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otic enzyme which gives rise to P-carboxymuconolactone 
(Figure 1) is now available in pure form. Comparison of the 
primary structures of the two P-carboxy-cis&-muconate- 
lactonizing enzymes may yield insight into convergent evo- 
lutionary forces that produced enzymes with similar activities 
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Relationships among Enzymes of the P-Ketoadipate Pathway. 
111. Properties of Crystalline 7-Carboxymuconolactone 
Decarboxylase from Pseudomonas putidaT 

Donna Parke, Richard B. Meagher, and L. Nicholas Omston* 

ABSTRACT: Procedures for the purification and crystalliza- 
tion of y-carboxymuconolactone decarboxylase from extracts 
of Pseudomonas putida are described. In several respects this 
enzyme is quite similar to muconolactone isomerase, an 
enzyme that catalyzes a reaction analogous to that of the 

y- C arboxymuconolactone is chemically unstable. It 
decarboxylates spontaneously giving rise to 0-ketoadipate 
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decarboxylase. The proteins appear to have similar molecular 
sizes (93,000 daltons), subunit sizes (12,000 to 13,000 daltons), 
and crystalline structures. For these reasons it seems likely 
that they are the products of homologous structural genes. 

enol lactone (Ornston and Stanier, 1966) (Figure 1). The 
reaction is catalyzed by y-carboxymuconolactone decar- 
boxylase, an inducible enzyme formed by many bacteria 
during the utilization of P-carboxy-cis,cis-muconate. The 
mechanism of the y-carboxymuconolactone decarboxylase 
reaction is likely to be similar to that of muconolactone isom- 
erase, another inducible bacterial enzyme that gives rise 
to P-ketoadipate enol lactone (Ornston and Stanier, 1966) 
(Figure 1). The first investigations of the two enzymes in 
Pseudomonas putida revealed that they both were thermo- 
stable and that they appeared to have molecular sizes cor- 
responding to 93,000 daltons as estimated by gel filtration 
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TABLE I : Purification of y-Carboxymuconolactone Decarboxylase. 

Total Protein Sp Act. Purifcn 
Step Vol (ml) Total Act. (Units) (g) (Units/mg) Recov (z) (-fold) 

1. Crude extract 
2. Dialyzed extract 
3. DEAE-cellulose eluate 
4. 45-65 saturated am- 

5. Heat-treated extract 
6. Bio-Gel eluate 
7. QAE-Sephadex eluate 
8. 0-70% saturated am- 

9. Crystallization 

monium sulfate fraction 

monium sulfate fraction 

11,177 
12,896 
3,029 

438 

884 
495 
87 
7 

3 .2  

1,155,570 
1,063,426 

637,507 
495,350 

481,780 
387,552 
208,800 
190,467 

185,025 

363.7 
276,6 
29.6 
14.7 

2 . 2  
0.67 
0.11 
0.10 

0.086 

3 . 2  
3 .8  

21.5 
33.1 

218.0 
579.3 

1951.4 
1943,5 

2139.0 

100 
92 
55 
43 

42 
33 
18 
16.5 

16 

1 0  
1 . 2  
6 . 7  

10.5 

68.1 
181.0 
609.8 
601.3 

668.4 

(Ornston, 1966a,b). For these reasons, it was suggested that 
the structural genes for the enzymes may be evolutionarily 
homologous. 

The test for homology must be the comparison of primary 
sequences, a task that requires substantial quantities of pure 
proteins and is simplified if the subunit sizes of the proteins 
are relatively small. In the first paper of this series (Meagher 
and Ornston, 1973) we described the purification of mucono- 
lactone isomerase and reported that it possesses subunits of 
about 12,000 daltons. In this paper we present a procedure 
for obtaining homogeneous preparations of y-carboxy- 
muconolactone decarboxylase and present evidence indicat- 
ing that the subunit size of this protein is approximately 
13,000 daltons. 

Experimental Section 

Bacterial Growth. Pseudomonas putida strain PRS2105 
was grown under conditions described in the previous paper 
(Patel et al., 1973). 

