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The regulation of the synthesis of the inducible enzymes that mediate the reac-
tions of the B-ketoadipate pathway in Alcaligenes eutrophus has been examined by
determining the inductive responses of the wild type and of mutants derived from it
to metabolites of the pathway. The system of control differs in many respects from
those which operate in the genera Pseudomonas and Acinetobacter.

The aerobic dissimilation of benzoate and p-
hydroxybenzoate by bacteria frequently proceeds
through the parallel, convergent catechol and
protocatechuate branches of the B-ketoadipate
pathway (Fig. 1). This pathway operates in
many bacterial genera, including Pseudomonas
(14), Acinetobacter (6), Azotobacter (9), and
the Mycobacterium-Nocardia group (2). In all
organisms so far examined, the enzymes of the
pathway are inducible, their synthesis being
elicited by primary substrates or metabolic inter-
mediates in the pathway. The complete pattern
of induction of the enzymes that convert ben-
zoate and p-hydroxybenzoate to [B-ketoadipyl-
CoA has been determined for three bacterial
species: Pseudomonas putida (12), P. aeruginosa

(11), and Acinetobacter calcoaceticus (3, 4, 6, 7).

The system of regulation in the two Pseudo-
monas species is identical. One of its character-
istic features, also detected in other species of
Pseudomonas (12), is the coordinate synthesis of
four enzymes, B-carboxymuconate lactonizing
enzyme, y-carboxymuconolactone decarboxyl-
ase, [-ketoadipate enol-lactone hydrolase
(EC  3.1.1.16, 4-carboxy-methyl-4-hydroxy-
isocrotonolactone hydrolase), and B-ketoadipate
succinyl-CoA transferase (EC 2.8.3.6, 3-ke-
toadipate-succinyl-CoA transferase) of which the
inducer (B-ketoadipate or B-ketoadipyl-CoA) is
a metabolite common to both branches of the
pathway. However, two of the enzymes (B-car-
boxymuconate lactonizing enzyme and +y-car-
boxymuconolactone decarboxylase) catalyze re-
actions specific to the protocatechuate branch
and are thus synthesized gratuitously when Pseu-
domonas species are grown with substrates dissim-
ilated through the catechol branch of the path-
way (for example, benzoate).

The observation that B-carboxymuconate lac-
tonizing enzyme and +y-carboxymuconolactone

decarboxylase are not induced in benzoate-grown
cells of A. calcoaceticus (12) provided the first
indication that the pathway in this organism is
subject to a different system of regulation: a sub-
sequent detailed analysis (6) confirmed the exist-
ence of completely different control systems in
Acinetobacter and Pseudomonas. In the light of
these findings, it has been proposed that the
system of regulation governing a dissimilatory
pathway of wide biological distribution may be a
complex, group-specific character of considerable
evolutionary and taxonomic significance (5).
Alcaligenes eutrophus provides a good biological
object for testing this hypothesis, since it dissimi-
lates benzoate and p-hydroxybenzoate through
the B-ketoadipate pathway (10) but belongs to a
taxonomic group distinct from both Pseudo-
monas and Acinetobacter (1, 8).

Ornston (12) demonstrated that B-carboxy-
muconate-lactonizing enzyme and carboxy-
muconolactone decarboxylase are not induced in
benzoate-grown cells of A. eutrophus. We have
confirmed this finding and observed that induc-
tion of the enzymes operative in the parallel con-
vergent sequences leading from benzoate and p-
hydroxybenzoate to (-ketoadipate enol-lactone is
physiologically specific, i.e., none of the enzymes
involved in benzoate metabolism is significantly
induced in p-hydroxybenzoate-grown cells. and
vice versa (10). As we shall show here. the regu-
latory system governing the synthesis of the en-
zymes of the B-ketoadipate pathway in A. eutro-
phus is unique and differs in many respects from
the regulatory systems that operate in Pseudo-
monas and Acinetobacter.

MATERIALS AND METHODS

A. eutrophus 335 (ATCC 17697) and mutants de-
rived from it were used. The media and methods of cul-
tivation as well as the procedures used to prepare cell-
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FIG. 1. Chemistry of the B-ketoadipate pathway.

free extracts and to perform enzyme assays have been
described (10).

