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Catechol 2,3-dioxygenase encoded by TOL plasmid pWWO of Pseudomonas putida consists of four identical
subunits, each containing one ferrous ion. The enzyme catalyzes ring cleavage of catechol, 3-methylcatechol,
and 4-methylcatechol but shows only weak activity toward 4-ethylcatechol. Two mutants of catechol 2,3-
dioxygenases (4ECR1 and 4ECRG6) able to oxidize 4-ethylcatechol, one mutant (3MCS) which exhibits only
weak activity toward 3-methylcatechol but retained the ability to cleave catechol and 4-methylcatechol, and one
phenotypic revertant of 3MCS (3MCR) which had regained the ability to oxidize 3-methylcatechol were
characterized by determining their K, and partition ratio (the ratio of productive catalysis to suicide catalysis).
The amino acid substitutions in the four mutant enzymes were also identified by sequencing their structural
genes. Wild-type catechol 2,3-dioxygenase was inactivated during the catalysis of 4-ethylcatechol and thus had
a low partition ratio for this substrate, whereas the two mutant enzymes, 4ECR1 and 4ECR6, had higher
partition ratios for it. Similarly, mutant enzyme 3MCS had a lower partition ratio for 3-methylcatechol than
that of 3SMCR. Molecular oxygen was required for the inactivation of the wild-type enzyme by 4-ethylcatechol
and of 3MCS by 3-methylcatechol, and the inactivated enzymes could be reactivated by incubation with FeSO,
plus ascorbic acid. The enzyme inactivation is thus most likely mechanism based and occurred principally by
oxidation and/or removal of the ferrous ion in the catalytic center. In general, partition ratios for catechols
lower than 18,000 did not support bacterial growth. A possible meaning of the critical value of the partition

ratio is discussed.

It is becoming increasingly evident that all contemporary
enzymes have developed from a limited number of ancestral
species through successive changes in amino acid residues.
Very often, catabolic enzymes of one superfamily have ac-
quired different substrate specificities during evolution while
their catalytic mechanisms have been conserved (5, 6). To
understand the mechanisms of enzyme evolution, Clarke and
colleagues, in their pioneering work, isolated a number of
substrate specificity mutants of amidase of Pseudomonas
aeruginosa by selecting clones grown on specific substrates (3).
Similarly, Hall screened many substrate specificity mutants of
so-called evolved B-galactosidase coded for by ebg in Esche-
richia coli (4).

Expansion of the substrate range of the catabolic enzymes
and the effector range of the regulatory proteins for the
toluene-degradative pathway encoded by TOL plasmid pWWO0
of Pseudomonas putida has been studied by Ramos and
coworkers again by virtue of growth selection (1, 21, 22). P.
putida containing a TOL plasmid can grow on benzoate,
m-toluate, and p-toluate because meta-cleavage pathway en-
zymes encoded by the TOL plasmid will metabolize all inter-
mediates derived from these substrates. This strain, however,
cannot grow on 4-ethylbenzoate, and this inability is due to (i)
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the positive regulatory protein, XylS, which induces the meta-
cleavage enzymes in response to benzoate, m-toluate, and
p-toluate but not to 4-ethylbenzoate, and (ii) catechol 2,3-
dioxygenase, which oxidizes catechol, 3-methylcatechol, and
4-methylcatechol, intermediates derived from benzoate, m-
toluate, and p-toluate, respectively, but does not oxidize 4-eth-
ylcatechol, an intermediate derived from 4-ethylcatechol.
From a strain of P. putida containing a TOL plasmid and
synthesizing a mutant XylS recognizing 4-ethylcatechol, clones
able to grow on 4-ethylbenzoate were isolated. These clones
expressed the catechol 2,3-dioxygenase activity which oxidizes
4-ethylcatechol (22).

In this study, (i) a mutant catechol 2,3-dioxygenase which
exhibits only weak activity toward 3-methylcatechol but re-
tained the ability to cleave catechol and 4-methylcatechol and
(ii) its phenotypic revertant which had regained the ability to
oxidize 3-methylcatechol were isolated. These mutant catechol
2,3-dioxygenases were characterized in this study.

MATERIALS AND METHODS

Bacterial strains, plasmids, and growth media. P. putida
KT2440 (wild type) and PaW94 (benzoate-1,2-dioxygenase-
negative mutant) have been described elsewhere (27). TOL
plasmid pWWO and its mutants pWWO0-EB1 and pWWO0-EB6,
which synthesize catechol 2,3-dioxygenases capable of oxidiz-
ing 4-ethylcatechol, have also been described previously (22).
Catechol 2,3-dioxygenases synthesized from pWWO0-EB1 and
pWWO-EB6 are called 4ECR1 (4-ethylcatechol resistant 1)
and 4ECR6 (4-ethylcatechol resistant 6), respectively, in this
study. pPNM72 is a pKT231-based plasmid containing a set of
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genes (xyIXYZLTEGFIJQKIH and xylS) required for the growth
of KT2440 or of PaW94 on benzoate, m-toluate, and p-toluate
(9). The methods for the isolation of pNM72 mutants
pGSH2225 and pGSH2225R are described in Results. Plasmid
pGSH2225 synthesizes a mutant catechol 2,3-dioxygenase called
3MCS (3-methylcatechol sensitive) which exhibits only weak
activity toward 3-methylcatechol but retained the ability to
cleave catechol and 4-methylcatechol, while plasmid pGSH2225R
synthesizes a phenotypic revertant of 3MCS called 3MCR
(3-methylcatechol resistant) which had regained the ability to
oxidize 3-methylcatechol. Plasmid pBS(+) was purchased from
Stratagene (La Jolla, Calif.). Complete and minimal media
have been described previously (7).