BufSeers. Buffer A was 10 mM ethylenediamine dihydrochlo- 
ride-1 p~ MnC12, adjusted to pH 7.3 at  23" with NaOH. 

- O o c s = -  
$-carboxymuconolactone 

f3- ketoad ipa te  
enol - lactone / 

(+I muconolactone 

FIGURE 1:  Convergent reactions for the transformation of y- 
carboxymuconolactone and muconolactone to P-ketoadipate enol 
lactone. 
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Buffer B was prepared by mixing Na2HP04 and KH,POl 
to a final phosphate concentration of 20 mM and a final pH 
of 7.0 at 23". Buffer C contained 20 mM Tris-chloride and 0.1 
M NaCl at a final pH of 7.2 at 5 ', 

Chemicals. Hydrazine was purchased from Pierce Chemical 
Co. and quaternary aminoethyl- (QAE) Sephadex A-50 from 
Pharmacia Fine Chemicals. Sigma provided p-toluenesulfonic 
acid, and 3-(2-aminoethyl)indole was obtained from Mathe- 
son, Coleman & Bell. 

Enzyme Assay. Published spectrophotometric procedures 
were used for the determination of the activity of y-carboxy- 
muconolactone decarboxylase (Ornston, 1966a). During 
the first four steps of purification (Table I) the conversion 
of the substrate to /3-ketoadipate was measured in the presence 
of excess /3-ketoadipate enol lactone hydrolase; Ae2,0 for this 
reaction is 5170 M-1 cm-'. Heat treatment (step 5 in Table 
I) destroys hydrolase activity. After this step the conversion 
of y-carboxymuconolactone to P-ketoadipate enol lactone, 
for which Acl30 is 2730 M-' cm-1, was measured in the absence 
of the hydrolase. Protein concentrations were determined by 
the method of Lowry et al. (1951). 

Purijcation of y-Carboxymuconolactone Decarbox.ylase. 
The preparation of crude extract (step l), ammonium sul- 
fate treatment (step 2), and DEAE-cellulose chromatography 
(step 3) were described in the preceding paper (Patel et al., 
1973). The results of these and subsequent purification steps 
are summarized in Table I. The portion of the DEAE- 
cellulose eluate containing y-carboxymuconolactone decar- 
boxylase activity (step 3, Table I) was subjected to ammonium 
sulfate fractionation by previously described methods (Meag- 
her and Ornston, 1973); material precipitating between 45 
and 6 5 z  of saturation with respect to ammonium sulfate 
was dialyzed against buffer B and adjusted to a protein con- 
centration of 20 mg,'ml (step 4, Table I). The extract was 
maintained at  50" for 30 min and cooled to 5 " ,  and solid am- 
monium sulfate was added to 30% of saturation. Precipitated 
protein was removed by centrifugation, the pellet was washed 
with buffer B that was 30% saturated with respect to am- 
monium sulfate, and the supernatant fractions were pooled 
(step 5 in Table I). Ammonium sulfate was added to 75 of 
saturation and the protein that it precipitated was collected 
by centrifugation, dialyzed against buffer B containing 0.1 
M NaCl, and applied in 50 ml fractions to 5.0 X 100 cm 
columns of Bio-Gel Agarose A1.5m that had been equili- 
brated with the same buffer. The buffer was used to elute 
the protein at a flow rate of 60 ml/hr; fractions of 10 ml were 
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FIGURB 2: The elution of y-carboxymuconolactone decarboxylase from a Bic-Gel Agarose A l S m  column. Conditions of chromatography are 
described in the text. 

collected. The elution profile of the enzyme is shown in Figure 2.6 x 24.5 cm QAE-Sephadex column that had been equil- 
2. Fractions containing ycarboxymuconolactone decar- ibrated witb buffer C. Protein was eluted from the column 
boxylase activity were pooled (step 6, Table I); the enzyme at a flow rate of 15 ml/hr with buffer C containing NaCl in 
was precipitated by adding ammonium sulfate to 75 % of stepwise increments of concentration: y-carboxymucono- 
saturation, collected by centrifugation and dialyzed against lactone decarboxylase was retained on the column at a NaCl 
buffer C. In a volume of 39 ml, the enzyme was applied to a concentration of 0.13 M and was eluted with buffer contain- 

FIGURE 3: Crystals of y-carboxymuconolactone decarboxylase (left) and of muconolactone isomerase (right) formed in ammonium sulfate. 
Themagnification is 15oOX (CMD)and 500X (MI). 
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i 

ing 0.3 M NaCI. Fractions of 3.3 ml were collected; tubes 
containing y-carboxymuconolactone decarboxylase were 
pooled (step 7, Table I) and were used as a source of crystal- 
line enzyme. 