Mutagenesis and selection of mutants. Mutants un-
able to utilize aromatic compounds as carbon and en-
ergy sources were induced by treatment of A. eutro-
phus 335 with N-methyl-N'-nitro-N-nitrosoguanidine
and were enriched by growth on an aromatic com-
pound in the presence of penicillin G and D-cycloserine.
A culture of A. eutrophus 335 growing exponentially
on succinate was harvested by centrifugation, washed
aseptically with tris(hydroxymethyl)aminomethane-
malate buffer (pH 5.5), centrifuged, and resuspended
in the same buffer. The suspension, containing 10°
cells/ml and 200 ug of N-methyl-N’'-nitro-N-nitroso-
guanidine per ml, was incubated for 2 hr at 30 C
without shaking. Samples of cells (harvested by centri-
fugation) were added to 25 ml of mineral medium con-
taining | mM succinate and allowed to grow for several
generations for mutations to achieve phenotypic ex-
pression. Mutants unable to grow at the expense of a
particular aromatic compound were then enriched by
placing samples of the culture in a medium containing
the aromatic compound in question (concentration, 2.5
mM), together with 500 ug of D-cycloserine per ml and
2,000 units of penicillin G per ml. The occurrence of
cellular lysis was controlled by periodic microscopic
examination. When at least 90% of the cells had lysed,
the survivors were harvested by centrifugation, washed,
and plated on agar containing the aromatic compound
(2.5 mM) and a growth-limiting concentration of suc-
cinate (0.5 mM). Small colonies were purified by re-
streaking on succinate-agar plates and screened for
nutritional defects by patching them on agar plates con-
taining different aromatic substrates.

Thermal inactivation experiments. Samples of cell-
free extract (0.25 ml, containing 1 mg of protein) were
placed in small test tubes which had been preincubated
at the desired temperature. Rapid temperature equilib-
rium was assured by allowing the extract to flow down
the side of the test tube to the bottom in a thin stream.
The tube was then gently agitated for 30 sec. Immedi-
ately after the addition of the extract, tubes were
capped with rubber stoppers. The heat treatment was
terminated by plunging the samples into an ice-water
bath.

RESULTS

Enzymes induced in wild-type A. eutrophus by
growth with intermediates of the (-ketoadipate

TABLE 1. Growth rates of Alcaligenes eutrophus 335
under aerobic conditions at 30 C in synthetic media
furnished with several different substrates as sole

sources of carbon and energy®

Substrates Generation time

(min)
Succinate .............. ... ..., 60
Fructose .......................... 85
Protocatechuate ................... 70
cis,cis-Muconate .. ................. 110
(+)-Muconolactone ................ 390
B-Ketoadipate ..................... 95

2 Initial substrate concentration was 2.5 mM in a
mineral base medium.

pathway. Wild-type A. eutrophus can grow with
four intermediates of the B-ketoadipate pathway:
cis,cis-muconate, (4 )-muconolactone, B-ke-
toadipate, and protocatechuate. All except (+)-
muconolactone support reasonably rapid rates of
growth (Table 1).

The specific activities of enzymes of the §-ke-
toadipate pathway in uninduced (succinate-
grown) cells and in cells grown with each of
these intermediates are compared in Tables 2
and 3. In cells grown with B-ketoadipate (Table
2), the specific activity of B-ketoadipate succinyl-
coenzyme A (CoA) transferase is increased
about 50-fold over its level in succinate-grown
cells and reaches approximately 70% of the level
characteristic of benzoate-grown cells. This en-
zyme accordingly appears to be either substrate-
induced by B-ketoadipate or product-induced by
B-ketoadipyl-CoA. Two other enzymes, mucono-
lactone isomerase and B-ketoadipate enol-lactone
hydrolase, are slightly induced by growth with -
ketoadipate, but their levels are insignificant rel-

ative to those in benzoate-grown cells.
Cells grown with cis,cis-muconate (Table 2)

do not contain a significant level of catechol-1,2-
oxygenase (EC 1.13.1.1, catechol:oxygen 1,2-
oxido-reductase). Hence, this enzyme is not
product-induced by cis,cis-muconate, as it is in
Pseudomonas (12) and in Acinetobacter (6).
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TABLE 2. Specific activities® of certain enzymes of the (-ketoadipate pathway in extracts of Alcaligenes
eutrophus grown at the expense of succinate, benzoate, and certain intermediates in benzoate metabolism”

Growth substrates
Enzymes S mm 5 mMm S mwm <
Susc;?n:le cis  cis- (+)-Muco- B-Keto- lit:llll‘J'\':[c
Muconate nolactone adipate '
Catechol-1,2-oxygenase ................. <0.0001 0.0001 <0.0001 0.0001 0.19
Muconate lactonizing enzyme ............ <0.0001 0.61 0.02 0.0002 0.63
Muconolactone isomerase ............... 0.006 0.64 0.16 0.041 2.68
B-Ketoadipate enol-lactone hydrolase .. ... 0.006 0.32 0.11 0.035 1.30
B-Ketoadipate succinyl-CoA transferase . .. 0.009 0.47 0.27 0.44 0.62

@ Specific activities are expressed at units per milligram of protein.
® Cells were grown exponentially at the expense of each substrate for at least five generations before harvesting.

Furthermore, the catechol-1,2-oxygenase of A.
eutrophus is not present in phenol-grown cells,
even though catechol is an intermediate in phenol
oxidation (10). Hence it cannot be induced by its
substrate. The inducer must therefore be ben-
zoate, or an intermediate in the conversion of
benzoate to catechol.

