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SUMMARY

Extracts of benzoate -grown Pseudomonas putida have
high levels of 3-carboxy-cis, cis-muconate-lactonizing enzyme
and y-carboxymuconolactone decarboxylase, even though
these enzymes are uniquely associated with the protocate-
chuate pathway. Since these activities might result from
nonspecific catalysis by the enzymes which catalyze the anal-
ogous reactions in the catechol pathway, cis, cis-muconate-
lactonizing enzyme and muconolactone isomerase were puri-
fied extensively and their specificities were examined.
Crystalline preparations had no detectable activity on the
carboxylated substrate analogues of the parallel convergent
pathway. The enzymes of the catechol pathway do, however,
share some physical characteristics with the enzymes that
catalyze the analogous reactions in the protocatechuate
pathway.

Extracts of benzoate-grown Pseudomonas putida rapidly con-
vert -carboxy-cis,cis-muconate and y-carboxymuconolactone
to 0-ketoadipate (1). These activities, which are uniquely asso-
ciated with the protocatechuate pathway (2), might be attrib-
uted (a) to synthesis of -carboxy-cis,cis-muconate-lactonizing
enzyme and y-carboxymuconolactone decarboxylase elicited by
growth at the expense of catechol, or (b) to nonspecific catalysis
by cis,cis-muconate-lactonizing enzyme and muconolactone
isomerase, which mediate analogous reactions in the catechol
pathway (2). The purpose of this paper is to present evidence
which eliminates the latter interpretation. cis,cis-Muconate-
lactonizing enzyme and muconolactone isomerase have been
obtained in crystalline form and shown to have no activity on
the carboxylated substrate analogues of the parallel catabolic
pathway.
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t National Science Foundation Predoctoral Fellow, 1961 to
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EXPERIMENTAL PROCEDURE

Materials and Methods

Biological and chemical materials, physical and chemical
determinations, and molecular weight estimations have been
previously described (3). Buffer D contained 5 mM disodium
potassium phosphate, pH 6.8, and 5 ,u Mg-EDTA.

Enzyme Assays

All enzymes were assayed spectrophotometrically at 25° .

Reactions were initiated by addition of the enzyme the activity
of which was to be determined. A unit is defined as the amount
of enzyme necessary to cause disappearance of 1.0 ,mole of sub-
strate per min under the conditions of assay.

cis, cis-Muconate-lactonizing Enzyme-A modification of the
procedure of Sistrom and Stanier (4) was used. Each cuvette
received 0.3 pumole of cis, cis-muconate, 2 moless of MnCl 2, 100
moles of Tris-HCI (pH 8.0), and enzyme in a final volume of 3.0
ml. The blank cuvette contained no enzyme. A decrement of
5.75 absorbance units corresponds to the disappearance of 1.0
molee of cis, cis-muconate per cuvette under these conditions.

Muconolactone Isomerase-Muconolactone isomerase cata-
lyzes the migration of the endocyclic double bond of (+)-muco-
nolactone to form 8i-ketoadipate enol-lactone (2). Neutral
solutions of the substrate and the product of this enzyme absorb
equally at 230 mu. However, the isomerase can be measured in
the presence of an excess of f-ketoadipate enol-lactone hydrolase
because -ketoadipate, the product of hydrolysis, is relatively
transparent at 230 m.

A complication was introduced by the presence of cis,cis-
muconate-lactonizing enzyme in crude extracts of benzoate-
grown cells. This enzyme catalyzes the back-reaction of (+)-
muconolactone to form cis,cis-muconate, which absorbs very
strongly at 230 m. This difficulty was circumvented by adding
pure cis, cis-muconate-lactonizing enzyme and measuring the
rate of (+)-muconolactone disappearance from the equilibrium
mixture. Muconolactone isomerase can be measured accurately
as long as neither cis, cis-muconate-lactonizing enzyme nor tB-
ketoadipate enol-lactone hydrolase is limiting the rate of the
disappearance of absorbance at 230 mu.

For rough estimations, a crude extract of p-hydroxybenzoate-
grown P. putida is a satisfactory source of P-ketoadipate enol-
lactone hydrolase. Such extracts contain insignificant amounts
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TABLE I

Separation of enzymes of catechol and protocatechuate pathways from protamine sulfate supernatant of benzoate-grown
P. putida by ammonium sulfate fractionation

cis,cis-Muconate- CMuconolactone ciss- -Carboxymucono-MuconolactoneFt-r -Fraction actoizing isomerase muconate-lacto- lactone decoar- Protein Volume
enzyme isomerase nizing enzyme boxylase

#moles/min g ml

Protamine sulfate supernatant ................. 6,960 17,550 14,780 28,620 12.6 606
Ammonium sulfate (% saturated)

