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ABSTRACT

Benzoic acid metabolism was studied in Azotobacter vinelandii.
14A radioactive intermediate of C-benzoic acid metabolism was 

discovered. Preliminary evidence suggests that this intermediate may 

be 2 ,-hydroxybenzoate but positive identification was not achieved, 

values for several hydroxybenzoates and catechol on paper chromato

graphy in various solvent systems are given.

The oxygenase, metapyrocatechase, which catalyzes the oxida

tive cleavage of catechol to form a-hydroxy-cis, cis-muconic semi

aldehyde, was purified about 2 0 -fold from the soluble cell extract of 

benzoate grown cells, and partially characterized. The enzyme 

contains two sulfhydryl groups, readily titrable with 5,5 *-dithio-bis-

(2 -nitrobenzoic acid), which are not necessary for enzyme activity,
+ -4 4-5-Ag (1 x 10 M) completely inactivated the enzyme while Hg (1 x
-410 M) only partially inactivated it, Thioglycollate reactivated

-j-| .
inactive enzyme, while Fe had no reactivating effect.

-6The for catechol is 1.7 x 10 M. Azotobacter metapyro- 

catechase uses the following compounds as substrates t catechol,

3-methyl catechol, 4-methyl catechol, 3,4-dihydroxyphenylacetate,

3,4-dihydroxybenzoate, DL-3,4-dihydroxyphenylalanine, 3,4-dihydroxy- 

hydrocinnamate, and 3,4-dihydroxycinnamate. It does not use 2,3-dihydroxy- 

benzoate, £-aminophenol, or guaiacol. . High concentrations of catechol,

3-methyl catechol, or 4-methyl catechol inhibit enzyme activity. Thus

vili ' ■



ix
the Azotobacter enzyme is similar to metapyrocatechase isolated from 

Pseudomonaso These results suggest that the enzyme1s active site will 

accommodate a wide variety of substrates» Sulfhydryl groups are 

probably not involved in catalysis but may be necessary for maintenance 

of structural integrity.



INTRODUCTION

Most higher organisms cannot utilize the aromatic ring as a 

general source of carbon. Therefore, bacteria and molds which degrade 

aromatic compounds to the more readily utilized aliphatic substances 

perform a useful function in nature. Degradation of the simplest 

aromatic compounds, derivatives of the benzene nucleus, usually pro

ceeds by a.series of steps utilizing molecular oxygen, to some catechol 

derivative. This derivative is further degraded to aliphatic compounds 

which are readily metabolized by most biological systems,

This paper presents data concerned with oxidative steps involved 

in the metabolism of benzoic acid by a nitrogen-fixing soil bacterium, 

Azotobacter vinelandii. Although these steps probably involve enzymes 

that catalyze two" different types of oxygenation, the majoi? portion of 

the paper is concerned with the enzyme that catalyzes the oxygenation- 

and cleavage of catechol.

Benzoic acid was chosen as the aromatic carbon source since it 

is stable to spontaneous air oxidation and its sodium salt is quite 

water soluble. Investigation of bacterial breakdown of this compound 

should provide information regarding the steps common to. the metabolism 

of most of the simpler aromatic molecules, which are formed from-the 

decay of lignins and other phenolic plant materials.

Evidence will be presented which indicates that the enzymes 

that catalyze the first oxidative steps of benzoate metabolism, i.e»,

i .... ■ ,
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those steps which lead to catechol formation, are in the particulate 

portion of broken Azotobacter cells. Cell-free extracts of Azotobacter 

cells grown on sucrose as the carbon source cannot catalyze catechol 

oxidation, although similar material from benzoate-grown cells readily 

does so. This observation provides only indirect evidence for the 

existence of catechol in the benzoate pathway in Azotobacter. However, 

another soil bacterium, Pseudomonas, does produce catechol as an inter

mediate in benzoate metabolism (44)» Thus, it seems likely that since 

Azotobacter contains an enzyme which" catalyzes the oxidative cleavage 

of catechol, that this compound is in the pathway of benzoate metabolism 

in the latter bacterium as well.

Since the enzyme that catalyzes the oxidative cleavage of cate

chol in Azotobacter is a soluble enzyme, it was convenient to initiate 

the study of benzoate metabolism with an investigation of this enzyme.

In addition, this enzyme, catalyzes the cleavage of catechol, adjacent to 

the vicinal hydroxyl groups, a manner different from that of the better 

known enzyme, pyrocatechase, which catalyzes the oxidative- cleavage of 

catechol between the hydroxyl groups.

Dagley and Stopher (10) originally found the newer enzyme in a 

species of Pseudomonas and called it catechol 2,3-oxygenase0 Slightly 

later, Kojima et aJL (11) discovered the enzyme in another species of 

Pseudomonas and called it metapyrocatechase. This paper reports studies 

with a similar enzyme isolated from Azotobacter. While the enzymes from 

the two organisms are similar, certain differences exist which will be 

discussed.



LITERATURE SURVEY

Until 1955, molecular oxygen was generally considered to partic

ipate in biological oxidations only as an ultimate electron acceptor.
18 18In that year Hayaishi (1) and Mason (2) demonstrated with 0 and 0^

that molecular oxygen could act not only as the initial electron

acceptor, but also that it actually was incorporated into the oxidized

molecule, Hayaishi has described the two ways in which molecular oxygen

is incorporated into the oxidized molecule by the following equations (3):

S + Og = SOg (a)

S + 02 + AH2 = SO +  HgO + A (b)

The overall reaction given by equation (a) can be visualized as

the addition of both atoms of oxygen to a substrate molecule, Hayaishi'

proposed that enzymes that catalyze this sort of reaction 1?e called

oxygenases since the reaction appeared to be similar to oxygenation

reactions known to occur in chemical or photochemical processes (5),

In reaction (b) one atom of oxygen is added to a molecule of

substrate. The other atom of oxygen is reduced to water* .Thus this
1reaction requires an appropriate electron donor, such as NADH, NABPH, 

ascorbate, or tetrahydrofolate (4),

1, The following abbreviations will be used in this papers 
NADH, reduced nicotinamide adenine dinucleotide) NADPH, reduced nicotin
amide adenine dinucleotide phosphate) FMN, Flavin mononucleotide) FAD 
flavin adenine dinucleotide; pCMB, p~chloromercuribenzoate; EDTA, 
ethylenediaminetetraacetate; DTNB, 5,5*-dithio-lbis-(2-nitrobenzoic acid); 
DEAE, diethylaminoethyl cellulose; Tris; tris-hydroxymethlaminomethane; 
SD^ sodium dodecyl sulfate,

3



Unfortunately, the common system of nomenclature does not

always distinguish between an enzyme that catalyzes reaction (a) and

one that catalyzes reaction (b). Hayaishi has stated that u«.. the

term oxygenase, in a broad sense, may be assigned to a group of enzymes

catalyzing the activation of oxygen and the subsequent incorporation

of either one or two atoms of oxygen per mole of various substances" (3)<t

In the same paper he stated that, "the term oxygenase, in a

narrow sense, denotes a group of enzymes catalyzing the incorporation

of two atoms of atmospheric oxygen into one molecule of substrate.

One may designate these enzymes as true oxygenases, since, although the

detailed mechanisms are as yet unknown, they simply activate oxygen

molecules and incorporate them into organic substrates,

"The term hydroxylase, or mixed function oxygenase, denotes an

enzyme which catalyzes the incorporation of one atom of atmospheric

oxygen into various substrates."

This duplicity of nomenclature has caused considerable ambiguity.

As workers discover new enzymes that catalyze the oxygenation of

different substrates, they may refer to the enzymes as oxygenases,

although only one atom of oxygen may be incorporated into the substrate

(6-9). This problem partly results from the difficulty of showing the

source of the oxygen atoms, which requires the use of the mass spectro-
18meter to analyze for 0. In certain instances, two atoms of oxygen may 

be added to the substrate, but oxygen exchange with water may occur (37), 

or the second oxygen atom may be derived from water by the spontaneous 

or enzymatically catalyzed hydrolysis of the product (49)» For clarity.



5
this paper will refer to those enzymes that catalyze the incorporation 

of two atoms of oxygen into an organic molecule as oxygenases, and to 

those enzymes that catalyze the incorporation of one atom of oxygen as 

hydroxylases.

For steroid and aromatic hydroxylases most authors prefer to 

consider hydroxylation as the insertion of an atom of oxygen between the 

carbon atom and the hydrogen atom bound to it. Although this idea may 

not be mechanistically correct, the concept is convenient for the sake , 

of illustration. Table I lists some of the better known hydroxylases.

Numerous oxygenases have been isolated and studied. A few of 

the true oxygenases, i.e., those enzymes which catalyze the incorpora

tion of two atoms of oxygen into organic molecules, are listed in Table 

II. Note both that many of the enzymes contain iron, presumably in the 

ferrous state, and that oxygenation of a variety of organic compounds 

can occur. The great number of oxygenases makes a complete survey of 

these enzymes beyond the scope of this thesis. For this reason, the 

remainder of this survey will be concerned primarily with catechol 

oxygenases, i.e., those enzymes which catalyze the oxidative cleavage 

of the aromatic ring of various catechols,

Hayaishi (12) discovered the first oxygenase, pyrocatechase, in 

1949, although he did not recognize the enzyme as an oxygenase until 

later (1). This enzyme catalyzes the addition of one molecule of 

oxygen across the G-C double bond of catechol between the adjacent 

hydroxyl groups and the subsequent oxidative cleavage of the intermediate 

to form cis, cis-muconic acid. Both pyrocatechase and another oxygenase.



