzoate degradation (92). Whatever the explanation, it is clear that
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this level of regulation is not unique B putida Studies using nuclear magnetic
resonance to follow the metabolism of aromatic acidé\bgalcoaceticusells

have shown that this organism uses multiple aromatic carbon sources according
to a preferred hierarchy, including the metabolism of benzoate in preference
to 4-hydroxybenzoate (GL Gaines Il & EL Neidle, personal communication).

A regulatory mechanism to ensure a preferred sequence of substrate use may
have evolved in response to a need to use mixtures of available substrates in the
most efficient manner possible.

WHAT ARE THE SELECTION FORCES THAT SHAPE
SELF-IDENTITY?

The B-ketoadipate pathway is a wonderful example of diversity in the con-
text of constancy. Isofunctional enzymes of the pathway are highly conserved
in bacteria, but bacterial groups display great diversity in inducing metabo-
lites, regulators, and gene organization. Diversity is also seen in the range of
behavioral responses of various bacterial specig&ketoadipate-associated
aromatic compounds and in the repertoire of transport systems for aromatic
compounds and pathway intermediates. We hope this review serves to reinforce
the concept that metabolic pathways can be fully understood only when exam-
ined in the biological context of the particular organism in which they reside.

It would be a mistake to view chromosomally encoded metabolic pathways in
particular only in modular terms, as entities that can be facilely transferred from
one organism to another with any degree of confidence that they will operate
efficiently. Analyses of thgg-ketoadipate pathway in diverse bacteria verify
the premise that selection pressures on a conserved biochemical sequence are
exerted at the level of the whole organism and are subject to the requirements
of a whole organism to be metabolically and ecologically successful. Among
the mechanisms proposed to generate genetic diversity are DNA sequence slip-
page and exchange, gene transfer and transposition, and mutational drift. Many
of these mechanisms can be experimentally addressed and are the subject of
much attention with respect to tifeketoadipate pathway (101-103) and other
degradation pathways (148). By contrast, our ability to identify specific envi-
ronmental selection pressures that have shapeg-#tetoadipate pathway in
different organisms is much less well developed.

From a human'’s perspective, these selective forces as they are exerted in
nature are often subtle. Some clues may come from considering that bacteria
perceive agents of environmental selection differently according to their differ-
ent phenotypic attributes. These attributes might include the overall catabolic
versatility of an organism, whether or not a particular organism is normally
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found in association with plants or with lignin-degrading fungi, and whether an
organism has a sedentary (nonmotile) or pioneering (matile) lifestyle. Above
all, it is clear that bacteria know who they are; they have an identity. If we
can better understand how these identities are shaped, then we will have moved
closer to describing fundamental principles of metabolic capabilities, including
the 8-ketoadipate pathway.

ACKNOWLEDGMENTS

Work from the laboratory of CSH was supported by the National Science Foun-
dation. We thank all of our colleagues who sentinformation prior to publication,
and Donna Parke, Ellen Neidle, and Nick Ornston for critical reading of the
manuscript. We are also grateful to the members of our laboratories for help-
ful discussions and especially thank Nancy Nichols for help with some of the
figures. Our greatest appreciation goes to Nick Ornston for introducing us to

Annu. Rev. Microbiol. 1996.50:553-590. Downloaded from arjournals.annualreviews.org
by CARLETON UNIVERSITY LIBRARY on 03/10/05. For personal use only.

the g-ketoadipate pathway.

Literature Cited

1. Abe H, Ohtake A, Yamamoto S, Satoh

Y, Takayanagi M, et al. 1993. Cloning 6.

and sequence analysis of a full length
cDNA encoding human mitochondrial 3-
oxoacyl-CoA thiolaseBiochim. Biophys.

Actal216:304-6 7.