Solid ammonium sulfate was added to bring the QAE- 
Sephadex eluate to 70% of saturation with respect to am- 
monium sulfate. After centrifugation of the preparation, 
the pellet was dissolved in buffer B at a protein concentation 
of 14 mg/ml (step 8, Table I). Microcrystals of the decar- 
boxylase were formed by slowly adding buffer B that was 
saturated with ammonium sulfate to bring the solution to 
55% of saturation. The crystals were collected by centrifuga- 
tion, washed with buffer B that was 55% saturated with 
respect to ammonium sulfate and dissolved at 23" in buffer 
B that was 7 . S %  saturated with respect to ammonium sulfate 
(step 9, Table I). Denatured protein was removed by centrif- 
ugation, and the enerne was twice recrystallized by the 
same procedure. The microcrystals were stored in buffer 
B that contained ammonium sulfate at 30% of saturation. 
This material was used for characterization of the enzyme. 
The enzyme also could he crystallized by dialysis against 
distilled water. 

Immuno/ogical Techniques. Antisera against the decar- 
boxylase were prepared by previously described methods 
(Meagher and Ornston, 1973), and serological cross reactivity 
was tested on Ouchterlony double-diffusion plates by the 
method of Stanier et al. (1970). 

Acrylamide Gel Electrophoresis. Disc gel electrophoresis 
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(Davis, 1964) was performed at 5' with 7% gels as described 
previously (Meagher and Ornston, 1973); the reservoir 
buffer was 25 mM Tris-25 mM glycine, pH 9.0, containing 
1 mM mercaptoethanol. 

A discontinuous system was used for sodium dodecyl 
sulfate electrophoresis (Weber and Osborn, 1969); the reser- 
voir buffer was 25 mM Tris-25 mM glycine, pH 9.0, con- 
taining 0.1% sodium dodecyl sulfate and 0.1% mercaptn- 
ethanol. The 15% gel was composed of 15% acrylamide, 
0.36% bisacrylamide, 0.1 % sodium dodecyl sulfate, 0.005% 
ammonium persulfate, 0.08% N,N,N',N'-tetramethylethyl- 
enediamine, and 25 mM Tris-25 mM glycine titrated to pH 
7.0 with HCI. Gels were stained and destained by previously 
described procedures (Meagher and Ornston, 1973). 

Amino Acid Analysis. Amino acid analyses were conducted 
by previously described methods (Meagher and Ornston, 
1973; Patel ef al., 1973). The half-cystine content was mea- 
sured as cysteic acid on a Beckman 120B amino acid analyzer 
after a 24-hr hydrolysis in the presence of 2% dimethyl 
sulfoxide (Spencer and Wold, 1969). Tryptophan content 
was determined in 24-, 48-, and 72-hr hydrolysates that had 
been prepared in the presence of 3 N p-toluenesulfonic acid 
in 0.02% 3-(2-aminoethyl)indole (Liu and Chang, 1971). 
An independent determination of tryptophan was made by 
the method of Goodwin and Morton (1946). 

Amino-Terminal Residues. The amino-terminal residue 
of ycarboxymuconolactone decarboxylase was identified 
as its dansyl derivative (Wiener et al., 1972). 
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TABLE 11: Amino Acid Composition of y-Carboxymucono- 
lactone Decarboxylase.' 