Chemicals and enzymes. Catechol was purchased from
Fluka (Buchs, Switzerland), and 3-methylcatechol and 4-eth-
ylcatechol were purchased from Lancaster Synthesis (More-
cambe, United Kingdom). All other chemicals were of the
highest grade available. Restriction enzymes and T4 DNA
ligase were obtained from New England Biolabs (Beverly,
Mass.), and T7 DNA polymerase sequence kit was obtained
from Pharmacia (Uppsala, Sweden).

DNA manipulations. The TOL plasmid DNA was isolated
by the method of Hansen and Olsen (5), while other plasmids
were isolated by the alkaline lysis procedure (11).

Purification of catechol 2,3-dioxygenases. Wild-type cate-
chol 2,3-dioxygenase was purified from P. putida KT2440
containing TOL plasmid pWWO0, mutant catechol 2,3-dioxyge-
nases 4ECR1 and 4ECR6 were isolated from P. putida KT2440
containing plasmid pWWO0-EB1 and pWWO-EB6, respectively,
and the 3MCS and 3MCR enzymes were isolated from P.
putida PaW94 containing pGSH2225 and pGSH2225R, respec-
tively. Cells were grown overnight at 30°C in 3 liters of Luria
broth containing 10 mM m-toluate. Cells were pelleted by
centrifugation at 20,000 X g for 30 min at 4°C, resuspended in
80 ml of 10 mM ethylenediamine-hydrochloride buffer (pH
7.4) containing 10% (vol/vol) isopropanol, and disrupted by
passage through a precooled French pressure cell (model
FA-073; SLM Instruments Inc., Urbana, Ill.) at a pressure
difference of 96.5 MPa. The cell extract was centrifuged at
40,000 X g for 30 min at 4°C, and the supernatant fluid was
recentrifuged at 250,000 X g for 60 min at 4°C. The new
supernatant fluid was filtered through a Nalgene filter
(0.45-pm pore size; Nalgene Labware Div., Nalgene/Sybron
Corp., Rochester, N.Y.) and loaded onto a Bio-Gel anion-
exchange column (type TSK-DEAE-5PW; 150 by 21.5 mm;
Tosoh, Tokyo, Japan) fitted to a Waters 600 liquid chromatog-
raphy system (Millipore Corp., Bedford, Mass.). The protein
was eluted by a linear gradient of 0 to 0.2 M Na,SO, in 250 ml
of 10 mM ethylenediamine-hydrochloride buffer (pH 7.4) at a
flow rate of 5 mli/min. The eluate was collected in 10-ml
fractions on ice. The wild-type and mutant catechol 23-
dioxygenases were eluted at a salt concentration of 0.15 M.
Fractions containing active catechol 2,3-dioxygenase were ad-
justed to 25% saturation of ammonium sulfate at 4°C, and the
proteins which precipitated were removed by centrifugation at
40,000 X g for 10 min at 4°C. Most of the catechol 2,3-
dioxygenase activity was recovered in the supernatant fluid.
Further ammonium sulfate was added to 75% saturation at
4°C, and the suspension was centrifuged as described above.
The pellet containing the catechol 2,3-dioxygenase activity was
resuspended in 5 ml of 10 mM ethylenediamine-hydrochloride
buffer (pH 7.4) containing 1 M ammonium sulfate, filtered
through a Millex-GV filter, and loaded onto a hydrophobic
interaction column (Bio-Gel Phenyl 5SPW; Tosoh) preequili-
brated with 10 mM ethylenediamine-hydrochloride buffer (pH
7.4) containing 1 M ammonium sulfate. Proteins were eluted
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from the column by a linear gradient from 1 to 0 M ammonium
sulfate in 30 ml of 10 mM ethylenediamine-hydrochloride
buffer (pH 7.4) at a flow rate of 1 ml/min. Purified enzymes
were stored either at 4°C for a short-term storage (less than 3
days) or at —80°C in 20% (vol/vol) glycerol.

Assay of catechol 2,3-dioxygenase. Catechol 2,3-dioxygenase
activity was assayed at 30°C by the method of Nozaki et al. (18)
by following the absorbance changes at 375, 388, 382, and 381
nm to monitor the formation of the ring cleavage products of
catechol, 3-methylcatechol, 4-methylcatechol, and 4-ethylcat-
echol, respectively. The molar absorption coefficients of the
ring cleavage products of catechol, 3-methylcatechol, 4-meth-
ylcatechol, and 4-ethylcatechol were 33,000, 19,400, 28,100,
and 35,000, respectively, at pH 7.4. One unit of enzyme was
defined as the amount which oxidizes 1 pmol of catechol per
min under the standard assay conditions. The protein concen-
tration was determined by the method of Bradford (2).