2. Aguilar MM, Ashby AM, Richards
AJM, Loake GJ, Watson MD, Shaw
CH. 1988. Chemotaxis oRhizobium
leguminosarunbiovar phaseoli towards
flavonoid inducers of the symbiotic
nodulation genes.J. Gen. Microbiol.
134:2741-46 8

3. Aldrich TL, Chakrabarty AM. 1988.
Transcriptional regulation, nucleotide se-
quence and localization of the promoter of

thecatBCoperoninPseudomonas putida 9.

J. Bacteriol.170:1297-1304

4. Andreoni V, Bernasconi S, Bestetti P,
Villa M. 1991. Metabolism of lignin-
related compounds byRhodococcus

rhodochrous bioconversion of anisoin. 10.

Appl. Microbiol. Biotechnol. 36:410—
15

5. Aoki K, Konohana T, Shinke R, Nishira
H. 1984. Two catechol 1,2-dioxygenases

from an aniline-assimilating bacterium, 11.

Frateuria species ANA-18Agric. Biol.

Chem48:2097-2104

Aoki K, Shinke R, Nishira H. 1983.
Metabolism of aniline byRhodococcus
erythropolisAN-13. Agric. Biol. Chem.
47:1611-16

Ashby AM, Watson MD, Loake GJ,
Shaw CH. 1988. Ti plasmid-specified
chemotaxis of Agrobacterium tumefa-
ciensC58C towardvir-inducing pheno-
lic compounds and soluble factors from
monocotyledonous and dicotyledonous
plants.J. Bacteriol.170:4181-87

. Assinder SJ, Williams PA. 1990. The TOL

plasmids: determinants of the catabolism
of toluene and xylenesAdv. Microbiol.
Physiol.31:1-69

Barnsley EA. 1976. Role and regulation
of the ortho and metapathways of cat-
echol metabolism in pseudomonads me-
tabolizing naphthalene and salicylate.
Bacteriol.125:404-8

Blakley ER. 1974. The microbial degra-
dation of cyclohexanecarboxylic acid: a
pathway involving aromatization to form
p-hydroxybenzoic acidCan. J. Micro-
biol. 20:1297-1306

Bruce NC, Cain RB. 1990. Hydroaro-
matic metabolism in Rhodococcus



Annu. Rev. Microbiol. 1996.50:553-590. Downloaded from arjournals.annualreviews.org
by CARLETON UNIVERSITY LIBRARY on 03/10/05. For personal use only.

584

12.

12a.

13.

14.

15.

16.

17.

18.

19.

20.

21.

HARWOOD & PARALES

rhodochrous—purification and charac-
terization of its NAD-dependent quinate
dehydrogenase. Arch. Microbiol.
154:179-86 22,
Bull C, Ballou DP. 1981. Purification

and properties of protocatechuate 3,4-
dioxygenase fromPseudomonas putida

J. Biol. Chem256:12,673-80 23.
Buvinger WE, Stone LC, Heath HE. 1981.
Biochemical genetics of tryptophan syn-
thesis inPseudomonas acidovorang. 24,
Bacteriol. 147:62—68

Cain RB. 1980. The uptake and cat-
abolism of lignin-related aromatic com-
pounds and their regulation in microor-
ganisms. InLignin Degradation: Mi- 25,
crobiology, Chemistry, and Potential Ap-
plications ed. TK Kirk, T Higuchi, H
Chang, pp. 21-60. Boca Raton, Florida:
CRC Press. 497 pp.

Cain RB. 1988. Aromatic metabolism

by mycelial organisms: actinomycete
and fungal strategies. InMicrobial 26.
Metabolism and the Carbon Cycled.

SR Hagedorn, RS Hanson, DA Kunz, pp.
101-44. New York: Harwood. 521 pp.
Canovas JL, Stanier RY. 1967. Regula-
tion of the enzymes of thg-ketoadipate  27.
pathway inMoraxella calcoaceticaEur.