Table I* Hydroxylases,
Enzyme Source Electron

donor
Prosthetic
group

Product

Phenolase
(Monophenol oxidase)

plants substituted
phenol

(Cu) substituted
catechol

Peroxidase (salicylate 
as substrate)

horseradish dihydroxy
fumarate

heme gentisic
acid

Salicylate hydroxylase Pseudomonas FAD NADH catechol
Lactate oxidative 
decarboxylase

Mycobacteria pyruvate or 
reduced FMN

FMN, Cu? acetate

L-Phenylalanine
hydroxylase

liver, plants 5 ,6 ,7 ,8 -tetra-
hydropteridine

? L-tyrosine

Naphthalene 
hydroxylase *

liver NADPH heme 1 ,2 -dihydro- 
1 , 2  -dihydroxy 
naphthalene

Imidazole acetate 
hydroxylase

Pseudomonas NADH ? imidazolone
acetate

Kynurenate hydroxylase Pseudomonas NADH ■ FMN 7, 8 -dihydroxy 
kynurenate

Steroid 170!- 
hydroxylase

adrenals NADPH heme
(P450)

deoxycortico
sterone

Octane hydroxylase bacteria 1 ? n-octanol
Steroid 6 p- 
hydroxylase

adrenals NADPH ? 6 p-hydroxy 
estradiol

(Adapted from Mahler, H. R. and Gordes, E. H., Biological Chemistry, Harper and Row, 
Publishers, New York and London, 1966, p.564.



Table II, Oxygenases.

7

Enzyme Source Pros
thetic
group

Product Ref.

Pyrocatechase Pseudomonas (Fe2+) cis, cis- 
muconate

12,13
24,44

Metapyrocatechase Pseudomonas,
Azotobacter

(Fe2+) 2 -hydroxy 
muconic semi
aldehyde

1 0 , 1 1

this
paper

Protocatechuate
3,4-oxygenase

Pseudomonas,
fungi

(Fe2+) 3-carboxy-
cis, cis-muconate

24,38
42,44

Protocatechuate 
4 , 5 -oxygenase

Pseudomonas (Fe2+). 2-hydfoxy-3 -car- 
boxy muconic semi
aldehyde

16,17

3,4-Dihydroxyphenyl 
acetate 2 ,3-oxygen
ase

Pseudomonas. (Fe2+) 2 -hydroxy-3-car 
boxymethyl mucon
ic semialdehyde

18,19

Homogentisate
oxygenase

liver, kidney, 
bacteria

(Fe2+) 4-maleylaceto-
acetate

39,40

3-Hydroxyanthran- 
ilate oxygenase

liver, kidney (Fe2+) 2 -amino-3-carboxy 
muconic semialdehyde

14,41

Tryptophan
oxygenase

animal tissue, 
bacteria

(Fe por
phyrin)

L-formyIkynurenine 50

7, 8 -Dihydroxy kyn- 
urenate oxygenase

Pseudomonas ? 5-(3-carboxy-3-oxo- 
propenyl)-4, 6 -dihy- 
droxypicolinate

15

Lipoxygenase 
(unsaturated 
fatty acids)

plarits ? peroxyacids 47

2 -Amino Benzoate 
oxygenase

Streptomyces .? jjrnitro benzoate 36 .

Lysine oxygenase Pseudomonas ? 5-amino valerate 34

Pros taglandin 
oxygenase

testis, lung ? E-type prosta
glandins

37



protocatechuate 3,4-oxygenase, which catalyzes a similar cleavage, 

were later crystallized in Hayaishi1s laboratory. Although neither 

enzyme has a detectable heme group, both possess a distinct pink color, 

probably resulting from the presence of two gram-atoms of ferrous iron 

per mole of enzyme (24).

Following the initial discovery of pyrocatechase (catechol 

1,2-oxygenase) from a species of Pseudomonas, Stanier at al, (13) 

isolated an enzyme that catalyzed the oxidative cleavage of the aromatic 

ring of 3,4-dihydroxybenzoate (protocatechuate). Identification of the 

reaction product as y-carboxy-cis, cis-muconic acid proved that this 

enzyme catalyzed cleavage in a manner analogous to that of pyrocatechase 

These early studies led to the belief that cleavage of the 

aromatic ring generally occurred between the adjacent hydroxyl groups. 

This was thought to be the major, if not the only, means of cleaving 

catechols enzymatically« However, Wiss and coworkers (14) ,found that 

an intermediate in tryptophan metabolism, 3-hydroxyanthranilate, was 

cleaved adjacent to the vicinal hydroxyl group rather than between the 

amino and hydroxyl groups. This discovery, although-occurring in 

mammalian systems, is significant since 3-hydroxyanthranilate is a 

nitrogen analog of the catechol compound 2,3-dihydroxybenzoate. Thus 

Wiss deserves credit for discovery of an enzyme that cleaves a catechol

like compound in a manner different from that which had been observed 

by Hayaishi and Stanier. Later, this enzyme proved to be an oxygenase« 

While investigating the bacterial degradation of kynurenic 

acid, Hayaishi et al. (15) showed that 7, 8 -dihydroxykynurenic acid



was converted to 5-(y-carboxy-Y-oxopropenyl)-4, 6-dihydroxypicolinic 

acid (Figure 1).

OIQ Q
CO.H

COoH

Figure 1. Cleavage of Kynurenic Acid 
by an Oxygenase Found in Pseudomonas

The fission of the aromatic ring took place at the C-C bond 

adjacent to the vicinal hydroxyl group at the 8  position rather than 

between the two hydroxyl groups. As a result of this discovery, they 

investigated the possibility that catechol also was cleaved in this 

manner by certain strains of bacteria. Soon they found a species of 

Pseudomonas possessing an enzyme that catalyzed the cleavage of catechol 

adjacent to one of the vicinal hydroxyl groups (11). Almost simultan

eously, Dagley and Stopher (10) discovered a similar enzyme and showed 

that the enzymatic product was q-hydroxy-cis, cis-muconic semialdehyde. 

Dagley called the enzyme catechol 2,3-oxygenase while Hayaishi termed

it metapyrocatechase to distinguish it from the other catechol cleaving
2enayme, pyrocatechase. In contrast to pyrocatechase and protocate- 

chuate 3,4-oxygenase, one mole of metapyrocatechase contains only one 

gram-atom of iron (26).

2. The International Union of Biochemistry recommends that 
pyrocatechase be called catechol: oxygen 1 ,2 -oxidoreductase (1.13.1.1)
and that metapyrocatechase be called catechol: oxygen 2 ,3-oxidoreductase
(1.13.1.2).



Since Dagley's discovery, several enzymes that catalyze the 

oxidative cleavage of the C-C bond adjacent to the neighboring hydroxyl 

groups of various catechols have been reported (16-19). In a study of 

soil bacteria grown on various cresols Dagley recently found 13 

species that oxidized catechols in this manner (20-23). Thus, in 

contrast to previous views, there appears to be as much natural 

preference for this type of cleavage as there is for cleavage between 

the hydroxyl groups,

For the rest of this survey the properties of an enzyme, 

metapyrocatechase, catalyzing oxidative cleavage of the C-C bond 

adjacent to these hydroxyl groups will be discussed.



Properties of Metapyrocatechase

From sedimentation and diffusion equilibria data, Nozaki et, al*

(25) determined the molecular weight of the enzyme isolated from Pseudo

monas to be 140,000o From this information and from the rate of 

catalysis of a known amount of enzyme, they obtained a molecular 

activity of approximately 16,000 moles of catechol oxidized per minute 

per mole of enzyme» No unusual proportion of amino acids is present, 

although the protein is acidic (26). Table III summarizes the pertinent 

data for metapyrocatechase» • '

Table III. Properties of Metapyrocatechase from Pseudomonas (26)»

Molecular weight

S20,V Svedbergs

D 20,w10'7cm2/sec
Partial specific 
volume, cc/gm

140,000 gms/mole

5.54"

3,92

(0<75) (assumed)

17Absorbancy, A^^m , 280 mji 

Iron content, gm-a toms/mole

13.5

1

Specific activity 
pmoles substrate converted/ 
min/mg enzyme

116.0

Molecular activity 
pmoles substrate converted/ 
min/pmole enzyme

16,000

K , catecholm - 3 x 1Q“6 M  

7 x 10"6 M



Evidence for Ferrous Iron and Sulfhydryl Requirement., In early 

work crystallization of any oxygenase seemed impossible since the 

enzymes are extremely sensitive to oxygen in the air. Keeping metapyro- . 

catechase under nitrogen stabilized enzymatic activity, but inactivation 

inevitably occurred within one or two days (11). The discovery by 

Nozaki and his coworkers (25) that addition of 10% acetone to the 

buffered solution of enzyme stabilized metapyrocatechase indefinitely 

greatly facilitated study of the enzyme.

Because of the extreme oxygen sensitivity of the enzyme Hayaishi 

suggested that oxidation of the iron might be the cause of inactivation. 

To investigate this possibility, he treated the enzyme with another 

oxidizing agent, hydrogen peroxide, and found that this treatment also . 

inactivated the enzyme. This observation certainly does not prove that 

the species being oxidized is ferrous iron, but it strongly supports 

the theory that the cause of inactivation is oxidation of gome essential 

portion of the active site of the enzyme.

In an effort to implicate iron in catalysis, Hayaishi (27) 

found that orthophenanthro 1 ine inhibits catechol cleavage catalyzed by 

the enzyme, but that it does not remove iron from metapyrocatechase.