Determination of partition ratio. The kinetic mechanism of
catechol 2,3-dioxygenase has been characterized by Nozaki and
colleagues (16, 19) to be an ordered bi-uni, with catechol (or its
structural analogs) as the first substrate and molecular oxygen
as the second substrate. A suicide inhibition of the enzyme is
described by the following kinetic mechanism:

kq ky
E + A== EA + B<= (EAB£EP)
k_, ks
k3

E+P
< Erp
4

where E, A, B, P, and E* are catechol 2,3-dioxygenase,
catechol (or its structural analogs), molecular oxygen, the ring
cleavage product of catechol (2-hydroxymuconic semialdehyde
or its analogs), and the inactive catechol 2,3-dioxygenase,
respectively, while k; and k, are the rate constants of the
productive reaction (ring cleavage) and the enzyme inactiva-
tion, respectively. The kinetics of the enzyme inactivation by
suicide inhibition is described as

d[E]
~— = k(EAB] + [EP] )

where [E] is the total concentration of active enzyme species.
The steady-state kinetics (23) shows that [EAB + EP] is
expressed as

[EAB + EP] = o)

[E] X kiky[A][B]
k_1(k-2 + k3) + kks[B] + ky(k_ + k3)[A] + kiky[A][B]

If the concentrations of A and B are constant, equations 2 and
1 are rewritten as

[EAB + EP] = +[E] (3)
dE
i kqy[E] C))
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where v is a constant. The differential equation (equation 4) is
solved as

[E]
log,

Tl = —kgyt %)

where E|, is the initial concentration of the active enzyme. The
speed of enzyme catalysis, v(t), at time ¢ is described as
v(t) = ks[EAB + EP] = k3y[E] (6)
At ¢t = 0, the initial velocity, v,, is expressed as
vo = k3Y[Eo] (7)

Equation 5 is rewritten as
log, —
0o, —
50

t

kyy = ®

When the concentrations of A and B are significantly higher
than their respective K,,, values, the y value becomes 1. The k,
values were determined as follows. A wild-type or mutant
catechol 2,3-dioxygenase of known activity was added to 1 ml
of 100 mM potassium phosphate buffer (pH 7.4) containing a
catechol derivative at 50 uM (>K,,,) and 10% (vol/vol) isopro-
panol (to minimize the spontaneous inactivation of the en-
zyme), and the formation of the ring cleavage product of the
catechol derivative was monitored spectrophotometrically. The
concentration of the reaction product increased until the
enzyme was completely inactivated. The concentration of the
enzyme was adjusted so that the complete inactivation of the
enzyme occurred before 30% of the substrate was oxidized.
The catalytic rate at each time point, v(¢), was obtained from
the slope of the absorbance change:

B [A€¢ + A — AOW
B (At X g)

)

where € is the extinction coefficient of the ring cleavage
product, Vis the volume of the reaction mixture (1 ml), and At
was usually 10 s. When the logarithm of the vy/v(¢) values was
plotted against ¢, a straight line was obtained. Equation 8
indicates that the slope of the straight line represent the k,
value. Since vy is supposed to be close to 1 at the 50 uM
substrate concentration, the slope was taken as k.

The suicide inhibition is best described by the partition ratio
(24), which is the ratio of k5 (= k_,,) to k,. The k_,, values were
obtained from a Lineweaver-Burk plot (23), while the k, values
were obtained by the method described above, and the ratio
k.a/k4, was calculated. The partition ratio also represents the
number of product molecules formed per molecule of catechol
2,3-dioxygenase before the enzyme is inactivated. Thus, the
ratio could also be calculated from the maximum amount of
products formed before the complete inactivation of the
enzyme, and the amount was divided by the initial concentra-
tion of catechol 2,3-dioxygenase. The two methods provided
almost identical results.

Inactivation and reactivation of catechol 2,3-dioxygenase. A
3-ml sample containing about 150 U of the wild-type or 3MCS
catechol 2,3-dioxygenase was incubated for 20 min at room
temperature in 100 mM potassium phosphate (pH 7.4) con-
taining 5 mM 4-ethylcatechol, 5 mM 3-methylcatechol, or 200
nM H,0,. When necessary, the sample was made anaerobic by
evacuation with a vacuum pump followed by flushing nitrogen
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gas. The sample was then loaded on a gel filtration column
(G200; Bio-Rad Laboratories, Richmond, Calif.) preequili-
brated with 100 mM potassium phosphate (pH 7.4) and eluted
by the same buffer. The elution of the enzyme was monitored
by a UV detector. The protein-containing fraction (about 5 ml)
was made anaerobic as described above. Freshly prepared
FeSO, and/or ascorbic acid were added to the buffer to a final
concentration of 1 mM. Incubation was continued for 60 min,
and the level of catechol 2,3-dioxygenase activity in each
sample was determined spectrophotometrically with 33 uM
catechol as a substrate.

Determination of iron content of catechol 2,3-dioxygenase.
The iron content of the catechol 2,3-dioxygenases was deter-
mined by using o-phenanthroline (12). This chelator is specific
to ferrous ion, and ferric ion is detected only in the presence a
reducing agent. The iron content was determined both in the
presence and in the absence of 2.2 mM ascorbic acid.