J. Biochem1:289-300

Chari RVJ, Whitman CP, Kozarich JW.
1987. Absolute sterochemical course of

muconolactonep-isomerase and of 4- 28,

carboxymuconolactone decarboxylase: a

IH NMR “ricochet” analysis.J. Am.
Chem. S0c109:5520-21

Chari RVJ, Whitman CP, Kozarich Jw, 29.

Ngai K-L, Ornston LN. 1987. Abso-
lute sterochemical course of the 3-
carboxymuconate cycloisomerases from
Pseudomonas putidand Acinetobacter

calcoaceticusanalysis and implications.  30.

J. Am. Chem. S0409:5514-19

Chen YP, Dilworth MJ, Glenn AR.
1984. Aromatic metabolism irRhizo-
bium trifolii—protocatechuate 3,4-diox-
ygenaseArch. Microbiol. 138:187-90

Chen YP, Glenn AR, Dilworth MJ. 30a.

1984. Uptake and oxidation of aromatic
substrates byRhizobium leguminosarum
MNF3841 andRhizobium trifolii TAL.
FEMS Microbiol. Lett21:201-5

Chen YP, Lopez-de-Victoria G, Lovell

CR. 1993. Utilization of aromatic com- 31.

pounds as carbon and energy sources dur-
ing growth and N-fixation by free-living
nitrogen fixing bacteriaArch. Microbiol.
159:207-12.

Cook KA, Cain RB. 1974. Regulation 32.

of aromatic metabolism in the fungi:

metabolic control of the 3-oxoadipate
pathway in the yeasRhodotorula mu-
cilaginosa J. Gen. Microbiol 85:37-50
Crawford RL. 1976. Pathways of 4-
hydroxybenzoate degradation among
species ofBacillus. J. Bacteriol.127:
204-10

Dagley S. 1971. Catabolism of aromatic
compounds by microorganism&dv. Mi-
crobiol. Physiol .6:1-76

Delneri D, Degrassi G, Rizzo R, Bruschi
CV. 1995. Degradation ofransferulic
and p-coumaric acid byAcinetobacter
calcoaceticusDSM 586. Biochim. Bio-
phys. Actal244:363-67

DiMarco AA, Averhoff BA, Ornston LN.
1993. Identification of the transcriptional
activatorpobRand characterization of its
role in the expression gfobA the struc-
tural gene fop-hydroxybenzoate hydrox-
ylase inAcinetobacter calcoaceticus.
Bacteriol.175:4499-4506

DiMarco AA, Ornston LN. 1994. Regu-
lation of p-hydroxybenzoate hydroxylase
synthesis by PobR bound to an operator
in Acinetobacter calcoaceticu3. Bacte-
riol. 176:4277-84

Doten RC, Ngai K-L, Mitchell DJ, Orn-
ston LN. 1987. Cloning and genetic or-
ganization of thepca gene cluster from
Acinetobacter calcoaceticus Bacteriol.
169:3168-74

Doten RC, Ornston LN. 1987. Protocat-
echuate is not metabolized via catechol
in Enterobacter aerogened. Bacteriol.
169:5827-30

Dunaway-Mariano D, Babbitt PC. 1994.
On the origins and functions of the
enzymes of the 4-chlorobenzoate to
4-hydroxybenzoate converting pathway.
Biodegradatiorb:259-76

Durham DR, McNamee CG, Stewart DB.
1984. Dissimilation of aromatic com-
pounds inRhodotorula graminis bio-
chemical characterization of pleiotrop-
ically negative mutants.J. Bacteriol.
160:771-77

Durham DR, Stirling LA, Ornston LN,
Perry JJ. 1980. Intergeneric evolutionary
homology revealed by the study of proto-
catechuate 3,4-dioxygenase frakaoto-
bacter vinelandii Biochemistry19:149—
55

Earhardt CA, Hall MD, Michaud-Soret |,
Que L Jr, Ohlendorf DH. 1994. Crystal-
lization of catechol 1,2-dioxygenase from
Pseudomonas arvill€-1. J. Mol. Biol.
236:377-78

Earhardt CA, Radhakrishnan R, Orville
AM, Lipscomb JD, Ohlendorf DH. 1994.