30 to 40 ..................... :.............. 5,230 414 2,110 326 0.75 68
40 to 50 ..................................... 382 2,040 8,180 10,630 1.82 91
50 to 60 ..................................... 8 12,600 3,850 13,650 3.73 175
60 to 70 ..................................... <4 2,110 34 109 0.51 68

Total recovery (%) ............................ 81 98 96 86 54

TABLE II

Purification of cis, cis-muconate-lactonizing enzyme

Step Volume Total activity Protein Specific activity Recovery Purification

ml units mg units/mg protein % -fold

1. Crude extract .......................................... 282 10,300 15,800 0.64 100 1.0
2. Protamine sulfate supernatant ......................... 606 6,960 12,600 0.55 67.5 0.9
3. 30 to 40% saturated ammonium sulfate fraction ......... 68 5,230 748 6.98 50.8 10.9
4. DEAE-cellulose eluate ................................. 102 1,560 20.4 76.6 15.2 120
5. Crystallization ........................................ 8.2 1,051 12.4 84.5 10.2 132
6. Recrystallization ...................................... 5.0 740 8.5 87.3 7.2 136
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FIG. 1. DEAE-cellulose chromatography of cis,cis-muconate-lactonizing enzyme

of muconolactone isomerase (1). Accurate measurements,
however, require the use of highly purified 3-ketoadipate enol-
lactone hydrolase, because crude extracts absorb strongly at 230
m/A. Enzyme levels of muconolactone isomerase reported here
and in Paper IV (1) were determined with g-ketoadipate enol-
lactone hydrolase which had been purified at least 200-fold (3).

Each cuvette received 100 umoles of Tris-HC1, pH 8.0, 1.5
moles of (+)-muconolactone, 1.0 unit of crystalline cis,cis-

muconate-lactonizing enzyme, and 1.0 unit of .f-ketoadipate
enol-lactone hydrolase in a final volume of 2.9 ml. The lac-
tonization reaction was permitted to come to equilibrium and
then 0.1 ml of the solution containing muconolactone isomerase
was added; the blank cuvette received no muconolactone isom-
erase. Under these conditions, a change of 0.683 absorbance
unit at 230 mjt corresponds to the conversion of 1.0 mole of
(+)-muconolactone to -ketoadipate per cuvette. This assay

was accurate for measurement of up to 0.2 unit of muconolactonw
isomerase. When cis,cis-muconate-lactonizing enzyme was not
in the extract to be assayed, purified lactonizing enzyme was
omitted from the reaction mixture. Under these circumstances
a decrease of 0.476 absorbance unit at 230 mu corresponds to the
disappearance of 1.0 jumole of (+)-muconolactone per cuvette
(4).

Other assays were performed according to procedures do
scribed in Paper II (3).

RESULTS AND DISCUSSION

Extracts of benzoate-grown P. putida were prepared, treated
with protamine sulfate, and fractionated with ammonium sulfate
according to previously described procedures (3). The frao
tionation of cis, cis-muconate lactonizing enzyme, muconolactool
isomerase, 3-carboxy-cis, cis-muconate lactonizing enzyme and 7
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0.1carboxymuollolar( e tole ecarboxylase rorn the protamlline sulfate
1supernatant of benzoat1e-grow n P. putida i shown in Table I.

I'The 30 to 40 1" saturatedl amnonlium sulfate fraction, whiet h
contained almost all o th(7 cis 1cis;-m1tconlate-lact7o1nizigg activ-

iiy, as use(l for further purification of this enzyme. 'he 50
to 60( saturalte(d amoiinill sIlfatle fraction was used for further

putrificalion of luollolactotle isomerase. It should be note

that since -carb loxy-cis,cis- tueonIate-lactolizing enzyme and
,-carbox l-nuc(:)nolactoine decaLrboxylase are present in higl:l levels

in the 40 to 50t,: saturated a>monil n sulfate fraction, this
fraction caln serve as a atisfactory source of l;hese enzymes for
felrtbr purification.

purification of c is,cis- fluconate-lacton'izing Enzynce (EC

.5.1 ., / -CarhIbolcyl thile t I-hyd oy:?jiocroto)1olacto7e Lyase( ( De-
cyclizing))--Sistrom and Stanier (4) accomplished a 15-'olt

purification of this enzyme by prolaine sulfate treatment and
anamoniuln sulfate fracltionatio. Introduction of diethyl-
amninoethyl celllose chronmatographl into their procedurle per-
mitted crystallization of the enzyme.