RESULTS

Isolation of catechol 2,3-dioxygenase mutants. PaW94 is a P.
putida mutant defective in benzoate 1,2-dioxygenase and is not
therefore able to grow on benzoate (26). Plasmid pNM72
carries a complete set of the meta-cleavage operon of the TOL
plasmid and confers upon P. putida the ability to grow on
benzoate, m-toluate, and p-toluate (9). Strain PaW94(pNM72)
was mutagenized with N-methyl-N'-methyl-N-nitrosoguani-
dine as described by Miller (13), and mutagenized bacteria
were spread on M9 minimal plates containing 10 mM benzo-
ate. Colonies that developed on the plates were replicated onto
m-toluate minimal plates, and clones which were not able to
grow on m-toluate were retained for further study. One such
mutant, designated GSH2225, formed a dark brown product
when plated on m-toluate, which suggested that it accumulated
3-methylcatechol. Thus, catechol 2,3-dioxygenase in GSH2225
may be defective in the oxidation of 3-methylcatechol. This
strain, however, could grow on benzoate and p-toluate, indi-
cating that catechol 2,3-dioxygenase of this mutant can oxidize
catechol and 4-methylcatechol, which are metabolites of ben-
zoate and p-toluate, respectively. To obtain revertants of
GSH2225 able to grow on m-toluate, about 3 X 10° cells of
GSH2225 were spread onto a m-toluate minimal plate and
incubated at 30°C for 2 weeks. About 30 colonies developed on
the m-toluate plate, and some of them exhibited a brown halo
which PaW94(pNM?72) did not produce. Such derivatives of
GSH2225 were thus probably not true revertants but may carry
suppressor mutations. One of the revertants was named
GSH2225R, and the plasmids harbored in GSH2225 and
GSH2225R were named pGSH2225 and pGSH2225R, respec-
tively. As described later, the mutations responsible for these
phenotypes were mapped in xylE, the structural gene for
catechol 2,3-dioxygenase. Mutant catechol 2,3-dioxygenases
synthesized from GSH2225 and GSH2225R are called 3MCS
and 3MCR, respectively.

Purification of wild-type and mutant catechol 2,3-dioxygen-
ases. Two mutants of TOL plasmid pWWO0, pWWO0-EB1 and
pWWO-EB6, which synthesize catechol 2,3-dioxygenases capa-
ble of oxidizing 4-ethylcatechol have been isolated previously
(22). Catechol 2,3-dioxygenases synthesized from pWWO0-EB1
and pWWO0-EB6 are called 4ECR1 and 4ECR6, respectively.
The wild-type and mutant catechol 2,3-dioxygenases were
purified as described in Materials and Methods (Table 1). The
specific activity of the wild-type enzyme was 400 pmol of
catechol oxidized per mg of protein, which is slightly higher
than that reported previously (14). The specific activities of the
mutant enzymes were very low compared with to the wild-type



‘CATECHOL 2,3-DIOXYGENASE MUTANTS

VoL. 176, 1994 6077
TABLE 1. Purification of wild-type and mutant catechol 2,3-dioxygenases
Wild type 3MCS 3MCR 4ECR1 4ECR6
St
P SA® TA® SA TA SA TA SA TA SA TA

Cell extract 4,300 9,300 1,000 1,800 1,200 1,900 820 3,000 1,100 2,300
Anion 134,000 8,000 21,000 870 11,000 360 1,400 95 13,000 1,100

exchange
Ammonium 350,000 3,300 6,000 80 3,700 70 150 6 1,300 30

sulfate
Hydrophobic 400,000 1,900 5,300 30 3,500 17 150 0.4 1,400 13

interaction

% SA, specific activity (nanomoles of catechol oxidized per minute per milligram of protein).

b TA, total activity (micromoles of catechol oxidized per minute).

enzyme activity, probably because of the inactivation during
the purification. The specific activity of pure catechol 2,3-
dioxygenase from each mutant was estimated from the specific
activity of the mutant enzyme in cell extracts, assuming that
these mutant enzymes are expressed at the same level to the
wild-type enzyme, using the equation (specific activity of the
purified wild-type enzyme) X (specific activity of a mutant
enzyme in cell extracts)/(specific activity of the wild-type
enzyme in cell extracts). The values calculated from the
activities of each enzyme in four independent cell extract
preparations were 196, 115, 127, and 130 pmol of catechol
oxidized per mg of protein for 3MCS, 3MCR, 4ECR1, and
4ECRG6, respectively, which are the same orders of magnitude
relative to the values for the wild-type enzyme. Anion-ex-
change chromatography of mutant enzymes except for 4ECR1
resulted in a 10-fold purification rather than the 30-fold
purification achieved with the wild-type enzyme. For 4ECR1,
the specific activity of the enzyme was not increased signifi-
cantly by anion-exchange chromatography, suggesting signifi-
cant inactivation in this purification step. Ammonium sulfate
fractionation and hydrophobic interaction chromatography,
which successfully purified the wild-type enzyme, gave very low
yields of all four mutant enzymes. The wild-type and mutant
enzymes were essentially pure after the hydrophobic interac-
tion chromatography, as judged by sodium dodecyl sulfate-gel
electrophoresis, but the purified mutant enzymes sliowed much
lower specific activities than the calculated values, indicating
that the majority of the purified enzyme molecules were
inactive. About 8 h was required for the three purification
steps, and the activity of each fraction was determined imme-
diately after each fractionation. The purified wild-type enzyme
was rather stable if the protein concentration was as high as 2
mg/ml: the enzyme lost about 20% of its activity after storage
at 4°C for 3 days. In contrast, the mutant enzymes readily lost
their activity upon storage at either 4 or —80°C. The purified
4ECR1 and 4ECR6 enzymes were extremely labile, and more
than 95% of the activity of purified samples was lost upon
storage at 4°C for 10 h. Storage at —80°C did not prevent the
initial loss of activity, probably because these enzymes are
sensitive to freezing and thawing.