This information indicates that if the iron is taking part in catalysis, 

it must be very tightly bound to the enzyme. 7

Hayaishi obtained more concrete evidence for the participation 

of ferrous iron from electron spin resonance experiments. A peak 

appeared at g - 4 .2 , (indicative of ferric iron) which was dependent 

upon incubation of the enzyme aerobically in the presence of catechol.
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This observation suggests that a transient form of ferric iron develops 

under conditions that are suitable for catalysis. From this evidence 

Hayaishi proposed a hypothetical mechanism which could account for the 

enzymatic steps. This scheme is outlined in Figure 2 (28).

HO OH

F e * C>2 <—  Fe2' 02< z -

HO O H 0

HO OH HO OH
Fe^O-O" Fe2*

Fig. 2. Proposed Scheme for Oxidative Cleavage of Catechol 
by Metapyrocatechase. (28)

In addition to possessing ferrous iron, the enzyme also

apparently depends upon sulfhydryl groups for full activity. Heavy
++ +metal ions such as Hg and Ag strongly inhibit enzymatic activity. 

pCMB is also inhibitory, but four sulfhydryl groups, out of an apparent 

possible total of twelve, can be titrated without loss of catalytic 

activity.

Hayaishi substantiated the enzymatic requirement for ferrous 

iron and cysteine when he discovered that separate addition of ferrous 

iron or cysteine to the hydrogen peroxide inactivated enzyme restored 

partial activity, but simultaneous addition of both compounds restored



14
complete activity. Inactivation by peroxide was retarded by the presence 

of catechol. Such a result suggested that catechol protected a 

component of the active site from oxidation by the peroxide.

Enzymatic Product of Metapyrocatechase. Dagley and Stopher (10) 

deduced the structure of the product of the oxidative cleavage by this 

enzyme to be q-hydroxy-cis, cis-muconic semialdehyde. Kojima e_t al.

(1 1 ) confirmed the structure of the product through the use of elemental 

analysis and determination of the ultraviolet and infrared spectra, all 

of which were consistent with the structure given. The compound had 

a strong absorption maximum at 375 mp. ( e ^  = 33) in basic solution which 

shifted to about 320 mp. when the substance was placed in 0.1 M HCl.

The titration data of Kojima et a_l. indicated that the compound was a 

monobasic acid with a pK^ of 2.4. Standard qualitative tests (Schiff*s
3and Benedict's) showed the presence of an aldehyde group. Nozaki 

reported that dissolving the enzymatic product in glacial acetic acid 

saturated with ammonium acetate gave a derivative, q-picolinic acid.

Since q-hydroxy muconic semialdehyde has not been synthesized by 

organic methods, no comparison with an authentic sample could be made.

3. Nozaki, N., personal communication.



MATERIALS AND METHODS

Crystalline bovine serum albumin was obtained from Pentex, 

Incorporated, Kankakee, Illinois. Deoxyribonuclease, B grade, 5,5*- 

dithio-bis-(2-nitrobenzoic acid), digitonin, A grade, and p-chloro- 

mercuribenzoate were all obtained from Calbiochem, Los Angeles, 

California. Sodium dodecyl sulfate came from Nutritional Biochemicals, 

Cleveland, Ohio. Ponceau S dye and sodium deoxycholate came from Sigma 

Chemical Co., St. Louis, Missouri. Triton X-100 detergent came from 

Rohm and Haas, Philadelphia, Pennsylvania. Uniformly ring labeled 

^C-benzoic acid came from Nuclear-Chicago Co., Chicago, Illinois.

X-ray film came from Eastman Kodak Co., Rochester, New York. Thio- 

glycolic acid, practical grade, guaiacol, practical grade, and pyro- 

catechol (catechol), white label, were supplied by Eastman,Organic 

Chemicals, Rochester, New York, The substrate analogs were obtained 

from Aldrich Chemical Co., Milwaukee, Wisconsin, and were used as 

obtained, except for 3-methyl catechol and 4-methyl catechol, which 

were recrystallized two and three times, respectively, from benzene.

The Aldrich chemicals were of varying purity, cv-Amino phenol was 

practical grade, m.p. 170-174°, and all others were listed as having 

a melting range of two degrees except for the following, for which no 

melting point was given: 3,4-dihydroxyphenylacetate, 3,4-dihydroxy-

cinnamate, and DL-dihydroxyphenylalanine. All other chemicals were 

reagent grade from commercially available sources. Ion low water was

15
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prepared by passing ordinary distilled water through a Bamstead 

mixed bed ion exchange column, made by Barnstead Still and Sterilizer 

Co,, Boston, Massachusetts, This water was used to prepare all 

solutions, but ordinary distilled water was used to make the media.

Instruments

Most spectrophotometric measurements were made with a Beckman 

Model DB spectrophotometer fitted with either a Heath Servo-Recorder, 

Model EUW-20A, or with a Beckman 10-inch linear-log recorder. Model 

1005, Certain spectra were obtained with a Cary Model 14 spectro

photometer. The Michaelis constant-was determined from data obtained 

with the Beckman Model DB, but for concentrations of catechol below 

2 x 10 ^ M, it was necessary to use a Cary Model 11 spectrophotometer 

fitted with a 0-0.1 absorbance unit slide wire. Absorbance measurements . 

not concerned with rate determinations, such as those used to determine 

protein concentrations, were obtained with either the Beckman Model 

DU or Model.DB spectrophotometer.

Cells were harvested with a Sharpies Super Speed centrifuge.

Type T-l, at approximately 25,000 rpm at room temperature. Other 

centrifugations were carried out either in an International refriger

ated centrifuge. Model HR-1 set at 0°, in a Sorvall table top Model 

SS-1 placed in a cold room at 0-4°, or in a refrigerated Sorvall Model 

RC-2B at 0°.

All sonication of cell matter was performed with a Bronson 

"Sonic Power" Sonifier at 20 kc, power setting 6 , DC amperage 6 , Cell 

rupture was also achieved with a French pressure cell the piston of



which was driven by an electrically operated hydraulic press» Both 

of the latter instruments were manufactured by the American Instrument 

G o S i l v e r  Springs, Maryland.

Oxygen uptake studies were performed either in a Warburg 

constant volume respirometer or with a GME Oxygraph, both manufactured 

by Gilson Medical Electronics, Middleton, Wisconsin*

Electrophoresis was performed with a Gelman low voltage 

electrophoretic apparatus, on cellulose polyacetate paper, both from 

Gelman Instrument Co., Ann Arbor, Michigan, operated with a Heath 

Regulated Power Supply, Model IP-32. Electrophoresis was performed 

at 300 volts for periods ranging from 30 to 45 minutes.

The enzyme was examined for ultracentrifugal homogeneity in 

a Beckman Model E ultracentrifuge«, The artificial boundary centri- 

fugation was performed at 52,640 rpm with schlieren optics. Photo

graphs were taken on metallographic plates at 16 minute intervals 

beginning 10 minutes after the centrifuge had reached full speed. 

Exposure time was 15 seconds.

Experimental Procedures 

Maintenance and Growth of Organisms. Azotobacter vinelandii, 

strain 0, was obtained either from Dr. William A. Bulen, Kettering 

Research Laboratories, Yellow Springs, Ohio, or from the United States 

Department of Agriculture Type Collection, Peoria, Illinois.

Cell cultures were maintained by agitation at 30° on a shaker 

bath manufactured by the Warner-Chilcott Laboratories, Instrument 

Division. For growth of, large numbers of cells a large tank filled
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halfway with water was used as a constant temperature bath. The 

temperature was maintained at 30° with a mercury thermoregulator.

Type CE-712, obtained from Philadelphia Scientific Glass, Perkasie, 

Pennsylvania, and operated with a relay switch.

Nitrogen-free medium contained, per literj KE^PO^, 0.2g, K^HPO^, 

0,8g, NaCl. 0»2g, MgSO^'lHgOf 0,2g, CaSO^, 0.05g, and 1 ml each of 

stock solutions of the trace metals iron and molybdenum. The trace 

metal stock solutions were prepared in the following manner; iron, 

l,5g, of FeSO^'SE^O and 1,14g of citric acid dissolved in 100 ml of 

water; molybdenum, 0.2525g of NagMoO^'ZHgO dissolved in 100 ml of water. 

Benzoic acid (as 1% w/v sodium benzoate) served as the carbon source.

The stock solution of sodium benzoate was most easily prepared by 

dissolving the desired amount of benzoic acid in slightly less than 

the stoichiometric amount of NaOH in water and adjusting the pH of

the solution to about 7.3 with 5M NaOH, With this method, a 20%
/

solution (w/v) of sodium benzoate could be prepared and diluted as 

needed. The final pH of the growth medium was 7,3 +  0,05,

Stock cultures were maintained in 100 ml of medium in a 500 ml 

Erlenmeyer flask kept on a shaker bath at 30°. The culture was changed 

daily by transferring 5 ml of the old culture to a flask containing 

fresh medium. Agar slants were maintained in the refrigerator at 0-4°, 

but had to be changed every two weeks since the agar darkened and the 

cells were no longer viable if left for longer periods.

For inoculum two shake cultures which had been prepared in the 

above manner, except that they had been inoculated with 1 0  ml of the 

old culture to provide a greater number of bacteria, were allowed to
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grow 24 hours at 30°• These were then transferred to 8  liters of sterile 

medium in a 1 2  liter carboy and the culture was grown for 22-24 hours 

with forced aeration, four pounds pressure, in a constant temperature 

bath maintained at 30° o The cells were harvested by centrifugation 

and stored at -10° without washing* During longer periods of growth, 

the pH of the culture rose above 9*0, and both a lower yield of cells 

and a loss of the cellsv ability to take up oxygen in the presence of, 

benzoate resulted.