Although the specific activity of muconate
lactonizing enzyme [EC 5.5.1.1, 4-carboxy-
methyl-4-hydroxyisocrotonolactone lyase (decy-
clizing)] in cis,cis-muconate-grown cells is as
high as that in benzoate-grown cells, the specific
activities of muconolactone isomerase and B-ke-
toadipate enol-lactone hydrolase are much lower
(approximately 25% of the values in benzoate-
grown cells). This shows that the synthesis of
muconate lactonizing enzyme is noncoordinate
with the synthesis of muconolactone isomerase
and B-ketoadipate enol-lactone hydrolase. Fur-
thermore, it suggests that an early metabolite of
the catechol branch, formed prior to cis,cis-
muconate, exerts an inductive effect on the syn-
thesis of muconolactone isomerase and S-ke-
toadipate enol-lactone hydrolase but not on that
of muconate lactonizing enzyme.

All the enzymes assayed in extracts of cells
grown with (4 )-muconolactone showed low spe-
cific activities, relative to those characteristic of
the same enzymes in cells grown with either ben-
zoate or cis,cis-muconate (Table 2). The low
activities are correlated with an exceptionally low
growth rate of A. eutrophus on (+)-muconolac-
tone (Table 1). There is significant induction of
B-ketoadipate succinyl-CoA transferase, §-ke-
toadipate enol-lactone hydrolase, and mucono-
lactone isomerase and a very slight induction of
muconate lactonizing enzyme. Of these enzymes,
only the first is significantly induced in cells
grown with B-ketoadipate; its induction in mu-
conolactone-grown cells can be reasonably attrib-
uted to the formation of B-ketoadipate during
the dissimilation of muconolactone. Since the
conversion of cis,cis-muconate to (+)-mucono-
lactone is freely reversible (13), cis, cis-muconate

could be produced within the cell when A. eutro-
phus is grown with (+)-muconolactone. The
inductions of muconolactone isomerase and g-
ketoadipate enol-lactone hydrolase, as well as the
very weak induction of muconate lactonizing
enzyme in muconolactone-grown cells, therefore
do not necessarily prove that muconolactone it-
self can act as an inducer. All three activities
could be induced by endogenously formed
cis,cis-muconate. Induction of muconate lacto-
nizing enzyme and muconolactone isomerase by
the enol-lactone of B-ketoadipic acid can be ex-
cluded, since this intermediate is also formed
from p-hydroxybenzoate. We have previously
shown (10) that neither of these enzymes is sig-
nificantly induced in cells grown with p-hvdroxy-
benzoate.

As shown in Table 3, the induction of p-hy-
droxybenzoate hydroxylase is negligible in cells
grown with protocatechuate. This enzyme must
therefore be specifically induced by its substrate,
p-hydroxybenzoate.

Responses to induction of mutants unable to
synthesize p-hydroxybenzoate hydroxylase and
protocatechuate oxygenase. Mutant pOHB.1,
which has lost the ability to synthesize p-hy-
droxybenzoate hydroxylase, does not synthesize
any other enzymes of the pathway when grown
in the presence of p-hydroxybenzoate with suc-
cinate as a carbon source (Table 4). Grown
under comparable conditions, the wild type syn-
thesized high levels of all the enzymes of the pro-
tocatechuate branch; hence, the failure of this
mutant to respond to p-hydroxybenzoate as an
inducer is not attributable to catabolite repres-
sion by succinate. Grown with protocatechuate,
the enzymatic constitution of this mutant is in-
distinguishable from that of the wild type. These
experiments show that p-hydroxybenzoate hy-
droxylase is the only enzyme of the protocate-
chuate branch induced by p-hydroxybenzoate.

Several independently isolated mutants which
had lost the ability to synthesize protocatechuate
oxygenase (EC 1.13.1.3, protocatechuate:
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oxygen 3-4 oxidoreductase) were examined.
When grown in the presence of protocatechuate
with succinate as a carbon source, mutant PCA.5
contained high levels of 8-carboxymuconate lac-
tonizing enzyme, vy-carboxymuconolactone de-
carboxylase, and B-ketoadipate enol-lactone hy-

TABLE 3. Specific activities® of certain enzymes of the
B-ketoadipate pathway in extracts of Alcaligenes
eutrophus grown with succinate, protocatechuate, and
p-hydroxybenzoate®

Growth substrates
5mm 5 mMm
Enzymes 85 mM Proto- | p-Hy-
ucci-
nate cate- droxy-
chuate | benzoate
p-Hydroxybenzoate hydrox-
ylase ...... ... <0.0001 | 0.005 0.22
Protocatechuate oxygenase . .. 0.001 0.29 0.84
pB-Carboxymuconate  lacton-
izingenzyme ............. 0.003 0.90 2.31
y-Carboxymuconolactone de-
carboxylase .............. 0.021 1.36 2.46
B-Ketoadipate enol-lactone hy-
drolase ...... e 0.006 0.62 1.53
B-Ketoadipate succinyl-CoA
transferase ............... 0.009 | 0.65 0.66

@ Expressed as units per milligram of protein.
® Cells were grown exponentially at the expense of each sub-
strate for at least five generations before harvesting.
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drolase; however, B-ketoadipate succinyl-CoA
transferase was not induced (Table 5).