No. of 

Amino Acid nmoles Daltons 
Calcd No. of Residues/13,000 

Lysine 12.8b 4.2 
Histidine 14.6L 4.8 

Aspartic acid 40.0 13.2 
Threonine 14.2 4.7 
Serine 11.7 3.9 
Glutamic acid 43.0 14.2 
Proline 8.4 2.8 
Glycine 23.5 7.7 
Alanine 34.1 11.2 
'/*-Cystine 5.6" 1.8 
Valine 18.3 6.0 
Methionine 16.4 5.4 
Isoleucine 19.9 6.6 
Leucine 31.4 10.3 

Phenylalanine 7.7 2 . 5  
Tryptophan 8.5 2.9d 

Arginine 29.0L 9.5 

Tyrosine 6.2 2 . 0  

a Hydrolysate derived from 40 p g  of protein was applied to 
each column of the amino acid analyzer. a Values for the 
basic amino acids were derived from hydrolysis in the presence 
of toluenesulfonic acid. e Hydrolysis in the presence of di- 
methyl sulfoxide. d Average of values from timed hydrolysis 
in the presence of thioglycolic acid (2.8 residues) and from a 
determination ofmaterial absorbing at 280nm (3.1 residues). 

Results 

Crystalline Shape. When prepared in ammonium sulfate, 
crystals of y-carboxymuconolactone decarboxylase and of 
muconolactone isomerase possess similar slender, elongated 
shapes (Figure 3). Crystallization of the two enzymes in 
distilled water produces shorter, thicker forms (Figure 4). 

Serological Studies. Antisera against thrice crystallized 
y-carhoxymuconolactone decarboxylase formed a single 
sharp precipitin band when tested on Ouchterlony double 
diffusion plates against either the crystalline enzyme or against 
crude extracts of induced cells. Muconolactone isomerase did 
not cross react with antisera against y-carboxymuconolac- 
tone decarboxylase. 

Disc Gel Electrophoresis. A single protein band was ob- 
served when crystalline y-carboxymuconolactone decarboxy- 
lase was subjected to disc gel electrophoresis; as shown in 
Figure 5, the decarboxylase migrates slightly more rapidly 
than muconolactone isomerase under these conditions. 

Subunit Size. Three independent runs of sodium dodecyl 
sulfate electrophoresis yielded subunit molecular weights 
ranging from 12,300 to 13,400 daltons for y-carboxymucono- 
lactone decarboxylase. The average value was taken to be 
13,000 daltons. 

Amino Acid Composition. The amino acid composition 
of y-cdrboxymuconolactone decarboxylase hydrolysates is 
shown in Table 11. 

Amino Terminus. Dansyl-methionine, slightly contam- 
inated with dansyl-glycine, was the only or-amino-substituted 
amino acid recovered after dansylated y-carboxymucono- 
lactone decarboxylase was hydrolyzed. Therefore the amino 

CUD C M D I M I  M I  
. .. . .  

25r9 2 5 P P  25rg 
EACH 

FIOURE 5: Disc gel electrophoresis of rsarboxymuconolactone 
decarboxylase (CMD) and of muconolactone isomerase (MI). 
The middle gel contained both CMD and MI. 

terminus of the decarboxylase, like that of muconolactone 
isomerase, appears to be methionine. 

Discussion 

Homogeneity of Crystalline y-Carboxymuconolactone De- 
carboxylase. After three crystallizations, y-carboxymucono- 
lactone decarboxylase behaves as a single protein in disc gel 
electrophoresis, in sodium dodecyl sulfate electrophoresis and 
on Ouchterlony double-diffusion plates. It thus appears that 
unlike former preparations of the decarboxylase (Ornston, 
1966a) the crystalline enzyme is homogeneous. 

Comparison of y-Carboxymuconolactone Decarboxylase 
and Muconolactone Isomerase. y-Carboxymuconolactone 
decarboxylase and muconolactone isomerase are immuno- 
logically remote. Stanier et al. (1970) demonstrated that 

TABLE 111: Mole Fractions of Amino Acids in y-Carboxy- 
muconolactone Decarboxylase, Muconolactone Isomerase, 
and Crude Extract of P. putida. 