Methods Used to Separate Catechol and Various Hydroxybenzoates 

By Paper Chromatography, Since no reference describing a satisfactory 

method for separating hydroxybenzoates could be located, a series of 

solvent systems were examined for their effectiveness in separating 

these compounds, Some guidance in these studies was obtained from 

material contained in Harborne9s book (52),

The compounds examined included catechol, salicylic; acid,

£- hydroxybenzoic acid, 2 ,4-dihydroxybenzoic acid, 2 ,5-dihydroxybenzoic 

acid. Also examined only in the solvent system tert-amyl alcohol 

saturated with 2 % ammonia were gallic acid, protocatechuic acid, and 

m-hydroxybenzoic acid* The compounds were prepared as approximately 1 

x 10 3  M  solutions in 100% ethanol*. This method of preparation retarded 

the air oxidation of the compounds, At the time that these studies 

were made, neither 2,3-di,hydroxybenzoic acid nor 3,4-dihydroxybenzoic 

acid (protocatechuic acid) was available.

The solvent systems examined (with the ratio of components in 

parentheses) included: ethyl acetate:hexane (75:25); benzene:acetic
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acidrwater (upper layer) (6:7:3)^ n-butyl alcohol:acetic acid:water 

(11:3:8); n-butyl alcohol:acetic acid:water (upper layer) (4:1:5); 

dioxane:acetic acid:water (3:1:1); n-propyl alcohol:water:ammonia 

(8 :1 :1 ); isopropyl alcohol:water:ammonia (8 :1 :1 ); isopropyl alcohols 

water:ammonia (8:3:1); tert-butyl aIcoho1:water:ammonia (8:1:1); 5% 

aqueous acetic acid; and the following alcohols, each saturated with 

2% ammonia: n-butyl, sec-butyls and tert-amyl« The alcohols satur- ■

ated with 2 % ammonia were the most effective in separating the com

pounds, but none effected complete separation. With the first seven 

solvent systems all of the compounds moved with the solvent front, 

and severe streaking resulted.

These preliminary experiments were performed in 1 gallon pickle 

jars with a 400 ml beaker in the center containing about 50 ml of 

the developing solvent. The cover was placed on the jar and the atmos

phere in the jar allowed to equilibrate with the solvent, ,Equilibration 

was accelerated by placing strips of filter paper soaked in the solvent 

into the jar. The compounds were chromatographed side by side on 

strips of Whatman No, 1 filter paper that had one end placed in the 

developing solvent. Chromatography proceeded for periods ranging 

from 30 minutes to several hours depending on the rate of movement of 

the solvent.

Three methods were used to visualize the compounds; ultra

violet light, and spraying with either diazotized sulfanilic acid 

followed by an overspray of 2 0 % Na^CO^# or with 1 % alcoholic FeCl^»

Of the chemical methods, each had its drawbacks, as the latter did
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not visualize jD-hydroxybenzoic acid very well, and the former caused 

the formation of an orange background and the colors tended to smear*

None of the methods visualized benzoic acid. Attempts to visualize 

this compound with bromcresol green spray were not successfule

To rule out the possibility that the acids might interact 

when mixed together to cause values different from those observed 

when the compounds were chromatographed individually, they were chromato

graphed in a mixture for 15 hours in tert-amyl alcohol saturated with 

2% ammonia«, No variation in values for any of the compounds was 

observed when either a mixture of the compounds or individual compounds 

were chromatographed.

Methods Used in an Attempt to Isolate Intermediates in the 

Benzoate Pathway  ̂ A solution, of 10 ml of 5 x 10 ^ M  benzoate in 0,025 M  

phosphate buffer, pH 7*5, was prepared and 50 pcuries of uniformly ring 

labeled ^C-benzoic acid were dissolved in the solution, %his solution 

was diluted so that it was 5 x 10 M  in benzoate by adding 0*1 ml of 

the above stock solution to 0*9 ml of 0*025 M  phosphate buffer, pH 7*5,
7Since 50 pcuries of radioactivity corresponds to 1,15 x 10 disintegra

tions per minute, the diluted solution possessed I*15 x 10^ 

disintegrations per minute. This dilution was planned so that sufficient 

radioactivity would be present to properly expose the X-ray film that 

was used in the second part of the experiment* To the latter solution 

15 pi of a suspension of cell particles were added. This suspension 

was prepared by taking the fraction that sedimented at 10,000 x g and 

resuspending 2.2 g of this pellet in 6*0 ml of 0*025 M  phosphate, 

pH 7.0, The mixture was incubated at 30° for one hour. At the end of
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this time the reaction was terminated by adding 0.2 ml of 30% trichloro

acetic acid. After the precipitate settled, 50 pi of the supernatant 

was spotted onto Whatman No. 1 filter paper cut into strips about 40 

cm long. This amount of supernatant possessed about 5,000 disintegra

tions per minute of radioactivity. About 15 pi of the stock solution 

of radioactive benzoate, containing about 15,000 disintegrations per 

minute, was spotted adjacent to the sample. For comparison with

possible intermediates, 15 pi of a standard mixture containing
-3approximately 1 x 10 M  each of benzoate, salicylate, £-hydroxyben-

zoate, 2,4-dihydroxybenzoate, 2,3-dihydroxybenzoate and catechol in

95% ethanol were spotted adjacent to the benzoate blank. The compounds

were separated by descending chromatography for 24 hours using tert-

amyl alcohol saturated with 2% ammonia as the developing solvent. At

the end of this time the paper was dried and clamped to a strip of

X-ray film. To insure good contact of the paper with the film, they

were sandwiched between two pieces of plate glass. After 48 hours

exposure the film was developed and the exposed spots compared with the

standard spots which had been visualized by spraying with a solution

of 1% FeCl^ in 95% ethanol.

Preparation of Solutions of Catechol Analogs. Initially the
-3stock solutions of the analogs were prepared as 1 x 10 M  solutions 

in 0.05 M phosphate buffer, pH 7.5, but the rapid development of a color 

indicated that the organic compounds were being non-enzymatically 

oxidized by dissolved oxygen. To circumvent this difficulty, they were 

dissolved in 0.05 M acetate buffer, pH 4.5, in which the rate of
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spontaneous oxidation of the catechol derivatives is not appreciable*

For rate studies the stock solutions were diluted to 1 x 10 ^ M  with 

0*05 M  phosphate buffer, pH 7*5, immediately before use* The final 

pH of this solution,was about 7-4*

Preparation of Solutions for Inhibition Studies* Those com

pounds investigated as possible inhibitors of the enzyme were prepared 
-3as 1 x 10 M  solutions in either 0*05 M  phosphate buffer, pH 7*5, 

or in 0*05 M  tris buffer, pH 7*5* The effects of these compounds in 

two different buffer systems were compared in an effort to differentiate 

between spurious results which might occur because of the water 

insolubility of many heavy metal phosphates (51) and the co-ordination 

compounds which might occur between the metals and tris (48)*

Catechol was prepared as 1 x 10 ^ M  stock solutions in each of the two 

buffers and diluted with the appropriate buffer to a final concentration 

of 1 x 10 ^ M* /

Solutions Used for Enzyme Reactivation Studies* Stock solutions .

were prepared in 0*05 M  tris-acetate buffer, pH 7*5* They consisted of,
-2 -9respectively, 1 x 10 M  FeSO^, 1*7 x 10 M  thioglycollic acid, and

-2 -2 1 x 10 M  FeSO^ plus 1,7 x 10 M  thioglycollic acid* The thioglycol

lic acid concentration was determined by the method of Eliman (45) *

Methods Used for Spectrophotometric Titration of Sulfhydryl 

Groups * The number of titrable sulfhydryl groups on the enzyme was deter

mined with DTNB by the method of Eliman (45), Titration was first 

performed in tris buffer to determine the number of readily available 

sulfhydryl groups. Titration was then performed in tris buffer
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containing detergent to determine the number of additional sulfhydryl

groups normally not exposed. Calculations were based on the assumption

that the Azotobacter protein has a molecular weight of 140,000, the

same as the Pseudomonas enzyme (11)» The millimolar absorptivity of

the titration product is 13.6 at this pH and 412 mjj., (45).

The reaction mixture for the first portion of the experiment

consisted of 1.6 ml of 0,1 M  tris-hydrochloride buffer, pH 8.0, 0.2 ml

of approximately 1 x 10 ^ M  DTNB in acetone, and 0.2 ml of an enzyme
-2preparation that contained 1.7 x 10 jjunoles of enzyme. A  reference 

cuvette contained 1.8 ml of 0.1 M  tris-hydrochloride buffer, pH 8.0,
3

and 0.2 ml of 1 x 10 M  DTNB in acetone. Titration was performed 

comparing the sample to the reference at 412 mp. to compensate for any 

spontaneously hydrolyzed DTNB» Reaction was allowed to proceed for 

one hour, or until no further increase in absorbance occurred. The 

second part of the experiment was performed in a similar manner, 

except that the tris-hydrochloride buffer contained 0,035 M  sodium 

dodecyl sulfate (SDS),

The number of pinoles of DTNB was always present in about 10- 

fold excess to that of protein. To be sure that there was excess DTNB 

remaining at the end of the experiment, a small amount of thioglycollate 

was added to the reaction mixture.