The results ofthe e purification procedure are summarize in
Table II. The 30 to 401 saturated amnonium sulfate fraction
(Step 3) was, dialyzed against Buffer Di) overnight and placed on
a I)EAE-cellulose columnrl 2.5 X 35 c, which hadl been pe-
equiliblrated with the sane buffer. 'T'he column was wRashed with
300 ml of Btuffer I); the enzYlme was eluted with 1600 ml of the

Fo. 2. Phase conllrast photomierographs of crystalline cis,cis-
8 eon11ate-lactonlizng elzyme. The crystals lhave been magnified
845 timee,

D .
v
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E

> 0.0
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F11(. 3. Th)e effect of pltI al d buffer on tihe activity of cs,cls-
miconate-lactonizing ezyme. Buffer arle indicated as ollows:

0, 0.033 1 Tris-illC; i, .0(33 M disodium pot assi1lmn pho spate;
/' 0.033 U-histidiine-C1.

samne buffer which contained Na(i in a liltear gradient from

0.00 to 0.20 r4. 1he phosphate conlcentrationl and lhe pH were
kept constant during the gradientl elltion. Fractions of 11.8
ml were collected. Fiig. 1 shows that c'is,cis-n11conate lac-
tonizing enzyme was completely separately froni1 13-carboxy-c.is,

cis-ntl(col(t:e-(onlactonizig enzyme by this reatlelt. ractioils

37 through 45, which cont:ailned most f the cis, cis lmlclnate-
lactonizing activity were pooled (A)EAE-cellulose eluate, Step 4).

A 35 to 501,; sallrated anolilll sulfate fraction of the

l1EAE-celllose eluate was prepared and sslendled in ?2 ml of

Buf'ferl ). ('Ihe protein did not, dissolve conipletel y, but the

suspension :became extremely birefringelt after about 20 iin.
When a dop of this suspensionl 1as mIixed with a drop of satu-

raed a1moniulm sulfate, II 7.5, the formation of ti1n square e

plates was observed mnicroscopically. The plates were not
observed in the absence of ammonillum sulfate, probably because
the ercstals issolved when tl:hey were arnedI on the microscope
stage.

'lte crystals were dissolved in .l 0.0 ml of Buffer D and anl equal

volume of saturated anlmonium1 sulfate was added to precipitate

the enzyme. 'rTlhe precipitated protein was birefringent when
suspended in 4.0 ml of Buffer D. fter addition of 1.0 nml o

saturated ammonium sulfate, pH 7.5, the suspension was allowed
to stand overnight at 0° . The plates which were formed by
this treatment (Step 6) were free of amnorplhous material. 

photomnicrograph, showing the shape and the range of sizes of

recrystallized cis,cis-muConate-lactoliiizingig enzyme is shown in

Fig. 2. Starch gel eleetropholresis of the recrystallized material
in the discontinuous buffer system of Poulick (5) revealed a
single hand of protein,

Properties of cis,cis-Mtdconate-laconizing Enzynm--The in-

fluene of pH on the activity of ciscis-miitconate-lactonizinig
enzyme, shown in Fig. 3, is similar to the influence of pH on the
activity of -carboxyv-cis, cis-nuconate-lactonizig enzyme (3).
At pH 6.5, both enzymes are considerably less active in phos-
phate buffer than in histidine buffer. cis,cis-:Mueonate-lac-
tonizing enzyme, like ,-earboxy-cis, cis-muiconate-lactonizing
enzyme, is not detectably affected by heating for t0 min at 60°

in 20 IIM disodiunm potassium phosphate buffer, p 6.83. The
molecular weight of cis,cis-muconlate-lactonizing enzyme was

estimated by the method of Whitaker (6) to be 220,000.
Puriicatiorn of Mluionolacone Isomerase--Sistrom and Stanier

^ .n
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TABI.E III

Pari/icaio of meconolaclone aisoeroase

I Volume Total activity P otein Specific actiity I Recover, Purification

1 .Crude extr act ..............
2. Protaminle sulfate supernaalnt. ....................
3. 50 to i60' saturated ammoni iur sulfate fraction ......
4. Heat-treatedtl superatt it ....

5. Second 50 to 6(0(ot saturated arrmmotiuml sulfate fractioel.

6i. I)EAE-.4 Eellulose eluate .e.............
7. Crystallizatio . ...........................
S. ecrstalizatii .....................................

2.0 
.CARBOXYMUCONOIACTONE

DECARBOXYLASE 

MLUCONOLACTONE

ISOMERASE
1.0- -- 5

No I

0 - 0

50 oo00

Fraction Number
150 200

* iiOG. . 6
. .. 175

.... i 140
.... . 15.

..... 4. 3
... 2.0

2... .0

E

)O D

.

t
00O o
0,5051

E

W

(4) purifiedl mluconate-delacto'nizing enzyme (EC 3..1 .16, 4-
(ct:roixymtetl1l-4-lhydtroxisociototolaetotne hydrolase) from;n P.

putidt/ 5.1-fold iy use of protamtine sulfate and anmoniulin sul-
fate fractionation. Subsequent studies (2) showed that both
nlutlonola(tone isornerase and -ketoadipate enol-laetone hy-

drolase (3) are essential for the "delactonizitng active ity" observed
by Sistroln and Stanier. Application of eat treatment and
DEAE-cellultose chromatography pert'itited the rystallization
of the first enzytIte of this two-enzyelIe syst em.