Reactivation of purified enzyme. The low yield of the mutant
enzymes may be due to spontaneous oxidation and/or loss of
the iron cofactor during the purification process. If this is the
case, inactivated enzymes may be reactivated by incubating
them with FeSO, and ascorbic acid. The specific activities of
the 4ECR1 and 4ECR6 enzymes were increased significantly
by incubating them anaerobically with FeSO, and ascorbic
acid. Incubation of purified 3MCS and 3MCR enzymes with
FeSO, and ascorbic acid did not significantly increase their
activities (Table 2).

In previous studies, it was demonstrated that inactive cate-
chol 2,3-dioxygenase containing ferric ion could be reactivated
by ascorbic acid alone, while inactive enzyme containing no
iron cofactor could be reactivated by ascorbic acid plus FeSO,
(19). In our experiments, catechol 2,3-dioxygenase inactivated
by H,O, (and hence containing ferric ion in the catalytic
center, according to previous studies) could not be reactivated
by ascorbic acid alone but could be reactivated by ascorbic acid
plus FeSO,, (data not shown). In our hands, therefore, reacti-
vation experiments did not distinguish between inactive en-
zymes containing ferric cofactor and those containing no iron
cofactor.

Determination of iron content. The monomer concentra-
tions of the purified catechol 2,3-dioxygenases were estimated
from their protein concentrations, while the concentration of
iron was determined by o-phenanthroline. As shown in Table
3, the wild-type, 3MCS, and 3MCR enzymes contain one atom
of iron per monomer of catechol 2,3-dioxygenase, while the
iron contents of the 4ECR1 and 4ECR6 enzymes were lower
than 1. The concentrations of iron determined in the presence
and absence of ascorbic acid were almost identical, indicating
that the majority of the iron in the purified enzymes is ferrous
ion. .

Determination of Michaelis-Menten constants. The X, and
k., values of the wild-type and mutant catechol 2,3-dioxygen-
ases were determined by examining their initial velocities at
substrate concentrations of between 0.67 and 300 uM (Table
4). The K, and k_,, values for 3-methylcatechiol of 3MCS, and
for 4-ethylcatechol of the wild-type enzyme, of 3MCS, and of
3MCR could not be determined because of the rapid inacti-
vation of these enzymes during the catalysis of these substrates.
For these catalytic reactions, the initial velocities were ob-
tained by extrapolation the log.[1/v(t)] versus ¢ plot to t = 0
using the relationship of equation 8. The extrapolated initial
velocities of the wild-type enzyme, 3MCS, and 3MCR at 20

TABLE 2. Reactivation of catechol 2,3-dioxygenases by treatment
with FeSO, and ascorbic acid

Activity (nmole of catechol oxidized/
min/mg of protein)

Enzyme
Initial After
reactivation

XylE 123,000 127,000
4ECR1 <3 2,300
4ECR6 6 1,100
3MCS 940 980
3MCR 2,800 4,400
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TABLE 3. Iron contents of purified catechol 2,3-dioxygenases”

Concn (M) I b
ron/subunit
Enzyme Total Fe(ll)* Enzyme concn ratio
iron® subunit

XylE 60 60 54 1.1
4ECR1 8 8 30 0.25
4ECR6 40 40 68 0.58
3MCS 40 39 38 1
3MCR 41 39 39 1

“ Nonreactivated enzymes were used.
b Determined in the presence of ascorbic acid.
 Determined in the absence of ascorbic acid.

pM 4-ethylcatechol were approximately equal to those at 50
M 4-ethylcatechol. Similarly, the initial velocity of 3MCS for
the oxidation of 3-methylcatechol at 20 uM was approximately
equal to that at 50 pM. Therefore, the initial velocities of these
reactions at 50 pM were considered to correspond to the V.,
values, and the k_,, values of the wild-type enzyme, 3MCS, and
3MCR for 4-ethylcatechol and that of 3MCS for 3-methylcat-
echol were calculated. The k_,, values of the mutant enzymes
thus determined, however, did not correspond to their real k.,
values, as the purified mutant enzymes contained significant
fraction of inactive proteins. Therefore, the absolute &, values
of the mutant enzymes were estimated as described in Table 4,
footnote a. The k_,, values of the wild-type enzyme, of 3MCS,
and of 3MCR for 4-ethylcatechol were less than 10% of those
for catechol. The k_,, for 4-ethylcatechol of 4ECR6 was much
higher than that of the wild-type enzyme. The 4ECR1 enzyme,
which confers the same growth phenotype as 4ECRS6, in
contrast, has a k_,, value for 4-ethylcatechol similar to that of
the wild-type enzyme. The k,, value of 3MCS for 3-methyl-
catechol was much lower than that of the wild-type enzyme,
but the 3MCR enzyme, which is a phenotypic revertant of
3MCS, has a k,, for 3-methylcatechol similar to that of the
3MCS enzyme. Therefore, the substrate specificities of these
enzymes deduced from growth phenotypes were not explained
solely by a change in k.

Determination of partition ratios. In the experiments de-
scribed above, we noticed that some enzymes were rapidly
inactivated during the catalysis of some of the substrates. We
therefore determined rate constants of enzyme inactivation, k,,
of the wild-type and mutant enzymes for catechol, 3-methyl-
catechol, and 4-ethylcatechol as described in Materials and
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Methods. As shown in Table 5, 4-ethylcatechol was a potent
inactivator of the wild-type enzyme, of 3MCS, and of 3MCR,
as their k, values for 4-ethylcatechol were much higher than
those for catechol. In contrast, the k, values of the 4ECR1 and
4ECR6 enzymes for 4-ethylcatechol were lower than that of
the wild-type enzyme for 4-ethylcatechol, indicating that
4ECR1 and 4ECR6 are more resistant to the inactivating effect
of 4-ethylcatechol. The k, values for 3-methylcatechol of
3MCS were. two times higher than those of the wild-type
enzyme. Those of 3MCR and of 4ECR1 were between the
values of 3MCS and the wild-type enzyme.