Annu. Rev. Microbiol. 1996.50:553-590. Downloaded from arjournals.annualreviews.org
by CARLETON UNIVERSITY LIBRARY on 03/10/05. For personal use only.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

B-KETOADIPATE PATHWAY 585

Preliminary crystallographic study of
protocatechuate 3,4-dioxygenase from
Brevibacterium fuscum. J. Mol. Biol.
236:374-76

Eck R, Belter J. 1993. Cloning and char-
acterization of a gene coding for the cate-

chol 1,2-dioxygenase dfrthrobactersp.  46.

mMA3. Genel23:87-92
Ehrt S, Schirmer F, Hillen W. 1995. Ge-
netic organization, nucleotide sequence,

and regulation of expression of genes 47.

encoding phenol hydroxylase and cat-
echol 1,2-dioxygenase iAcinetobacter
calcoaceticusNCIB8250. Mol. Micro-
biol. 18:13-20

Elsemore DA, Ornston LN. 1994. The
pca-pobsupraoperonic cluster dfcine-
tobacter calcoaceticusontainsquiA, the

structural gene for quinate-shikimate de- 48.

hydrogenasel. Bacteriol.176:7659-66
Elsemore DA, Ornston LN. 1995. Un-
usual ancestry of dehydratases associated
with quinate catabolism iAcinetobacter
calcoaceticusJ. Bacteriol.177:5971-78

Falke J, Blair DF, Silhavy TJ, Schmitt R. 49.

1995. BLAST 1995: international confer-
ence on bacterial locomotion and signal
transduction.Mol. Microbiol. 16:1037—

50 50.

Fewson CA. 1988. Microbial metabolism
of mandelate: a microcosm of diversity.
FEMS Microbiol. Rev54:85-110

Frazee RW, Livingston DM, LaPorte DC,
Lipscomb JD. 1993. Cloning, sequenc-
ing, and expression of thieseudomonas

putida protocatechuate 3,4-dioxygenase 51.

genesJ. Bacteriol.175:6194-202
Gaal A, Neujahr HY. 1979. Metabolism
of phenol and resorcinol ifirichosporon

cutaneumJ. Bacteriol.137:13-21 52.

Gerischer U, Tran S, Ornston LN. 1993.
Physiological effects exerted pcay, a

newly discovered gene governing synthe-
sis of enzymes for catabolism for pro-

tocatechuate iAcinetobacter calcoaceti- 53,

cus 93rd Annu. Meet. Am. Soc. Micro-
biol. 93:238 (Abstr.)
Goldman A, Ollis DL, Steitz TA. 1987.

Crystal structure of muconate lactonizing 54.

enzyme at 3A resolution.J. Mol. Biol.
194:143-53
Goswitz VC, Brooker RJ. 1995. Struc-

tural features of the uniporter/sympo- 55.

rter/antiporter superfamilyProtein Sci.
4:534-37

Gross SR, Gafford RD, Tatum EL. 1956.
The metabolism of protocatechuic acid by
Neurosporad. Biol. Chem219:781-95

Harayama S, Rekik M, Bairoch A, Nei- 56.

dle EL, Ornston LN. 1991. Potential

DNA slippage structures acquired during
evolutionary divergence oAcinetobac-
ter calcoaceticushromosomabenABC
and Pseudomonas putid@OL pWWO
plasmidxylXYZgenes encoding benzoate
dioxygenasesl. Bacteriol.173:7540-48
Hardisson C, Sala-Trepat JM, Stanier RY.
1969. Pathways for the oxidation of aro-
matic compounds bfzotobacter]. Gen.
Microbiol. 59:1-11

Hartnett C, Neidle EL, Ngai K-L, Ornston
LN. 1990. DNA sequences of genes en-
codingAcinetobacter calcoaceticyso-
tocatechuate 3,4-dioxygenase: evidence
indicating shuffling of genes and of
DNA sequences within genes during
their evolutionary divergencel. Bacte-
riol. 172:956-66