Two other mutants unable to synthesize proto-
catechuate oxygenase showed a somewhat dif-
ferent response when grown with succinate in the
presence of protocatechuate. Both contained high
levels of y-carboxymuconolactone decarboxylase
and B-ketoadipate enol-lactone hydrolase, but 8-
carboxymuconate lactonizing enzyme was barely
detectable in mutant PCA.4 and present at a
comparatively low level in mutant PCA.1 (Table
5). Both mutants produced revertants when
plated on a medium that contained p-hydroxy-
benzoate as sole carbon source, and the rever-
tants were indistinguishable from wild type with
respect to their inductive responses. Strains
PCA.1 and PCA .4 accordingly appear to be po-
larity mutants.

Coordinate synthesis of enzymes in the protoca-
techuate branch of the pathway. Since protocate-
chuate cannot be metabolized by mutants lacking
protocatechuate oxygenase, it was possible to
study the effect of protocatechuate concentration
on the synthesis of B-carboxymuconate lacto-
nizing enzyme, <y-carboxymuconolactone decar-
boxylase, and B-ketoadipate enol-lactone hydro-
lase in such mutants. The results of an experi-
ment with mutant PCA.5 are shown in Fig. 2.
The affinity of induction is exceedingly high,
half-maximal levels of activity for all three en-

TABLE 4. Specific activities® of certain enzymes of the (3-ketoadipate pathway in extracts of the wild type and of a

mutant (POHB.1) unable to synthesize p-hydroxybenzoate hydroxylase

Wild-type A. eutrophus 335

Mutant POHB.1

Enzymes 10 mM Succinate-| 10 mM Succinate-| 10 mM Succinate-| 10 mM Succinate-
2 mM p-hydroxy- | 2 mm protocate- | 2 mM-p-hydroxy-| 2 mM protocate-
benzoate chuate benzoate chuate
p-Hydroxybenzoate hydroxylase .......... 0.039 0.005 0.003 0.002
Protocatechuate oxygenase .............. 0.13 0.17 0.003 0.12
B-Carboxymuconate lactonizing enzyme ... 0.38 0.31 0.004 0.30
B-Ketoadipate enol-lactone hydrolase . .... 0.29 0.42 0.022 0.37
B-Ketoadipate succinyl-CoA transferase ... 0.38 0.39 0.017 0.34

@ Expressed as units per milligram of protein.

TABLE 5. Specific activities® of certain enzymes of the (-ketoadipate pathway in extracts of three mutants unable
to synthesize protocatechuate oxygenase

Mutant PCA.S

Mutant PCA 4

Mutant PCA.1

Enzymes 10 mM Succinate-| 10 mM Succinate- | 10 mM Succinate -
10 mM Succinate| 2 mM protocate- [ 2 mM protocate- | 2 mM protocate-
chuate chuate chuate
Protocatechuate oxygenase .............. <0.0003 <0.0003 <0.0003 <0.0003
B-Carboxymuconate lactonizing enzyme ... 0.002 1.96 0.003 0.163
y-Carboxymuconolactone decarboxylase . . . 0.02 1.99 1.36 1.53
B-Ketoadipate enol-lactone hydrolase . .... 0.01 1.04 1.43 1.29
B-Ketoadipate succinyl-CoA transferase ... 0.02 0.01 0.03 0.02

2 Expressed as units per milligram of protein.
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zymes being elicited by growth in the presence of
1.4 x 10~® M protocatechuate. As Fig. 2 also
shows, the affinities of induction of the three
enzymes are indistinguishable. Taken in conjunc-
tion with the polarity effects observed in strains
PCA.1 and PCA4, this suggests that the en-
zymes in question may be controlled through a
complex operon.