The results of mnuctnollaetort e isomerase puification are sul-
miarized in Table 111. The 50 to 60i anuonium sulfate frac-
tion (Step 3) was furtllhe purified by ieat treatment. A beaker
containing this fraction was placed in a water bath at 60° and
heated, with continuous stirring, until the temperature of the
prepalratiol reached 55 . iThe preparation was maintain at
this temperature for 30 min and then rapidly chilled in an ice
bath. The suspension was centrifolged at 35,000 X g t'or 15
min. 'Ihe supernatant from this centrifugation (Step 4) was
treated with solid al-oniuom sulfate; the 50 to 60%' saturated
ammtoniun sulfate fraction was dissolved in Buffer D and di-
alyzed against this buffer overnight (Step 5). The dialyzed
material was placed on a DEAE-cellulose column, 2.5 X 21 em,
which had been pre-equilibrated with Buffer D. The oltlmn
was washed with 300 nm of this buffer and then the muconolac-
tone isomerase was eluted with 1600 onl of Buffer D which con-
tained NaCi in a linear gradient from 0.00 to 0.40 x. The pH
and phosphate concentration were kept constant dtur ing the
gradient elution. After te gradient elution was completed,

FrIG. 5. A phase contrast photoicrotgrap' of crystalline mu-
cornolaetotie isottertase. 'Tie crystals have been imagnifietd 1900
I itnes.

7y-carlbox muconolactone decarbox3ylase was eluded from the

columnrr with Buffer D containing 0.60 x NaCl.
Muconolactone isormerase and y-carboxymuconolatone de-

carboxylase were completely separated from each other by

DEAE-cellulose coluanln chromatography (Fig. 4). Fractions
containing most of the mueconolactone isomerase activity (Frac-

tions 49 through 52 in Fig. 4) were pooled (DEAE-cellulose

eluate, Step 6). 'I'hie 50i % saturated almnonium sulfate fraction

of the I)EAE-eellulose eluate was suspended in 2.0 ml of Buffer
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FIG. 6. The effect of pH and buffer on the activity of muconolac-
tone isomerase. Buffers are indicated as follows: , 0.033 M
sodium glycine; 0, 0.033 M Tris-HCl; 0, 0.033 M disodium potas-
sium phosphate; *, 0.033 M sodium succinate.

D. After 30 min, the suspension was extremely birefringent.
When a drop of the suspension was mixed with an equal volume
of saturated ammonium sulfate, pH 7.5, needles were observed
microscopically. The crystalline preparation (Step 7) was dis-
solved by addition of 4.0 ml of Buffer D, and 6.0 ml of saturated
ammonium sulfate, pH 7.5, were added. The birefringent sus-
pension was allowed to stand for 1 hour and was then recentri-
fuged. The pellet was resuspended in 2.0 ml of Buffer D which
was 50% saturated in ammonium sulfate and allowed to stand
overnight. A photomicrograph of the product of this step
(Step 8) is shown in Fig. 5. A single band of protein was ob-

served after starch gel electrophoresis of the recrystallized mate-
rial in the discontinuous buffer system of Poulick (5).

Properties of Muconolactone Isomerase-Muconolactone isom-
erase has a half-life of about 2½ hours at 550 in 20 mM disodium
potassium phosphate buffer, pH 6.8. In this respect the enzyme
is similar to 'y-carboxymuconolactone decarboxylase of the pro-
tocatechuate pathway (3). Both enzymes are rapidly inac-
tivated at 65° . The relationship between pH and the activity
of muconolactone isomerase is shown in Fig. 6. The molecular
weight of muconolactone isomerase was estimated by the method
of Whitaker (6) to be 93,000.

Specificity of cis,cis-Muconate-lactonizing Enzyme and Muco-
nolactone Isomerase-Crystallization of cis,cis-muconate-lac-
tonizing enzyme and muconolactone isomerase permitted a
rigorous examination of their specificities. Under standard
assay conditions, 1 unit of cis,cis-muconate-lactonizing enzyme
caused disappearance of no more than 0.05 mjumole of -car-
boxy-cis,cis-muconate per min; unit of muconolactone isom-
erase caused disappearance of no more than 1.0 mpumole of
y-carboxymuconolactone per min. These facts show that B-
carboxy-cis, cis-muconate-lactonizing enzyme and y-carboxy-
muconolactone decarboxylase activities observed in extracts of
benzoate-grown cells (1) cannot be attributed to nonspecific
catalysis by cis, cis-muconate-lactonizing enzyme and muco-
nolactone isomerase.
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