Assay Methods. Protein concentrations were determined with the 

Lowry method (31) by taking the absorbance at 540 mp., A standard stock 

solution of bovine serum albumin, 10 mg/ml, was diluted and used to 

make a calibration curve (Fig. 3). The Lowry method is very sensitive, 

which makes it possible to determine protein concentrations of between
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0.2 to 0,04 mg/ml with ease. Each time a protein sample was deter

mined, the of a 1:100 dilution of the standard bovine serum

albumin stock was determined concurrently as a check.

The Oxygraph was most often used to examine cells or cell

extracts for oxygen uptake. The instrument was insensitive to changes
-5in oxygen concentrations of less than 5 x 10 M. The standard assay 

solution contained 50 pmoles of phosphate and 1 jjmole of the aromatic 

compound in question in 1 ml of solution, pH 7*5. To this mixture 

was added 10-15 jj.1 of cell suspension or cell extract diluted so that 

the oxygen uptake rate was about 10-20 pmoles per minute. Since under 

these conditions the concentration of a saturated solution of oxygen 

is about 1,3 x 10 M  (35), oxygen was always present in excess, The 

reaction chamber was thermostatted at 30° by connecting the jacket to 

a circulating pump placed in a 30° water bath.-

The standard assay mixture used in the Warburg constant volume 

respirometer apparatus consisted of 135 jjmoles of phosphate, pH 7.5, 

and 1 pmole of the compound under investigation in a total volume of

2.7 ml. One-tenth ml of the cell preparation was placed in the side 

arm and 0.2 ml of 20% KOH was placed in the center well. After" thermal 

equilibrium was reached (about 15 minutes), the apparatus was tipped 

to mix the contents of the side arm with the material in the center well, 

and was agitated at 30°. Readings of oxygen consumption were taken at 

regular intervals, generally 10 minutes.

Most rate data were obtained with a spectrophotometer at 23°.

The standard spectrophotometric assay mixture consisted of 100 (jmoles
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Fig. 3. Standard Curve for Protein Concentration by the Lowry Method.
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of phosphate, pH 7.5, and 0.02 pmoles of catechol in a total volume of

2.0 ml, in a 2 ml cuvette with a 1 cm light path. Reaction was initiated 

by addition of 10 pi of an enzyme preparation that had been diluted so 

that the increase in absorbance at 375 mp (A has about 0.6/min.

The recorder chart speed could be varied if necessary to adjust the slope 

of the trace. Under the conditions of assay, the millimolar absorptivity 

of the product was determined to be 43 at 375 mp. From this value it 

was calculated that an absorbance change of 0.6/min corresponded to the 

oxidation of approximately 0.28 pmoles of catechol per minute.

An enzyme unit is defined as that amount of enzyme that causes 

the oxidation of 1 pmole of catechol per minute. Specific activity is 

defined as the number of enzyme units per milligram of protein.

Kojima et_ al. (11) found the millimolar absorptivity of the 

product to be 33 by isolating the product and observing the absorbance 

of a solution containing a known weight of the material in 0.05 M 

phosphate, pH 7.5. If the material were not perfectly pure, the 

apparent absorptivity would be expected to be lower than the true value. 

Using their value, one would obtain an apparent rate of oxidation of 

catechol higher than the true value. The millimolar absorptivity given 

in this paper was obtained by observing the maximal absorptivity of the 

solution when a known amount of catechol was oxidized. This method 

assumed complete oxidation of the catechol in the solution, but does 

not require isolation of the product.

Determination of the Michaelis Constant for Catechol. All 

solutions were prepared in 0.05 M phosphate buffer, pH 7.5. The more



concentrated solutions were prepared by diluting a stock solution of 
—31 x 10 M  catechol to the desired concentrations. The lower concen

trations were made by diluting a stock solution of 1 x 10 M  

catechol to the appropriate concentrations. Kinetic data were deter

mined by means of the spectrophotometric assay system described 

previously. From these data the Michaelis constant was determined 

according to the graphical method of Hanes (32)»



EXPERIMENTAL SECTION

This,section describes the results obtained in an attempt to 

isolate intermediates of benzoate oxidation and the results of experi

ments concerning the properties of metapyrocatechase isolated from 

Azotabacter vinelandii,

Study of the Pathway for Benzoate Metabolism

Attempts to Solubilize the Enzyme Catalyzing the Oxidation of

Benzoate, Oxygen uptake by benzoate grown cells occurred in the presence 
-3of 1 x 10 M  benzoate as measured with the Warburg constant volume 

respirometer or with the Oxygraph* Some loss of this activity ensued 

when the cells were broken either with the French pressure cell or 

with sonication* Repetition of either treatment of the broken cells/ even 

at 0°, progressively destroyed their ability to take up oxygen. Destruc

tion of the enzyme system by oxygen as the cells were disrupted may 

account for this inactivation* The effect of breaking the cells in an 

inert atmosphere was not examined, Voets (33) found that acetone 

powders of benzoate grown cells would take up oxygen in the presence 

of benzoatee This procedure may circumvent the problem of disrupting 

the cells by the methods that were tried*

Centrifugation of broken cells at various speeds in the 

International centrifuge indicated that the great majority of benzoate 

oxidative ability remained in the fraction that sedimented at 3000 rpm

a
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(4300 x g)e Attempts to solubilize the benzoate oxidizing fraction , 

included repeated sonication of the cell debris, suspension in 1*5% 

sodium deoxycholate, pH 7.0, suspension in 1% digitonin, pH 7.5,

.suspension in Triton X-100, and extraction into n-butyl alcohol at

-12 to -15°o Each of these treatments caused total loss of activity,
-3 -for oxygen uptake, even in the presence of 5 x 10 M  benzoate.

Whole cells utilized oxygen in the presence of 1 x 10 ^ M 

salicylate, but not in the presence of 1 x 10 ^ M  ]D-hydroxybenzoatea 

Preliminary studies indicated that the salicylate oxidizing system 

was not in the soluble fraction of the cells*

Separation of Possible Intermediates of the Benzoate Pathway.

The samples were spotted individually adjacent to one another using a 

1 mm capillary tube drawn to a fine point* The size of the spot was 

minimized by using a hair dryer to rapidly evaporate the solvent as the 

sample.was applied. The experimental conditions are described in the 

"Methods and Materials1* section.

In sec-butyl alcohol saturated with 2% ammonia all components 

tested were well separated except for salicylate and 2 , dihydroxyben- 

zoate, Tert-amyl alcohol saturated with 2% ammonia did not separate 

£~hydroxybenzoate from 2,4-dihydroxybenzoate * All. of the other compounds’ 

tested separated well in both of the solvent systems* (See Table IV 

for values in the various solvent systems.) Thus, through simul

taneous use of both solvent systems discussed here, all of these 

compounds can be distinguished from one another* In a later experiment

2,3-dihydroxybenzoate was found not to separate well from £-hydroxy- 
benzoate and 2,4-dihydroxybenzoate in tert-amyl alcohol saturated with
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Table IV. Approximate Values for Certain Phenolic Compounds in 
Various Solvent Systems „

Solvent System
Phenolic cpd. A B C D E F G H

catechol .71 .75 .70. .78 .61 .80 .84 .87

salicylic acid ,68 .45 ,74 .82 .71 .38 .64 .35

jD-hydroxybenzoic acid .09 .13 ,38 .11 .75 .20 .05

2,4-dihydroxybenzoic acid .17 .13 ,23 ,24 .15 ,31 ,24 ,09

2,5-dihydroxybenzoic acid ,17 .26 .54 ,69 .44 .13 ,48 .20

H
2^3-dihydroxybenzoic acid .12

3.4-dihydroxybenzoic acid .51

gallic acid .00

m-hydroxybenzoici acid . .15

A, n-propyl alcohol: HgO: NH^ (8:1:1); B, n-butyl alcohol saturated
with 2% ammonia; C, isopropyl alcohol; S^O: NH^ (8:1:1); D, isopropyl
alcohol: E^O: NH^ (8:3:1); E_, tert-butyl alcohol: HgO: NH^ (8:1:1);
Fj, sec-butyl alcohol saturated with 27. ammonia; G, tert-amyl alcohol 
saturated with 0.05 M  phthalate buffer, pH 6.0; H, tert-amyl alcohol 
saturated with 2% ammonia.

Compounds were chromatographed individually on Whatman No. 1 
filter paper by ascending chromatography * Standards were prepared by 
methods described in the text.

t
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2% ammoniao This is a critical matter, as will be pointed out in

the next section.

Attempts to Identify Intermediates of Benzoate Oxidation. The

techniques of radioactive labeling and chromatography were utilized in

the hope of identifying intermediates of benzoate oxidation* Although

it was not entirely satisfactory, tert-amyi alcohol saturated with 2%

ammonia was the best single available developing solvent.

Development of the film showed two spots close together,

= .05 and R^ = *10, respectively* The spot closest to the origin

corresponded to the benzoate standard. The compound that corresponded

to the spot having the greater R^ value was not positively identified.

In this experiment, catechol and salicylate had moved farther along the

chromatography paper than that portion covered by the X-ray film.

Consequently, conclusions about the presence of* labeled catechol or

salicylate derived from the labeled benzoate could not be made. In
14this experiment too much stock solution of G-benzoate was applied, 

so that the spot corresponding to the control was overexposed and 

excessively large* In subsequent experiments the amount of control 

applied was reduced from 15 \xl to 1 pi.