Response to induction of mutants blocked at
early steps in the catechol branch. Several mu-
tants unable to grow with benzoate were isolated.
With one exception, they had lost the ability to
synthesize catechol-1,2-oxygenase, as shown by
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FIG. 2. Relative specific activities of certain en-
zymes in extracts of mutant PCA.S, after growth for
three generations in the presence of different concentra-
tions of protocatechuate. The specific activity of each
enzyme is expressed relative to its specific activity in an
extract of cells grown in the presence of 10-° M proto-
catechuate, which elicited maximal induction. These
values are plotted as a function of the concentration of
protocatechuate to which the cells were exposed during
induction. Carboxymuconate lactonizing enzyme (4),
carboxymuconolactone decarboxylase (O), and (-ke-
toadipate enol-lactone hydrolase (O).
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the fact that they grew normally with cis.cis-
muconate and excreted large amounts of ca-
techol when grown in the presence of benzoate.
Since catechol is highly toxic for A. eutrophus, it
proved difficult to grow these mutants in the
presence of benzoate with succinate as a carbon
source. The accumulation of catechol could,
however, be prevented by the use of phenol as a
carbon source. As we showed previously (10),
catechol is an intermediate in the dissimilation of
phenol and is metabolized through the meta
cleavage pathway, as a result of the fact that
phenol induces catechol-2, 3-oxygenase and later
enzymes of this pathway. Consequently. when
mutants unable to synthesize catechol-1,2-oxy-
genase are exposed to a mixture of phenol and
benzoate, the catechol formed from benzoate is
destroyed through the activity of catechol-2.3-
oxygenase, and normal growth occurs.

The enzymatic constitutions of two catechol-
1,2-oxygenaseless mutants grown with phenol in
the presence of benzoate are shown in Table 6.
Two enzymes operative below the mutationally
blocked step, muconolactone isomerase and (-
ketoadipate enol-lactone hydrolase, are induced.
This cannot be attributed to leakiness of the
mutants, since muconate lactonizing enzyme is
not significantly induced. Neither muconolactone
isomerase nor B-ketoadipate enol-lactone hydro-
lase is induced when mutant B.S is grown with
phenol alone (Table 6). Hence muconolactone
isomerase and B-ketoadipate enol-lactone hvdro-
lase must be induced by benzoate or by an inter-
mediate in its conversion to catechol.

One mutant selected for inability to grow with
benzoate, strain B.9, also grew very poorly with
cis,cis-muconate and produced a substance
which absorbed strongly at 260 nm when exposed
to benzoate. It was initially interpreted as having
an impaired capacity to synthesize muconate
lactonizing enzyme. However, a revertant se-

TABLE 6. Specific activities® of certain enzymes of the (3-ketoadipate pathway in extracts of two mutants blocked
at different steps in the catechol branch®

Mutant B.9 CCMR Mutant B.5
4 mm 3 mm
Enzymes 5 mM Fructose- c?'s":‘rw- 4 mMm Phenol (_‘:\_":‘:1_
Fructose bel ™ | Muconate Phenol ! _mM Muconate
nzoate benzoate
Catechol-1,2-oxygenase . ............. <0.0001 0.17 0.0001 0.0003 0.0003 0.0001
Muconate lactonizing enzyme ......... <0.0001 0.009 0.60 <0.0001 0.012 0.56
Muconolactone isomerase ............ 0.018 0.75 0.54 0.022 093 0.45
B-Ketoadipate enol-lactone hydrolase .. 0.027 0.36 0.34 0.025 0.45 0.25
B-Ketoadipate succinyl-CoA transferase 0.01 0.02 0.36 0.01 0.03 0.53

2 Expressed as units per milligram of protein.

® Mutant B.9 CCMR is unable to convert 1,2-dihydro-1,2-dihydroxybenzoate to catechol; mutant B.5 is unable

to synthesize catechol-1,2-oxygenase.
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lected for its ability to grow well with cis, cis-
muconate (strain B.9 CCMR) still failed to grow
with benzoate and still accumulated a substance
absorbing at 260 nm when exposed to benzoate.
This compound is 3, 5-cyclohexadiene-1,2-diol-1-
carboxylic acid, a hitherto unknown intermediate
between benzoate and catechol for which the
trivial name 1,2-dihydro-1,2-dihydroxybenzoic
acid has been proposed (Reiner and Hegeman, in
press).

We have studied the inductive responses of the
partial revertant, strain B.9 CCMR, in which the
metabolism of muconate is normal. After growth
in the presence of benzoate, this strain contains
high levels of catechol-1,2-oxygenase, mucono-
lactone isomerase, and B-ketoadipate enol-lac-
tone hydrolase. These three enzymes are there-
fore all induced either by benzoate itself or by
the intermediate compound, 1,2-dihydro-1,2-
dihydroxybenzoate, which accumulates and is
excreted by this mutant.

Conversion of wild-type A. eutrophus to, a phen-
ocopy of a catechol-1,2-oxygenaseless mutant.
Although A. eutrophus 335 grows well at 37 C
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Coordinate control of enzymes in the catechol
branch. In Table 8, the relative specific activities
of enzymes of the catechol branch in wild type
and mutant strains grown under widely different
conditions of induction are compared (data from
the experiments presented in Tables 2, 6, and 7).
For each enzyme, specific activities are expressed
relative to that in cells of the wild type grown
with benzoate, assigned an arbitrary value of
100. A close parallelism between the activities of
muconolactone isomerase and B-ketoadipate
enol-lactone hydrolase is maintained under all
conditions, which indicates that these two en-
zymes are subject to coordinate regulation. None
of the other enzymes of the catechol branch seems
to be coordinately controlled.