Hartnett GB, Ornston LN. 1994. Acquisi-
tion of apparent DNA slippage structures
during extensive evolutionary divergence
of pcaD andcatD genes encoding iden-
tical catalytic activities inAcinetobacter
calcoaceticusGenel42:23-79

Harwood CS, Fosnaugh K, Dispensa
M. 1989. Flagellation ofPseudomonas
putida and analysis of its motile behav-
ior. J. Bacteriol.171:4063—-66

Harwood CS, Nichols NN, Kim M-K,
Ditty JL, Parales RE. 1994. Identifica-
tion of the pcaRKF gene cluster from
Pseudomonas putida involvement in
chemotaxis, biodegradation, and trans-
port of 4-hydroxybenzoatel. Bacteriol.
176:6479-88

Harwood CS, Ornston LN. 1984, TOL
plasmid can prevent induction of chemo-
tactic responses to aromatic acidsBac-
teriol. 160:797—-800

Harwood CS, Ornston LN. 1988. Fu-
tile high-level transport activity impairs
survival of Pseudomonas putidander
starvation conditions]. Gen. Microbiol.
134:2421-27

Harwood CS, Parales RE, Dispensa
M. 1990. Chemotaxis oPseudomonas
putida toward chlorinated benzoates.
Appl. Environ. Microbiol 56:1501-3
Harwood CS, Rivelli M, Ornston LN.
1984. Aromatic acids are chemoattrac-
tants forPseudomonas putidd. Bacte-
riol. 160:622—-28

Hawkins AR, Lamb HK, Moore JD,
Charles 1G, Roberts CF. 1993. The pre-
chorismate (shikimate) and quinate path-
ways in filamentous fungi: theoretical
and practical aspect3. Gen. Microbiol.
139:2891-99

Hazelbauer GL, Berg HC, Matsumura P.
1993. Bacterial motility and signal trans-



Annu. Rev. Microbiol. 1996.50:553-590. Downloaded from arjournals.annualreviews.org
by CARLETON UNIVERSITY LIBRARY on 03/10/05. For personal use only.

586

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

HARWOOD & PARALES

duction.Cell 73:15-22

Hewetson L, Dunn HM, Dunn NW. 1978.
Evidence for a transmissible catabolic
plasmid in Pseudomonas putidancod-

ing the degradation op-cresol via the  70.

protocatechuatertho cleavage pathway.
Genet. Res32:249-55

Hickey WJ, Searles DB, Focht DD. 1993.
Enhanced mineralization of polychlori-

nated biphenyls in soil inoculated with 71.

chlorobenzoate-degrading bacteAapl.
Environ. Microbiol.59:1194-200
Holloway BW, Rimling U, Tummler

B. 1994. Genomic mapping oPseu-  72.

domonas aeruginosBAO. Microbiology
140:2907-29
Houghton JE, Brown TM, Appel AJ,

Hughes EJ, Ornston LN. 1995. Discon- 73.

tinuities in the evolution oPseudomonas
putida catgenesJ. Bacteriol.177:401—
12

Hughes EJ, Shapiro MK, Houghton JE,

Ornston LN. 1988. Cloning and expres- 74.

sion of pca genes fromPseudomonas
putidain Escherichia coliJ. Gen. Micro-
biol. 134:2877-87

Johnson BF, Stanier RY. 1971. Dissimi- 75.

lation of aromatic compounds MAdcali-
genes eutrophus). Bacteriol. 107:468—
75

Johnson BF, Stanier RY. 1971. Regulation

of the B-ketoadipate pathway iAlcali- 76.

genes eutrophusl. Bacteriol.107:476—
85
Jones KH, Trudgill PW, Hopper DJ. 1993.