The capacity of an enzyme to metabolize a given substrate is
influenced by the speeds of catalysis and of enzyme inactiva-
tion and is best presented by a partition ratio, k,/k,, which is
the ratio of a productive catalysis characterized by &, (or k5 in
the equations in Materials and Methods) to a suicide catalysis
characterized by k, (24). The partition ratios thus calculated
are presented in Table 5. The partition ratio for 3-methylcat-
echol of 3MCS was low. Those of 3MCR and 4ECR1 were only
slightly higher than that of 3MCS, indicating that the 3MCR
and 4ECR1 enzymes are partially defective in the metabolism
of 3-methylcatechol. The partition ratios for 4-ethylcatechol of
the wild-type enzyme, of 3MCS, and of 3MCR were very low,
but those of 4ECR1 and 4ECR6 at 50 uM 4-ethylcatechol were
higher than the wild-type value.

In general, the partition ratios for those catechols which do
not support bacterial growth (4-ethylcatechol for the wild-type
enzyme, 3MCS, and 3MCR and 3-methylcatechol for 3MCS)
were lower than 18,000. In contrast, those for catechols which
support bacteérial growth were much higher than 18,000, with a
few exceptions. The coefficient of 4ECR1 for 4-ethycatechol
was only 17,000, and P. putida containing 4ECR1 formed
colonies on 4-ethylbenzoate only 4 days after inoculation,
whereas P. putida containing 4ECR6 formed colonies on the
same compound 24 h after inoculation. The coefficients of
3MCR and 4ECRI1 for 3-methylcatechol were 27,000 and
22,000, respectively. P. putida containing these enzymes grew
on m-toluate but accumulated 3-methylcatechol. Therefore, a
partition ratio of around 18,000 may correspond to a lower
limit that permits the growth of host cells.

~ Inactivation and reactivation of catechol 2,3-dioxygenases.
To study whether inactivation of catechol 2,3-dioxygenase by
catechol analogs requires molecular oxygen, inactivation of the
wild-type enzyme by 4-ethylcatechol and that of 3MCS by
3-methylcatechol in the absence of molecular oxygen were
investigated. The anaerobic incubation of the enzymes with

TABLE 4. Michaelis-Menten kinetic parameters of catechol 2,3-dioxygenases”

Kear (s71) K (kM)
Enzyme
Catechol 3-Methylcatechol 4-Ethylcatechol Catechol 3-Methylcatechol 4-Ethylcatechol
Wild type 933 (100) 476 (51) 30(3.2) 14 1.7 ND?
3MCS 497 (100) 80 (16) 29(5.9) 1.8 ND ND
3MCR 215 (100) 90 (42) 18 (8.5) 1.1 0.8 ND
4ECR1 182 (100) 51 (28) 20 (11) 18 19 5.4
4ECR6 161 (100) 57 (35) 122 (76) 1.4 32 24

“ Values were determined by using purified enzymes. The (apparent) k., values of the mutant enzymes thus obtained experimentally, however, did not correspond
with their absolute k_,, values, since the purified fractions contained significant amounts of inactive enzymes. Therefore, the absolute k,, values of the mutant enzymes
for catechol were estimated by using the following equation:. absolute k., value of a mutant enzyme for catechol = (k,, value of the wild-type enzyme for catechol)
X (specific activity for catechol of the mutant enzyme in cell extracts)/(specific activity for catechol of the wild-type enzyme in cell extracts). The absolute k,, value
of a mutant enzyme for 3-methylcatechol or for 4-ethylcatechol was calculated from the equation (absolute k., value of the mutant enzyme for catechol) X (apparent
kqe value for 3-methylcatechol or for 4-ethylcatechol obtained by using the purified mutant enzyme)/(apparent k., value for catechol obtained by using the purified
mutant enzyme). Both the absolute k., values of mutant enzymes thus calculated and the relative activities of the mutant enzymes for 3-methylcatechol or for
4-ethylcatechol compared with those for catechol, (apparent k., value for 3-methylcatechol or 4-ethylcatechol)/(apparent k., value for catechol) X 100, are presented.
Values in parentheses are percentages.

5 ND, not determined.
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TABLE 5. Rate constants for inactivation and partition ratio of catechol 2,3-dioxygenases
. . Rate constant for the ine(x;:iira)t(iolr:) gg)catechol 2,3-dioxygenase Partition ratio of catechol 2,3-dioxygenases

Catechol 3-Methylcatechol 4-Ethylcatechol Catechol 3-Methylcatechol 4-Ethylcatechol
Wild type 690 2,300 4,600 1,400,000 210,000 6,500
3MCS 1,300 4,400 5,100 382,000 18,000 5,700
3MCR 440 3,400 9,000 490,000 27,000 2,000
4ECR1 710 2,300 1,200 260,000 22,000 17,000
4ECR6 520 460 1,700 310,000 120,000 34,000

each substrate for 20 min did not diminish the enzyme activity.
In contrast, aerobic incubation of the wild-type enzyme with
4-ethylcatechol, or that of 3MCS with 3-methylcatechol, re-
sulted in a great diminution of enzyme activity (Table 6). We
therefore infer that inactivation of the wild-type enzyme by
4-ethylcatechol and that of 3MCS by 3-methylcatechol are
mechanism based.