Enzymology of the terminal common step-re-
actions. The two branches of the S-ketoadipate
pathway converage metabolically with the forma-

TABLE 7. Specific activities® of certain enzymes of the
B-ketoadipate pathway in extracts of wild-type
Alcaligenes eutrophus 335 grown at 37 C under the
conditions shown

with most substrates, it cannot do so with ben- Growth substrates
zoate; cells exposed to benzoate at 37 C accumu- 5 mM
late and excrete large amounts of catechol. The 5mM |Succinate-
synthesis of catechol-1,2-oxygenase is accord- Enzymes Succinate-| 1 mM
ingly temperature-sensitive in the wild type. This | mu | phenol-
.. . . . phenol 1 mm
peculiarity makes it possible to study the induc- benzoate
tive properties of benzoate in the wild type under
conditions in which the steps of the pathway Catechol-1,2-oxygenase ........ <0.0005 | <0.0005
below catechol are inoperative for physiological ~Muconate lactonizing enzyme ....|<0.0001 | 0.0002
reasons. As shown in Table 7, the enzymatic Muconolgctone isomerase ...... 0.012 1.45
constitution of the wild type induced by benzoate ﬂ-:(etoadlpale enol-lactone hydro- 0017 | o017
while growing at 37 C w?th' sucg:inate and phenol ﬂ-ltiet oadi p ate succmleoA : :
as carbon sources is indistinguishable from that transferase . . ............... 0.01 0.05
of a catechol-1,2-oxygenaseless mutant (see

Table 6).

2 Expressed as units per milligram of protein.

TABLE 8. Relative specific activities of certain enzymes of the B-ketoadipate pathway in extracts of wild-type
Alcaligenes eutrophus and of two mutants grown under a variety of conditions®

Strain
Wild type B.5 B.9 CCMR Wild type
Enzymes 5 mM
Succinate®- 3 mm 4 mM 4 mm 4 mM
4 mMm 1 mm Phenol- Fructose- cis, cis- (+)-
Benzoate benzoate- 1 mm 1 mm Muco- Mucono-
1 mm benzoate benzoate nate lactone
phenol
Catechol-1,2-oxygenase .............. 100 90 0.5 <0.5
Muconate lactonizing enzyme ......... 100 0.3 1.8 1.4 94 3
Muconolactone isomerase ............ 100 54.0 35 28 24 6
B-Ketoadipate enol-lactone hydrolase .. 100 59.0 35 28 25 8
B-Ketoadipate succinyl-CoA transferase 100 8.0 44 24 76 44

2 The specific activity of each enzyme in benzoate-grown cells of the wild type is assigned a value of 100; the
specific activities in cells grown under other conditions are expressed relative to these values.
® Grown at 37 C.
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tion of the enol-lactone of B-ketoadipate, which
is converted to B-ketoadipyl-CoA through the
successive action of the two enzymes, §-ketoadi-
pate enol-lactone hydrolase and S-ketoadipate
succinyl-CoA transferase. In A. eutrophus, the
second of these enzymes, 8-ketoadipate succinyl-
COA transferase, appears to be induced either
by its product or by its substrate. However, the
data already presented point to the existence of
two different enzymes with B-ketoadipate enol-
lactone hydrolase function, separately inducible
by intermediates in the catechol and protocate-
chuate branches of the pathway. Further evi-
dence for the existence of two inducible enzymes
with B-ketoadipate enol-lactone hydrolase func-
tion in A. eutrophus was obtained by a study of
the kinetics of thermal inactivation of this ac-
tivity in extracts prepared from cells subjected to
different conditions of induction. As a control,
the kinetics of thermal inactivation of B-ketoad-
ipate succinyl-CoA transferase were determined
on the same extracts.

The results of these experiments are shown in
Fig. 3 and 4. It is evident that the rate of
thermal inactivation of g-ketoadipate succinyl-
CoA transferase at 49 C is unaffected by the
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F1G. 3. Kinetics of thermal inactivation of B-ke-
toadipate succinyl-CoA transferase activity at 49 C in
cell-free extracts of Alcaligenes eutrophus 335 grown
with benzoate (O), p-hydroxybenzoate (A), and adi-
pate (O).
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FIG. 4. Kinetics of thermal inactivation of 3-ke-
toadipate enol-lactone hydrolase activity at 43 C in
cell-free extracts of Alcaligenes eutrophus. Wild-type
strain (335) grown with p-hydroxybenzoate (R), proto-
catechuate (@), benzoate (O), and cis,cis-muconate
(O). Two mutants in which activity was induced under
conditions of gratuity: mutant PCA.5 grown in the
presence of protocatechuate (A); and mutant B.S
grown in the presence of benzoate (A).