In an effort to produce spots corresponding to rapidly labeled

intermediates incubation times were reduced to periods from 5 seconds 

to 30 minuteso In each case, only those corresponding to the spots 

mentioned above became apparent» In these experiments the X-ray film 

was cut in half and the pieces laid end to end so that the film covered 

the entire piece of chromatography paper. No spot corresponding to
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either catechol or salicylate appeared. These experiments should be 

repeated with a more efficient method of chromatography and with a 

more complete list of possible intermediates, especially protocatechuate 

and q-hydroxy-cis, cis-muconic semialdehyde. Possibly more concrete 

results might be obtained from the use of methods of separating benzoates 

and hydroxybenzoates given by Pinella e_t al. (55).

Growth of Azotobacter on benzoic acid results in the accumu

lation of a yellow material in the growth medium. Incubation of 

resuspended frozen cells with benzoate produces the same effect, the 

yellow color becoming noticeable after approximately two hours. 

Acidification of the growth medium or the incubation mixture results 

in disappearance of the yellow color. Extraction of the acidified 

solutions with ethyl acetate followed by re-extraction of the ethyl- 

acetate with 5% NaHCO^ results in reappearance of the yellow colored 

material (absorption maximum, 375 mp.) in the bicarbonate solution. This 

material does not move upon chromatography in tert-amyl alcohol 

saturated with 2% ammonia, but upon chromatography in n-butylalcohol: 

acetic acid: water (4:1:5) it displays an identical value to the

product of oxidative cleavage of catechol catalyzed by metapyrocatechase. 

All of these pieces of evidence indicate that the yellow material that 

accumulates in the course of benzoate metabolism is q-hydroxy-cisy cis- 

muconic semialdehyde. Thus one must conclude that the slowest step 

during the oxidative metabolism of benzoic acid is probably the further 

metabolism of q-hydroxy-cis, cis-muconic semialdehyde.



As a result of this observation a successful attempt to isolate 

the enzyme responsible for production of the yellow material was made. 

The isolation of the enzyme, later identified as metapyrocatechase, 

will now be discussed*



Isolation of Metapyrocatechase 

The method of isolation was essentially that of Nozaki jet aJL 

(25) with certain modifications. All stages of preparation were 

performed at 0-4°•

Crude Extract. Forty grams of cells were suspended in 120 ml 

of 0,05 M  phosphate, pH 7,5, and disrupted by sonication at 20 kc, 

power setting 6, DC amperage 6, for one minute, Cell debris was removed 

by centrifugation at 10,000 x g for 15 minutes»

Acetone Fraction, To the crude extract about 250 pg of deoxy

ribonuclease were added and the mixture kept at room temperature for 

about 30 minutes. One volume of cold acetone (-10°) was added to the 

crude extract and the precipitate was removed by centrifugation at

10,000 x g for 15 minutes and was discarded. The precipitate formed 

after addition of a second volume of cold acetone to the supernatant 

fluid, was removed by centrifugation. This second precipitate was 

suspended in about 20 ml of 0,05 M  phosphate buffer, pH 7*5, containing 

10% acetone by volume, (Hereafter this buffer mixture will be referred 

to as acetone-buffer,) Undissolved material was removed by centri

fugation and the clear brown solution was dialyzed overnight against 

acetone-buffer at 0-4°»

DEAE Cellulose Chromatography, The dialyzed solution was placed 

on a 2 x 15 cm DEAE cellulose column previously equilibrated with 

acetone-buffer. The enzyme was then eluted with a linear gradient of

35
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ammonium sulfate (0-5%) in acetone-buffer (See Fig, 4), The bottom of 

the reservoir containing 5% ammonium sulfate in acetone-buffer was 

connected to the bottom of the mixing chamber containing an equal amount 

of acetone-buffer« The mixing chamber was connected to the column and 

its contents were stirred rapidly with a magnetic stirring bar to 

maintain homogeneity. The tubes containing active enzyme were located 

by adding a 0.1 ml sample of eluate to a test tube containing 1 ml of
■ -31 x 10 M catechol in 0.05 M phosphate buffer, pH 7,5. The appearance 

of a yellow color served to indicate the presence of the enzyme.

Precipitation of the Enzyme. To the combined active fractions 

(about 300 ml) 1.7 volumes of cold acetone (-10°) were added and the 

precipitate was removed by centrifugation at 10,000 x g for 15 minutes. • 

Since the eluate containing enzyme also contained a large amount of 

ammonium sulfate, addition of acetone resulted in copious precipitation 

of ammonium sulfate. This salt was removed to allow the protein to 

redissolve in the next step. Removal was effected by suspending the 

precipitate in about 10 ml of acetone-buffer and dialysing against 

acetone-buffer overnight. After two or three changes of acetone-buffer 

during this period, each time followed by further dialysis, most of the 

ammonium sulfate was removed* Centrifugation of the dialyzed solution 

removed any denatured protein. To effect precipitation, finely powdered 

ammonium sulfate was slowly added to the clear solution until cloudiness 

resulted. Precipitation of the protein generally.began when the solu

tion was about 60% saturated with ammonium sulfate. As the ammonium 

sulfate was added, gas bubbles formed in the solution which initially 

appeared to be a precipitate. After a few seconds these bubbles rose



Fig, 4« Chromatography of Metapyrocatechase on DEAE Cellulose.

The dialyzed acetone fraction was applied to a column 
(15 x 2 cm), previously equilibrated with 0.05 H  phosphate buffer, 
pH 7.5, containing 10% acetone (acetone-buffer). After washing the 
column with acetone-buffer, the enzyme was eluted with a linear 
gradient of ammonium sulfate (0-5%), applied at the point indicated 
by the arrow. Fractions of about 20 ml were collected at a flow 
rate of 48 ml per hour. Solid line and dashed line show the 
protein concentration and enzyme activity, respectively, in each 
fraction.
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to the surface, leaving a clear solution* Precipitation was allowed 

to proceed overnight at 0-4°« After the precipitated protein was 

removed by centrifugation, it was redissolved in a small volume (2 m l ) ' 

of acetone-buffer* The protein was reprecipitated by adding.powdered 

ammonium sulfate as above* Some evidence suggested that best results 

were obtained when the reprecipitated material was centrifuged shortly 

after precipitation, rather than after waiting overnight* Although 

this procedure may have prevented some enzyme from precipitating, it 

had the advantage that most of a yellow protein contaminant also 

remained in the supernatant fluid* This yellow protein proved to be 

extremely difficult to remove by recrystallization* A summary of the 

purification procedure is shown in Table V<?

Table V* Purification of Metapyrocatechase*

Volume
(ml)

Protein
(mg)

Enzyme
units

Specific
activity

Yield
%

Crude extract 130 850 191 0.225 100.0

Acetone fraction 10.5 170 176 1.038 86.8

DEAE cellulose 
chromatography

17.4 31.3 68.0 2.170 36.1

1st crystallization 0.8 2.8 12.1 4.310 6.3

2nd crystallization 0.8 2.4 10.8 4.500 5.6

The assay was performed by the standard spectrophotometrie 
method* One unit of enzyme is defined as that amount that catalyzes 
the oxidation of 1 [mole of catechol per minute* Specific activity 
is defined as the number of enzyme units per milligram of protein*



Estimation of Protein Purity

Two separate methods for determining protein purity were 

employed, low-voltage electrophoresis on cellulose acetate paper and 

ultracentrifugation. Of the two methods, electrophoresis is considered 

to be the more sensitive.

Electrophoretic Purity. The electrophoretic purity was deter

mined by placing about 3 pi of a twice recrystallized protein sample 

on a cellulose acetate strip that had been activated by immersion in

0.025 M phosphate buffer, pH 7.0. After placing the strip in a Gelman
0

low voltage electrophoretic apparatus electrophoresis was allowed to 

proceed for 35 minutes at 300 volts in 0.025 M phosphate buffer, 

pH 7.0. The strip was removed and was placed in a solution of 0.5% 

Ponceau S dye in 5% trichloroacetic acid for 5 minutes to stain the 

protein. The excess dye was removed by several washings with 5% 

acetic acid. At this time three bands were visible, the one that 

moved farthest toward the anode being much more pronounced than the 

other two, A separate sample, subjected to electrophoresis in the 

same manner but not stained with the dye, was sprayed with a solution 

of 1 x 10 ^ M  catechol in 0.05 M  phosphate buffer, pH 7.5, A yellow 

color developed at the same distance from the origin as that of the 

darkest red band on the sample treated with the Ponceau S dye. This 

experiment indicates that the enzyme was the protein present in the 

greatest proportion.
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The purity of the enzyme was quantitatively determined by 

cutting out the dyed strips and eluting the dyed protein with 0.1 M  

NaOH. A strip that possessed no visible color was treated in the 

same manner and used as a blank. The absorbance of each sample was 

read at 540 mp. This treatment indicated that the preparation of 

metapyrocatechase was about 87% pure.

Ultracentrifugal Purity. The artificial boundary method of 

sedimentation was employed to determine the ultracentrifugal purity 

of the same preparation of enzyme that was examined electrophoretically» 

As may be seen from Fig. 5^ the enzyme migrated as a single homogeneous 

material in the ultracentrifuge. The lack of a horizontal baseline is 

thought to be due to a difference in density of the dialysate from that 

of the protein solution other than that due to the protein itself* 

Evaporation of acetone during the filling of the cell could account for 

this difference.