Metabolism ofp-cresol by the fungus- 77.

pergillus fumigatus Appl. Environ. Mi-
crobiol. 59:1125-30

Kasberg T, Daubaras DL, Chakrabarty
AM, Kinzelt D, Reineke W. 1995. Evi-

dence that operonb, tfd, andclc en- 78.

code maleylacetate reductase, the fourth
enzyme of the modified ortho pathwaly.
Bacteriol.177:3885-89

Katti SK, Katz BA, Wyckoff HW. 1989.

Crystal structure of muconolactone iso- 79,

merase at 3.4 resolution.J. Mol. Biol.
205:557-71

Kirby GW, O’Laughlin GJ, Robins DJ.
1975. The stereochemistry of the enzy-
matic cyclisation of 3-carboxymuconic

acid to 3-carboxymuconolactoned. 80.

Chem. Soc. Chem. Commuir5:402-3
Kivisaar M, Kasak L, Nurk A. 1991.
Sequence of the plasmid-encoded cat-
echol 1,2-dioxygenase-expressing gene,
pheB of phenol-degradingseudomonas

sp. strain EST10015ene98:15-20 81.

Kowalchuk GA, Hartnett GB, Benson A,
Houghton JE, Ngai K-L, Ornston LN.

1994. Contrasting patterns of evolution-
ary divergence within thécinetobacter
calcoaceticus pcaperon.Genel46:23—
30

Kukor JJ, Olsen RH, Ballou DP. 1988.
Cloning and expression of theatA
and catBC gene clusters fromPseu-
domonas aeruginos@AO1.J. Bacteriol.
170:4458-65

Kurane R, Ara K, Nakamura |, Suzuki
T, Fukuoka S. 1984. Protocatechuate 3,4-
dioxygenase froNocardia erythropolis
Agric. Biol. Chem48:2105-11

Kuswandi, Roberts CF. 1992. Genetic
control of the protocatechuic acid path-
way in Aspergillus nidulansJ. Gen. Mi-
crobiol. 138:817-23

Leveau JHJ, deVos WM, van der Meer JR.
1994. Analysis of the binding site of the
LysR-type transcriptional activator TcbR
on thetcbRandtcbC divergent promoter
sequencesl. Bacteriol.176:1850-56
Lopez-de-Victoria G, Lovell CR. 1993.
Chemotaxis ofAzospirillum species to
aromatic compound#\ppl. Environ. Mi-
crobiol. 59:2951-55

Ludwig ML, Weber LD, Ballou DP.
1984. Characterization of crystals of
protocatechuate 3,4-dioxygenase from
Pseudomonas cepacid. Biol. Chem.
259:14840-42

Marger MD, Saier MH. 1993. A major su-
perfamily of transmembrane facilitators
that catalyze uniport, symport, and an-
tiport. Trends Biochem. Sc18:13-19
Matrubutham U, Harker AR. 1994. Anal-
ysis of duplicated gene sequences associ-
ated withtfdRandtfdSin Alcaligenes eu-
trophusJMP134.J. Bacteriol.176:2348—
53

Mazur P, Henzel WJ, Mattoo S, Kozarich
JW. 1994. 3-Carboxgis,cismuconate
lactonizing enzyme fromNeurospora
crassa an alternate cycloisomerase mo-
tif. J. Bacteriol.176:1718-28

Mazur P, Pieken WA, Budihas SR,
Williams SE, Wong S, Kozarich JW.
1994. Cis,cismuconate lactonizing en-
zyme fromTrichosporon cutaneunevi-
dence for anovel class of cycloisomerases
in eucaryotesBiochemistry33:1961-70
McCorkle GM, Yeh W-K, Fletcher P,
Ornston LN. 1980. Repetitions in the
NHa-terminal amino acid sequence @f
ketoadipate enol-lactone hydrolase from
Pseudomonas putidaJ. Biol. Chem.
255:6335-41

Meagher RB, Ornston LN. 1973. Re-
lationships among enzymes of th&
ketoadipate pathway. I. Properties of



Annu. Rev. Microbiol. 1996.50:553-590. Downloaded from arjournals.annualreviews.org
by CARLETON UNIVERSITY LIBRARY on 03/10/05. For personal use only.