nature of the growth substrate. This suggests
(but does not prove) that 4. eutrophus can syn-
thesize only one enzyme with B-ketoadipate suc-
cinyl-CoA transferase function. However, the
rate of thermal inactivation of B-ketoadipate
enol-lactone hydrolase is markedly affected by
the nature of the substrate with which the cells
have been grown. The enzyme induced by growth
with either benzoate or cis,cis-muconate is rap-
idly destroyed at 43 C, although a minor fraction
of the activity is relatively thermostable. These
experiments confirm the existence in A4. eutro-
phus of two different enzymes with 3-ketoadi-
pate enol-lactone hydrolase function. One, which
we shall term B-ketoadipate enol-lactone hydro-
lase I, is induced by protocatechuate and is oper-
ative in the protocatechuate branch of the
pathway. The other, which we shall term g-ke-
toadipate enol-lactone hydrolase II, is operative
in the catechol branch of the pathway: its induc-
tion is complex.

DISCUSSION
The system of regulation governing the syn-
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thesis of the enzymes of the B-ketoadipate
pathway by A. eutrophus, insofar as it can be
inferred from the experiments described here, is
shown in Fig. 5. The control of the enzymes op-
erative in the protocatechuate branch of the
pathway is relatively simple and has been estab-
lished without ambiguity by our experiments.
The first enzyme, p-hydroxybenzoate hydroxyl-
ase, is induced only by its substrate, p-hydroxy-
benzoate. The other four enzymes of the branch
(protocatechuate oxygenase, S-carboxymuconate
lactonizing enzyme, <y-carboxymuconolactone
decarboxylase, and B-ketoadipate enol-lactone
hydrolase I) are all induced by protocatechuate.
As shown by the inductive response of a mutant
unable to synthesize protocatechuate oxygenase,
the synthesis of the three remaining enzymes is
strictly coordinate. Furthermore, some of the
mutants which lack protocatechuate oxygenase
show polarity effects with respect to the synthesis
of the other three enzymes. Hence, it is very
probable that all four enzymes are controlled by
a single complex operon.

The control of the synthesis of enzymes opera-
tive in the catechol branch is much more com-
plex, and most of the inducers cannot yet be
identified with certainty. Two enzymes of this
branch, muconolactone isomerase and B-ketoad-
ipate enol-lactone hydrolase II, are subject to
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coordinate control and exhibit a unique mode of
regulation, since their synthesis can be elicited by
two different and sterically unrelated metabolite
inducers. One of these inducers is identifiable as
either benzoate or 1,2-dihydro-1,2-dihydroxy
benzoate; the other as either cis, cis-muconate or
(+)-muconolactone. The dual regulatory control
of these two enzymes is shown by the fact that
they are induced in cells grown with muconate or
muconolactone, and also in cells grown in the
presence of benzoate but incapable of metabo-
lizing this compound beyond the level of ca-
techol. From the levels of activity elicited under
these different conditions of induction, it is evi-
dent that the earlier of the two metabolite-in-
ducers (namely, benzoate or its 1,2-dihydro-1,2-
dihydroxy derivative) is the more effective one.

Muconate lactonizing enzyme is probably sub-
strate-induced by cis,cis-muconate, since it is
present at high levels in muconate-grown cells
but at very low levels in cells grown with its
product, (+)-muconolactone. Catechol-1,2-oxy-
genase is not induced either by its substrate or its
product; the inducer must be benzoate or its 1,2-
dihydro-1,2-dihydroxy derivative.

Even though some ambiguities remain, the
data now available show that the regulation of
the S-ketoadipate pathway in A. eutrophus is dif-
ferent in many respects from the regulation of

PROBABLE INDUCERS ENZYMES BIOCHEMICAL PATHWAYS ENZYMES PROBABLE INDUCERS
COOH
Not studied
O00H
é H
p-Hydroxybenzoate  p-Hydroxybenzoate O0H Not studied
hydroxylase &1 l
H H
OH
e COOH
Protocatechuate l 1 Catechol oxygenase Benzoate or
oxygenase 1,2-dihydro-1,2-
HOOC 'COOH CCOOH dihydroxybenzoate
O0H COOH
Protocatechuate ﬁ Carboxymuconate 1 Muconate ¢fs,c/s ~Muconate
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Carboxymuconolactone =0 Muconolactone
decarboxylase ~ isomerase

/B-Ketoadipate enol-
lactone hydrolase |
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/B-Ketoadipate enol
lactone hydrolase I

COOH
COOH

8 -Ketoadipyl-CoA

8 -Ketoadipate B-Ketoadipate
succinyl-CoA (or &-ketoadipyl-CoA)
transferase

FIG. 5. System of regulation governing the synthesis of the enzymes operative in the B-ketoadipate pathway in

Alcaligenes eutrophus.
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the same pathway in the genera Pseudomonas
and Acinetobacter. The regulatory systems char-
acteristic of each genus are compared schemati-
cally in Fig. 6.