To investigate the mechanism responsible for 3-methylcat-
echol- and 4-ethylcatechol-driven inactivation, reactivation by
FeSO, and ascorbic acid of the inactivated enzymes was
examined. The wild-type enzyme inactivated by 4-ethylcatechol
could be reactivated by ascorbic acid plus FeSO,. Similarly, the
3MCS enzyme inactivated by 3-methylcatechol could be reac-
tivated by ascorbic acid plus FeSO, (Table 7). These results
suggest that the oxidation and/or removal of the iron cofactor
is the major mechanism of the inactivation of catechol 2,3-
dioxygenase by 4-ethylcatechol and by 3-methylcatechol.

Identification of the amino acid substitutions in the catechol
2,3-dioxygenase mutants. Xhol-I fragments of 2.2 kb contain-
ing the structural genes for 3MCS, 3MCR, 4ECR1, and
4ECR6 were isolated from pGSH2225, pGSH2225R, pWWO0-
EB1, and pWWO0-EB6, respectively, and subcloned into the
Sall site of pBS(+). The xylE genes in these subclones were
sequenced by the dideoxy-chain termination technique, using
oligonucleotides complementary to the wild-type xylE se-
quence as primers. As shown in Table 8, each allele contained
a single nucleotide substitution in the wild-type sequence (15)
except that of the structural gene for SMCR, which carried two
nucleotide substitutions, one of which was identical to that
found in the structural gene for 3MCS. Thus, phenotypic
reversion in 3MCR is due to an intracistronic suppressor
mutation.

DISCUSSION

Catechol 2,3-dioxygenase encoded by TOL plasmid pWWO0
consists of four identical subunits, each of which contains one
ferrous ion associated with amino acid residues of the apopro-
tein (14, 16). This enzyme catalyzes the ring-cleavage of
catechol, 3-methylcatechol and 4-methylcatechol by incorpo-
rating two atoms of molecular oxygen (16-19). In this study,
substrate specificity mutants of catechol 2,3-dioxygenase were
isolated and characterized.

All of the substrate-specificity mutant enzymes were less
stable than the wild-type enzyme, and the greater part of the
purified mutant enzyme preparations was inactive. The inac-
tive 3MCS and 3MCR enzymes still contained the ferrous ion
cofactor. Therefore, inactivation of these enzymes during
purification was due neither to the oxidation or loss of ferrous
ion cofactor nor to the complete denaturation of the proteins.
Rather, local structural deformation may be responsible for
the inactivation. The 4ECR1 and 4ECRG6 enzymes, in contrast,
contained reduced amount of ferrous ion, and part of the

inactive enzymes could be reactivated by FeSO, and ascorbic
acid. This observation indicated that the instability of these two
enzymes was partly due to altered iron-cofactor binding.

A low efficiency in the oxidation of 4-ethylcatechol by the
wild-type enzyme and that of 3-methylcatechol by the 3MCS
enzyme was due to their low k_,, and high k, (rate constant for
enzyme inactivation) values for respective substrates. These
nonfavorable substrates inactivated the enzymes in the pres-
ence of molecular oxygen, the second substrate of catechol
2,3-dioxygenase, but did not inactivate them in the absence of
molecular oxygen. The oxidation and/or removal of the ferrous
ion in the catalytic center was responsible for the inactivation
of the wild-type enzyme provoked by 4-ethylcatechol and of
the 3MCS enzyme provoked by 3-methylcatechol because the
inactivated enzymes could be reactivated by incubating them
anaerobically with FeSO, and ascorbic acid.

In the catalytic reaction of catechol 2,3-dioxygenase, a
catechol substrate binds first to the iron cofactor, followed by
the binding of molecular oxygen to the iron cofactor (10). The
iron-bound molecular oxygen may subsequently attack carbon
2 of the substrate. We assume that attack by the iron-bound
molecular oxygen on carbon 2 of 4-ethylcatechol within the
wild-type enzyme or the attack on carbon 2 of 3-methylcat-
echol within 3MCS is inefficient, since the k_,, values of these
reactions are low. The consequence of this would be an
increased probability of oxidation of the iron cofactor in the
ternary enzyme-oxygen-substrate complex. Two different sub-
stitutions, Leu-226—Ser in 4ECR1 and Thr-253—lle in
4ECRG6, diminished the frequency of the suicide reaction and
increased the catalytic reaction with 4-ethylcatechol. In a
previous study, we showed that the amino acid substitution
Ile-291—Val also diminished the frequency of the suicide
reaction with 4-ethylcatechol (25). These substitutions may
modify the structure of the substrate binding site so that the
mutant enzymes better accept 4-ethylcatechol in their sub-
strate-binding pockets. Interestingly, 4ECR1 and 4ECR6 ex-
hibited reduced binding of the ferrous ion cofactor. Modifica-
tion of the substrate binding site in 4ECR1 and 4ECR6 may
also have modified the structure of the ferrous ion binding site.