Characterization of Metapyrocatechase

Spectrophotometric Titration of Sulfhydryl Groups. The results

of sulfhydryl titration indicate that two sulfhydryl groups are readily

titrated on the protein^ and that three groups are titrated in the.

presence of the detergent. After titration of the sulfhydryl groups was
-3complete^ addition of 0.1 ml of 1 x 10 M  catechol caused a rapid 

development of a peak at 375 mp. This observation indicates that 

there was little loss of enzymatic activity either in the presence or 

absence of SDS. The reaction was so rapid with this amount of enzyme 

that an attempt to dilute the enzyme was made so that quantitative data



might be obtained. Fourteenths of a milliliter of the titration
-5mixture was added to 1.6 ml of 4 x 10 M catechol, and the rate of 

development of the peak at 375 mp. determined. The slope of the trace 

was still so great as to give results which could not be quantitated.

As it was realized that the acetone present in the titration mixture 

would be expected to be inhibitory to the enzymatic catalysis, and 

that the titration product was also absorbing at 375 mp, no further 

attempt was made to quantitate the degree of enzymatic activity remaining 

after titration of the sulfhydryl groups. The titration experiment was 

performed twice on the same protein preparation and once on a different 

preparation with essentially the same results. Table VI presents the 

relevant data.

Table VI. Titration of Sulfhydryl Groups on Metapyrocatechase.

Condition final A, - - pinoles -SH pinoles -SH per
titrated pinole of protein

SDS absent 0.234 0.034 2.02

SDS present 0.315 0.046 2.73



Fig. 5. Ultracentrifugal Purity of Metapyrocatechase.

A sample containing about 6 mg/ml of protein was dialyzed for two days against 0.05 M 
phosphate buffer, pH 7.5, containing 10% acetone by volume. The cell was injected with 175 pi 
of this protein preparation and this sample was overlaid with 125 pi of the dialysate. The 
sample was centrifuged at 52,640 rpm at 21.4°. Photographs were taken on a metallographic 
plate at 16 minute intervals beginning 10 minutes after the centrifuge had reached full 
speed. Exposure time was for 15 seconds. Movement of the boundary is from right to left.

The sedimentation constant as obtained from the sedimentation velocity with the aid 
of a nomograph was 5.8s. The molecular weight of the protein calculated from this value 
was approximately 150,00, assuming a partial specific volume of 0.75 and a frictional 
coefficient of 1.15.
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Reactivation of Metapyrocatechase by Ferrous Iron and Thiogly- 

collate. A sample of enzyme stored as a precipitate for approximately 

six months in ammonium sulfate solution was dialyzed to remove the 

ammonium sulfate. All of the material redissolved, indicating the 

absence of denatured protein. Since this material contained slight 

enzymatic activity, the effect of ferrous iron and thioglycollate, a 

compound containing a sulfhydryl group, on the activation of the 

enzyme was examined. Ferrous iron alone had no effect upon enzyme 

catalysis, but slightly inhibited the enhancement of activity caused 

by the thioglycollate. (See Table VII.)

Table VII. Reactivation of Metapyrocatechase by Ferrous Iron and 
Thioglycollate.

Treatment A  A_ /min % increase in
activity

none

1.7 x 10"3 M 
thioglycollate

-3
1 x 10 M  FeS04

1.7 x 10 3 M  thiogly
collate + 1 x 10-3 M FeSO,—  4

0.15

1.27

0.14

1.00

0

800

0

670



Michaelis Constant for Catechol. The dependence of the rate 

of oxidation of catechol upon the catechol concentration was deter

mined spectrophotometrically using the standard assay method described 

previously. The K for catechol 1*7 x 10 ^ M  (Fig. 6), determined 

graphically by the method of Hanes (32).

At higher concentrations of catechol, the enzyme does not 

exhibit classical saturation behavior. Figure 6 shows that a plateau 

is reached at catechol concentrations between 6 x 10 ^ M  and 7 x 10 ^ M,

then the rate again increases until the catechol concentration is at 
-6least 10 x 10 M. Above this region the rate decreases. At exactly 

which concentration of catechol, or probably more correctly, at which 

ratio of catechol to enzyme concentration, the enzyme exhibits a 

maximal velocity cannot be determined from this plot.

From Figure 7 it is seen that below catechol concentrations

mined from a Hanes plot in this region, since the line evidently does 

not cross the abscissa. However, a Lineweaver-Burk double reciprocal 

plot (54), although not linear, gives a of about 1.7 x 10 ^ M  

when extrapolated to cross the abscissa (Fig. 8),

Effect of Inhibitors on Metapyrocatechase. To examine' the 

effect of possible inhibitors on the enzymatic activity of metapyro

catechase, the enzyme was preincubated with each of various inhibitors 

and the rate of catechol oxidation determined at ten minute intervals«



Fig. 6. Effect of Substrate Concentration on the Rate of Reaction.

The reaction mixture contained, in a total volume of 2.0 ml 
100 nmoles of phosphate buffer, pH 7.5, 3.68 |ig of protein and cate 
chol as indicated.
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Fig. 7. Effect of Low Catechol Concentrations on the Rate of 
Reaction,

The reaction mixture contained, in a total volume of 2.0 
ml, 100 pmoles of phosphate buffer, pH 7.5, 1.19 ns of protein and 
catechol as indicated.
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Rate of Catechol Oxidation on Catechol Concentration at Low Catechol 
Concentrations. (See Fig. 7 for experimental details.)
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To minimize the effect of catechol as a chelator of heavy metals (29),4

the preincubation mixture was prepared by adding 73.5 p.g of enzyme and

20 p.1 of the inhibitor stock solution to a sufficient amount of the

appropriate buffer to make a final volume of 0.2 ml and a final N
—4-inhibitor concentration of 1 x 10 M  except for ferrous ion and

_3iodoacetate solutions which were 1 x 10 M*

After each preincubation period 10 jj.1 of the preincubation 

mixture was added to the sample cuvette and the oxidation rate 

determined with the standard spectrophotometric method* The rate 

of oxidation was compared to that of a control in which the enzyme 

was incubated in buffer alone. The results of this experiment are 

given in Tables VIII and I X . '

4* The possibility for the formation of coordination compounds 
between heavy metals and catechol was first recognized when additions of 
equimolar concentrations (1 x: 10"^ ,M) of either FeSO, or H g C ^  to 
catechol solutions (1 x 10"3 M) buffered at pH 7»5 immediately produced 
colored solutions* The ferrous-catechol solution was purple while the 
mercuric-catechol solution was orange*



Table VIII. Effect of Possible Inhibitors on the Rate of Catalysis
by Metapyrocatechase in Phosphate Buffer.

Inhibitor

none

HgCl2

AgN03

Pb(N03)2

PeS04
CuSO^
lodoacetate

pCMB

EDTA

o-phenanthro1ine

% Control rate at indicated preincubation times 

10 min 20 min 30 min

100 100 100
103 103 91

0 0 “ “ . '

105 ' 105 115

106 112 103

97 91 91

109 115 115

—— 109 100

— - . 103 100

100 103

During preincubation all compounds were at a final, concentra
tion of 1 x 1 0 M  except FeSO, and iodoacetate which were at 
1 x 10-3 m . Control rates (AA3--/min) were, respectively, 0.66, 0.66, 
and 0.68 at 10 min, 20 min and 30 min preincubation. See text for 
other experimental details.



Table IX. Effect of Possible Inhibitors on the Rate of Catalysis by
Metapyrocatechase in Tris-acetate Buffer..

% Control rate at indicated preincubation times

Inhibitor 10 min 20 min 30 min

none 100 100 100

Hg(N03)2 43 33 27

AgN03 0 0 ■

Pb(N03)2 102 100 100

FeS04 100 80 70

CuS04 100 103 100

Iodoacetate 91 . 110 110

pCMB 103 103 103

EDTA 100 100 100

£-phenanthro1ine 103 103

During preincubation all compounds were at a final concentra
tion of 1 x 10-4 m  except FeSO, and iodoacetate which were at 1 x 10-3 
Control rates ( M 375/min) were, respectively, 0.60, 0,60 and 0.60 at 
10 rain, 20 min and 30 min preincubation. See text for other experi
mental details.
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Analog Study. Certain structural analogs of catechol were 

examined as possible substrates for metapyrocatechase. The assay 

method was the same as that used for catechol, with certain necessary 

changes. The products of enzymatically catalyzed oxidative cleavage 

of catechol analogs possess different absorption maxima and millimolar 

absorptivities from those of q-hydroxy-cis, cis-muconic semialdehyde.

The values of these parameters were determined to allow comparison of 

the rates of oxidation of catechol with the rates of oxidation of the 

analogs.

Each product was formed enzymatically using a large amount of 

enzyme so that complete conversion of the analog to its product would 

be more likely. For calculation of the millimolar absorptivity of 

each product, it was assumed that the final concentration of the 

product was the same as the original concentration of the analog.

The products were formed by adding 0.123 mg of enzyme to the 

solution of analog and allowing the reaction to proceed for 30 minutes 

at room temperature. The spectrum of each product was taken and its 

millimolar absorptivity calculated at its absorption maximum.

The enzyme assay was then performed with a spectrophotometer 

set at the absorption maximum of the product in question. Reaction 

was initiated by adding 10 p.1 of an enzyme preparation containing 

0.246 mg/ml of protein. The apparent oxidation rate was multiplied 

by the ratio of absorptivity of q-hydroxy-cis, cis-muconic semialdehyde 

to that of the product in question to normalize the rate. Interpre

tation of the data tabulated in Table X shows that catechol, 3-methyl
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Table X. Comparison of the Relative Rates of Oxidation of Catechol 
Analogs Catalyzed by Metapyrocatechase.

Substrate

Catechol

3-Methyl catechol

4-Methyl catechol

3,4-Dihydroxy - 
hydrocinnamate

Absorption 
maximum mp.