Three of the nonaromatic intermediates of this
pathway are chemically very unstable: B-car-
boxy-cis,cis-muconate and  y-carboxymuco-
nolactone, the last intermediates specific to
the protocatechuate branch; and the enol-lactone
of B-ketoadipic acid, the first intermediate
common to both branches of the pathway. None
of these intermediates functions as an inducer in
any of the three genera; as a result, the regula-
tion of the three enzymes for which they serve as
substrates—gB-carboxymuconate lactonizing en-
zyme, +y-carboxymuconolactone decarboxylase,
and B-ketoadipate enol-lactone hydrolase—is in
each case somewhat complex. In the genus Pseu-
domonas, these three enzymes are induced by a
late metabolite common to both branches of the
pathway (B-ketoadipate or (-ketoadipyl-CoA).
In Acinetobacter and in Alcaligenes, the three
enzymes are coordinately induced by an early
intermediate of the protocatechuate branch, pro-
tocatechuate; these organisms synthesize a
second enzyme with B-ketoadipate enol-lactone
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hydrolase function, subject to separate inductive
control by an intermediate of the catechol
branch. The Pseudomonas control system leads
to gratuitous induction of two enzymes operative
in the catechol branch (carboxymuconate lac-
tonizing enzyme and carboxymuconolactone de-
carboxylase) when cells are grown with a sub-
strate metabolized through the catechol branch.
The Achromobacter and Acinetobacter control
systems necessitate two separate structural genes
and regulatory systems governing the synthesis
of B-ketoadipate enol-lactone hydrolase. In prin-
ciple, all these complexities could be circum-
vented by the interposition of a sequential induc-
tion following the point of metabolic converg-
ence. It is curious that this seemingly simple so-
lution of the regulatory problem posed by meta-
bolic convergence has not been employed in any
of the bacterial groups so far examined.

The control of the last enzyme of the pathway,
B-ketoadipate succinyl-CoA transferase, likewise
differs in the three bacterial groups. The simplest
control mechanism occurs in Alcaligenes, which
synthesizes a single enzyme with this function,
induced either by its substrate or by its product,
independently of all other enzymes of the

Pseudomonas Acinetobacter Alcaligenes
Inducer Pathway Inducer Inducer Pathway Inducer Inducer Pathway Inducer
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studied studied studie
oon I8 udi co o udi 00H o
H OH H
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o o PO | o CceM Po| co 82 or DDB
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FIG. 6. Comparison of the mechanisms of regulation that govern synthesis of the enzymes of the (-ketoadipate
pathway in three different genera of aerobic, gram-negative bacteria. Data for Pseudomonas taken from Ornston
(12) and Kemp and Hegeman (11); data for Acinetobacter taken from Cédnovas and Stanier (6); data for Alcali-
genes from the present study. Brackets denote groups of enzymes whose synthesis is subject to coordinate regula-
tion. Abbreviations for enzymes: POHBH, p-hydroxybenzoate hydroxylase; PO, protocatechuate oxygenase;
CMLE, B-carboxymuconate lactonizing enzyme; CM D, carboxymuconolactone decarboxylase; ELH, B-ketoadi-
pate enol-lactone hydrolase; TR, B-ketoadipate succinyl-CoA transferase; CO, catechol oxygenase; MLE, mu-
conate lactonizing enzyme; MI, muconolactone isomerase. Abbreviations for inducer-metabolites: POHB, p-hy-
droxybenzoate; PC, protocatechuate; BKA, B-ketoadipate; BZ, benzoate; DDB, I,2-dihydro-1,2-dihydroxy-
benzoate; CCM, cis ,cis-muconate; ML, (+)-muconolactone.
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pathway. Pseudomonas species also synthesize a
single B-ketoadipate succinyl-CoA transferase
which is elicited by the same inducer(s) (11, 12).
However, its synthesis is coordinate with those of
carboxymuconate lactonizing enzyme, carboxy-
muconolactone decarboxylase, and enol-lactone
hydrolase. Genetic data (11, 15) strongly suggest
that the four enzymes are all controlled by a
single operon. The most complex system for the
regulation of B-ketoadipate succinyl-CoA trans-
ferase activity occurs in Acinetobacter, which
possesses two enzymes with this function. One is
synthesized coordinately with enzymes of the
catechol branch and is induced by cis,cis-mu-
conate, and the other is synthesized coordinately
with enzymes of the protocatechuate branch and
is induced by protocatechuate (6).

As a consequence of these differences with
respect to regulation, the two branches of the
pathway converge enzymologically at different
points in each genus. In Pseudomonas, metabolic
and enzymological convergence occur at the
same point (viz., with formation of the B-ke-
toadipate enol-lactone). In Alcaligenes, enzymo-
logical convergence occurs one step later (viz.,
with the formation of B-ketoadipate). In Acine-
tobacter, the point of enzymological convergence
is still unknown, since the two branches of the
pathway remain enzymologically separate up to
and including the formation of B-ketoadipyl-
CoA.
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