TABLE 6. Inactivation of catechol 2,3-dioxygenases by
3-methylcatechol or 4-ethylcatechol

Enzyme activity (nmole of catechol oxidized/
min/mg of protein)

Enzyme substrate

Initial Acrobic Anaerobic,
+Substrate  No substrate  substrate
Wild type 68,000 0 44,000 41,000
4-Ethylcatechol
3MCS 5,300 55 5,000 5,900

3-Methylcatechol
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TABLE 7. Inactivation of catechol 2,3-dioxygenases by 3-
methylcatechol or 4-ethylcatechol and subsequent reactivation with
FeSO, and ascorbic acid

Enzyme activity (iumol of catechol oxidized/min/mg of

protein)
Incubation Fe(I)+ ascorbic acid
Enzyme substrate
Initial After After
nitial  wiehout With  incubation incubation
substrate  substrate  without with
substrate  substrate
Wild type 189 179 0 57 49
4-Ethylcatechol
3MCS 110 51 7 42 37

3-Methylcatechol

“ Purified only by anion-exchange chromatography.

Alternatively, modification of electrostatic environment in
these mutant proteins might result in a decrease in the redox
potential of the iron cofactor, and as a consequence, the
cofactor may have an increased tendency to autooxidize and
dissociate from the apoprotein. The change Ala-177—Val,
made the enzyme sensitive to 3-methylcatechol, but the effect
of this mutation was suppressed by a second mutation, Thr-
196—Ile. The mutation in 4ECR1, Leu-226—Ser, also modi-
fied the catalytic activity toward 3-methylcatechol. Therefore,
these residues seem to be involved in determination of the
structure recognizing the methyl group at carbon 3 of catechol
substrates.

Substrates with partition ratios lower than 17,000 did not
support growth. Bacteria producing 4ECR1, which has a
partition ratio of 17,000 for 4-ethycatechol, grew very slowly on
4-ethylbenzoate. Bacteria producing 3MCS, having a partition
ratio of 18,000 for 3-methylcatechol, did not grow on m-
toluate, while those producing 3SMCR and 4ECR1, having the
partition ratios for 3-methylcatechol of 27,000 and 22,000,
respectively, accumulated 3-methylcatechol during growth on
m-toluate. The partition ratio of 3MCS for 3-methylcatechol
(18,000) was higher than that of 4ECR1 for 4-ethylcatechol
(17,000), but P. putida containing 4ECR1 grew on 4-ethylben-
zoate, and the bacteria containing 3MCS failed to grow on
m-toluate. Although the calculated partition ratios may not be
very accurate because of experimental errors in the determi-
nation of the k_,, values of the mutant enzymes (Table 4), the
results indicated that a partition ratio of around 18,000 for
catechol analogs may be a threshold allowing the growth of
bacteria on these substrates, and a slight increase or decrease
from the threshold value suffices to change the growth pheno-
type of hosts from negative to positive or vice versa.

In a previous study (20), we showed that catechol 2,3-
dioxygenase inactivated in vivo is reactivated by a mechanism
mediated by the product of the xy/T gene. In a mutant defective

TABLE 8. Mutation sites

Mutant Nucleotide substitution Amino acid substitution
3MCS C-530°>T Ala-177—Val
3MCR C-530-T Ala-177—-Val

C-587-T Thr-196—lle
4ECR1 T-674—C Leu-226—Ser
4ECR6 C-758->T Thr-253-lle

“The first nucleotide of the ATG initiation codon of xylE corresponds
nucleotide 1.

J. BACTERIOL.

in xyIT hence defective in the reactivation of catechol 2,3-
dioxygenase, the step catalyzed by catechol 2,3-dioxygenase
becomes a limiting factor for the growth of cells on 4-methyl-
benzoate (20). From the data obtained for P. putida defective
in xylIT, the threshold value of the partition ratio required for
cell growth was calculated to be about 200 X 10°. In the
present study, we determined the partition ratio value critical
for cell growth to be 18 X 10 by examining the growth of P.
putida containing the xy/T™* gene in which inactivated catechol
2,3-dioxygenase is reactivated. The fact that xyIT* P. putida
cells grew with the partition ratio much lower than 200 X 10°
indicated that the xy/T-mediated regeneration system of cate-
chol 2,3-dioxygenase is very efficient. In the xy/T mutant, the
cell does not grow if the rate of the synthesis of catechol
2,3-dioxygenase is smaller than the rate of its inactivation,
while in the xyIT™ strain, the cell does not grow only if the rate
of the synthesis plus regeneration of catechol 2,3-dioxygenase
is smaller than the rate of its inactivation.

It is generally accepted that enzymes are biological catalysts
which exhibit high specificity toward their substrates. If this is
the case, the natural adaptation of a catabolic pathway to a new
substrate may be a difficult process, since several simultaneous
mutations are required for the total conversion of the substrate
specificity of each catabolic enzyme. This view should be
changed in light of the present observations. Many bacterial
catabolic enzymes show relaxed substrate specificity catalyzing
conversion of not only genuine substrates but also their
structural analogs which are not growth substrates or interme-
diates. We showed that a slight improvement of the activity of
a bottleneck enzyme can switch a nonpermissive compound to
a growth substrate. Once an enzyme acquires a minimum
activity required for the growth of host cells on a specific
compound, environmental selective pressure works on the
evolution of the enzyme, and the speed of fixation of additional
genetic changes to improve the enzyme will be accelerated.
Thus, the potential of the emergence of new catabolic proper-
ties is high if the substrate specificity of enzyme is broad and
the threshold activity of the enzymes required for growth is low.
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