Mole Fraction (Z) in: 

y-Carboxy- 

lactone De- lactone Crude 
Amino Acid carboxylase Isomerase Extract 

mucono- Mucono- 

Lysine 3.9 5.6 6.8 
Histidine 4.4 6.3 2.3 
Arginine 8.7 6.4 5.6 
Aspartic acid 12.1 10.5 8.2 
Threonine 4.3 4.0 4.6 
Serine 3.6 4.9 4.9 
Glutamic acid 13.0 9.7 10.0 
Proline 2.6 6.6 4.9 
Glycine 7.1 3.3 11.1 
Alanine 10.3 7.7 11.5 
Valine 5.5 1.3 1.3 
Methionine 5.0 5.3 2 . 2  
Isoleucine 6.1 3.0 5.4 
Leucine 9.5 12.9 9.3 
Tyrosine 1.8 3.4 2.3 
Phenylalanine 2.3 3.2 3.8 
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antisera prepared against the isomerase do not cross-react 
with the decarboxylase, and we have shown that antisera 
prepared against the decarboxylase do  not interact with the 
isomerase. In addition, the amino acid compositions of 
the two proteins (Table 111) are quite different in some re- 
spects: the ratio of proline to glycine, for example, is 0.36 
in the decarboxylase and 2.0 in the isomerase. Despite these 
dissimilarities, the two enzymes share more properties than 
can be readily ascribed to  coincidence. Their amino termini 
are methionine, their apparent molecular sizes are about 
9 3,000 daltons, and their unusually small subunit sizes 
are in the range from 12,000 to 13,000 daltons. The simi- 
larity of the crystalline structures of the enzymes (Figures 
4 and 5 )  suggests that the multimeric proteins may possess 
similar tertiary and quaternary structures. It therefore 
appears likely that the two enzymes are the products of homol- 
ogous structural genes. The validity of this proposal can be 
tested only by direct comparison of the primary structures 
of the proteins. 
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Elevated Levels of Acceptor Activity of Hepatoma 
Transfer Ribonucleic Acid1 

Andrew J. Ouellettel and Milton W. Taylor* 

ABSTRACT : It was originally observed that phenylalanyl-tRNA 
of hepatoma 5123 accepted 3- to 4-fold the amount of phenyl- 
alanine than isogenic liver tRNA. A comparison of the extents 
of aminoacylation of liver and hepatoma tRNAs for 15 other 
amino acids were compared. In 7 cases, the extent of hepatoma 
aminoacyl-tRNA formation was significantly greater than that 
for liver. This difference was less striking for another four 
amino acids, and the remainder gave essentially identical ex- 
tents of acylation. N o  instances were found in which greater 
amounts of amino acid were incorporated into liver tRNA. 

T he observation of tumor-specific phenylalanyl-tRNAs 
in Morris hepatomas 5123C (Gonano er al . ,  1971) and 5123D 
(Volkers and Taylor, 1971), and the suggestion from several 
laboratories (Strehler et al., 1967; Ilan ef al., 1970; Kanabus 
and Cherry, 1971) that processes of differentiation might be 
accompanied by changes in aminoacyl-tRNA synthetases, led 
us to investigate whether the phenylalanyl-tRNA synthetases 
of hepatoma 5l23D and rat liver had different properties. No 
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Control experiments effectively eliminated several sources of 
artifact which might have accounted for these differences. 
Periodate oxidation experiments revealed that the ratio of 
periodate protected:potentially acylatable tRNA was the 
same in both tissues. It appears, therefore, that hepatoma 
5123D contains, per microgram of tRNA, a greater number of 
tRNA molecules capable of amino acid acceptance than liver, 
and it is suggested that this may represent differential rates of 
tRNA processing and maturation in these tissues. 

differences were found between the liver and hepatoma en- 
zymes (Ouellette, 1972); however, it was noted that equiv- 
alent amounts of tRNA from these tissues differed in their 
extents of phenylalanine acceptance. Regardless of whether 
the liver or hepatoma enzyme was used, the aminoacylation of 
hepatoma tRNA consistently yielded twice the amount of 
phenylalanyl-tRNA as did liver tRNA. This paper describes a 
study determining the general nature of this phenomenon, and 
reveals significant differences between the tRNA populations 
of these two tissues. 

Materials and Methods 

The source and maintenance of tissues and the preparation 
of total tRNA have previously been described (Ouellette, 
1972). 