82.

83.

84.

85.

86.

87.

88.

89.

90.

B-KETOADIPATE PATHWAY 587

cis,cismuconate-lactonizing enzyme and
muconolactone isomerase froseu-

domonas putidaBiochemistryl2:3523—  91.

30

Middelhoven WJ. 1993. Catabolism of
benzene compounds by ascomycetous
and basidiomycetous yeasts and yeastlike

fungi. Antonie van Leeuwenho6B:125—-  92.

44

Nakai C, Horiike K, Kuramitsu S,
Kagamiyama H, Nozaki M. 1990. Three
isozymes of catechol 1,2-dioxygenase
(pyrocatechasey o, o, and g, from

Pseudomonas arville-1.J. Biol. Chem.  93.

265:660-65
Nakai C, Nakazawa T, Nozaki M. 1988.
Purification and properties of catechol

1,2-dioxygenase (pyrocatechase) from 94.

Pseudomonas putidat-2 in comparison
with that fromPseudomonas arvill€-1.
Arch. Biochem. Biophy267:701-13
Nakai C, Uyeyama H, Kagamiyama H,

Nakazawa T, Inouye S, et al. 1995. Clon- 95.

ing, DNA sequencing, and amino
acid sequencing of catechol 1,2-di-

oxygenases (pyrocatechase) fréteeu-  96.

domonas putidant-2 andPseudomonas
arvilla C-1. Arch. Biochem. Biophys.
321:353-62

Neidhart DJ, Kenyon GL, Gerlt JA, Pet- 97.

sko GA. 1990. Mandelate racemase and
muconate lactonizing enzyme are mecha-
nistically distinct and structurally homol-
ogous.Nature347:692-94

Neidle EL, Hartnett C, Bonitz S, Orn- 98.

ston LN. 1988. DNA sequence of the
Acinetobacter calcoaceticasitechol 1,2-
dioxygenase | structural germatA evi-
dence for evolutionary divergence of in-

tradiol dioxygenases by acquisition of 99.

DNA sequence repetitiond. Bacteriol.
170:4874-80
Neidle EL, Hartnett C, Ornston LN,

Bairoch A, Rekik M, Harayama S. 1991. 100.

Nucleotide sequences of theinetobac-
ter calcoaceticus benAB@enes for ben-

zoate 1,2-dioxygenase reveal evolution-101.

ary relationships among multicomponent
oxygenasesl. Bacteriol.173:5385-95
Neidle EL, Hartnett C, Ornston LN,
Bairoch A, Rekik M, Harayama S. 1992.
Cis-diol dehydrogenases encoded by the
TOL (pWWO) plasmidxylL gene and
the Acinetobacter calcoaceticushromo-
somal benD gene are members of the
short-chain alcohol dehydrogenase super-

family. Eur. J. Biochem204:113-20 102.

Neidle EL, Ornston LN. 1987. Ben-
zoate and muconate, structurally dissimi-
lar metabolites, induce expressiorcatA

in Acinetobacter calcoaceticud. Bacte-
riol. 169:414-15
Neidle EL, Shapiro MK, Ornston LN.
1987. Cloning and expression iRs-
cherichia coli of Acinetobacter cal-
coaceticusgenes for benzoate degrada-
tion. J. Bacteriol.169:5496-503
Nichols NN, Harwood CS. 1995. Repres-
sion of 4-hydroxybenzoate transport and
degradation by benzoate: a new layer of
regulatory control in thePseudomonas
putida 8-ketoadipate pathwayl. Bacte-
riol. 177:7033-40
Ohlendorf DH, Lipscomb JD, Weber
PC. 1988. Structure and assembly of
protocatechuate 3,4-dioxygenabBi&tu