375

385

385

380

3,4-Dihydroxyphenyl - 385
acetate

3.4-Dihydroxy - 
cinnamate

3.4-Dihydroxy- 
benzoate

DL-3,4-Dihydroxy- 
phenylalanine

370

375

413

AA/min Calculated

1.75

0.11

0.75

0.004

very slow

very slow

very slow

very slow

€ ,, of productmM
43

17

32

9.6

9.2

0.07

2.1

0.82

% activity

100
15

55

2 . 2

See the experimental section for procedure. In each case the 
pH of the reaction was 7.5. Other compounds that were examined and 
found to be inactive were 2,3-dihydroxybenzoate, guaiacol and 
o_-aminophenol.



catechol, 4-methyl catechol, 3,4-dihydroxycinnamate, 3,4-dihydroxy- 

hydrocinnamate, 3,4-dihydroxyphenylacetate, 3,4-dihydroxybenzoate 

and DL-3,4-dihydroxyphenylalanine all serve as substrates for 

metapyrocatechase. The compounds 2,3-dihydroxybenzoate, guaiacol 

and o_-aminophenol were not substrates for the enzyme.

Substrate inhibition may also occur with certain of the analog 

This observation is in agreement with that seen in Figure 6 for cate

chol, in which the rate of oxidation of catechol decreases as the 

catechol concentration rises above 1 x 10 ^ M. Table XI illustrates 

the decrease in the rate of oxidation of two catechol analogs as 

the concentration of the analog increases.

Table XI. Evidence for Substrate Inhibition by Two Catechol Analogs.

M 385/mln
0.045 
0.125 ,

0.345
1.35

The assay was determined by the standard spectrophotometric 
method, except that the change in absorbance was measured at 385 mji. 
Reaction was initiated by addition of 4 p.g of enzyme in 10 p.1 of 
solution.

Analog Cone (M)
-33-methyl catechol 1 x 10 .

1 X 10-4 
-34-methyl catechol 1 x 10 ,

1 X 10-4



DISCUSSION

Only one possible intermediate of benzoate oxidation was 

detected in the experiments done with labeled benzoate« This inter

mediate was not identified, but catechol•and salicylate can be ruled 

out since the values of these compounds in tert-amyl alcohol 

saturated with 2% ammonia are greater than that of the unknown 

compound. Likewise, cx-hydroxy~cis, cis-muconic semialdehyde can be 

eliminated since it does not move in this solvent system® Likely 

possibilities for this intermediate include £~hydroxybenzoate, 

m-hydroxybenzoate, and protocatechuate. In order to resolve the 

compounds properly, a solvent system other than that mentioned above 

must be used.

Oxidation of benzoate, per se, appears to be centralized in 

the particulate portion of broken cells® Other intermediates of 

benzoate metabolism may be elucidated using this particulate system®

For example, repeated washing of the particulate portion of broken 

cells may remove soluble enzymes, including metapyrocatechase, which

5. Recently obtained evidence indicates that when frozen cells 
resuspended in phosphate buffer are incubated at 30° with £-hydroxy- 
benzoate, a yellow colored material having an absorption maximum at 
375 mp appears in the incubation mixture within 24 hours» This yellow 
colored material is not produced when the cell suspension is incubated 
with salicylate or m-hydroxybenzoate. Furthermore, benzoate-adapted 
cells grow on £~hydroxybenzoate without a lag in growth. These 
observations imply that jD-hydroxybenzoate is the first hydroxylated 
intermediate of benzoate metabolism in Azot abac ter vinelandii.
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may catalyze oxidation of many intermediates involved in benzoate 

metabolism* Removal of these enzymes from the particulate material 

may allow detection of catechol and perhaps other intermediates 

which otherwise may be oxidized rapidly*

In this laboratory particulate succinic dehydrogenase has 

been solubilized by treatment of the particles with phospholipase 

(J* Quirk and T* Kempe, personal communication)* Such treatment 

of broken Azotobacter cells may permit solubilization of the 

particulate enzymes directly associated with benzoate oxidation. If 

this possibility became a reality^ the use of this simplified system 

would greatly facilitate the elucidation of intermediates of benzoate 

metabolism.

In attempting to determine the intermediates of the benzoate 

pathway in Azotobacter, one should keep in mind that a wide variety 

of possible pathways are known* Dagley, Evans and Ribbons (30) 

report that in recent years a series of different pathways have been 

discovered. Practically every possible hydroxy- and dihydroxybenzoate 

has been identified as an intermediate in the metabolism of various 

benzoates by a wide variety of microorganisms* These findings have 

completely destroyed the old idea that the only pathway of benzoate 

metabolism was; benzoate; salicylate; catechol* Proctor and Scher 

(61) discovered that a species of Rhodopseudomonas oxidized benzoate 

through protocatechuate which was subsequently non-oxidatively decar- 

boxylated to catechol. Evans (60) reported that a species of Vibrio 

produced catechol by the same series of steps, but that the catechol 

oxidation product was an unidentified a-kefco acid, similar to
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CK-hydroxy-cis, cis-muconic semialdehydeo Shepherd (59) found a 

species of Aspergillus which oxidized benzoate through 2 ,-hydroxy- 

benzoate and protocatechuate to (3-ketoadipate without involving 

catechol. This same organism oxidized salicylate to 2,3-dihydroxy- 

benzoate, which was decarboxylated to catechol* Thus^ it appears 

that there is no limit to the variety of pathways available to micro

organisms in the degradation of benzoate, and all possible intermediates 

should be carefully investigated when attempting to define the pathway 

in Azotobactera

Metapyrocatechase isolated from Azotobacter has many similar

ities to that isolated from Pseudomonas6 Such similarities include:

(1) both can be isolated by essentially the same procedure/^ (2) both

4. Nozaki et_ aJL* (25) do not mention the necessity for dialy
sis to remove the ammonium sulfate that precipitates when 1*7 volumes of 
acetone are added to the combined active fractions of enzyme eluted from 
the DEAE cellulose column (see procedure under "Precipitation", p, 36 
of this paper). It was found that such a great amount of ammonium 
sulfate would not redissolve in the amount of buffer he used. In our 
work it has been the procedure to make a slurry of the precipitated 
material and to dialyze this material to remove the ammonium sulfate*
As the ammonium sulfate is removed, a yellow solution, which is composed 
of metapyrocatechase plus at least one flavoprotein, the latter of 
which evidently is absent from Pseudomonas, remains in the dialysis bag. 
The major portion of this flavoprotein material remains in solution 
when metapyrocatechase is precipitated in the following step by the addi
tion of powdered ammonium sulfate» However, some yellow material 
precipitates and is extremely difficult to remove by successive 
reprecipitations, Mr, Do E, Edmundson and Mr* John Erickson of this 
laboratory report that the major portion of the flavoprotein remaining 
in solution has properties identical to those of the "Azotobacter 
flavoprotein" which is found in sucrose grown cells, viz@, identical 
spectra of the oxidized and semiquinone forms, identical optical 
rotatory dispersion spectra, identical binding constants with various 
flavins, and identical behavior upon chromatography on DEAE cellulose*
If this protein is the same, it has a probable molecular weight near
30,000 according to Dr* J e W, Hinkson, and should easily be separated 
from metapyrocatechase by gel filtration on a P-60 gel column before 
the precipitation step. Such a procedure would also serve to separate 
the ammonium sulfate from the protein, eliminating the dialysis step*
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The Pseudomonas enzyme has a molecular weight of 140,000 as 

derived from data obtained from sedimentation and diffusion equilibria, 

studies o The Azotobacter enzyme has a molecular weight of approx

imately 150,000 based on the sedimentation velocity, which gives a 

value of about + 20% or better* The diffusion equilibrium experiment 

is the more laborious, but is more precise for the purpose of obtaining 

a molecular weight* However, this experiment was not performed on the 

Azotobacter enzyme„

In the Pseudomonas enzyme only four of the theoretically 

possible 12 sulfhydryl groups are readily titrable (26), The remainder 

of these potential mercapto groups must either be involved in disulfide 

linkages or they are masked in some manner* Since activity is not 

affected by titration of these four groups, any sulfhydryl groups 

required for activity must certainly be masked*

In contrast to the Pseudomonas enzyme (62), the Azotobacter 

enzyme possesses only two readily titrable sulfhydryl groups per

140,000 grams * The difference in the number of mercapto groups between 

these two enzymes appears to be real* However, in the titration experi

ment, as was the case in the preincubation of the enzyme with potential 

inhibitors, 10% acetone was present in the solutions* Acetone protects 

mercapto groups from inhibition by sulfhydryl group inhibitors in the 

Pseudomonas enzyme (62), so that the difference in number of titrated 

groups on the Azotobacter enzyme might be attributed to the presence 

of the acetone that was used to dissolve the titrating reagent * Hayaishi 

reports that the presence of 10% acetone in the incubation mixture
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greatly retards, but does not completely prevent inactivation of the 

Pseudomonas enzyme (62)» He does not say whether acetone protects the 

readily titrable sulfhydryl groups, or merely those required for 

activity.

It would seem that both enzymes have a number of cysteine - 

residues on the surface of the enzyme which are not required either 

for the maintenance of conformation or for participation in catalysis, 

the difference being that the Azotobacter enzyme has two.fewer of these 

groups than does the Pseudomonas enzyme» To be certain that the 

difference in the number of sulfhydryl groups possessed by the two 

enzymes is real, the Azotobacter enzyme should be titrated under the 

conditions used by Hayaishi,

Hayaishi did not report results of titration experiments in 

the presence of detergent, so it is impossible to compare the enzymes 

in this respect» In the case of the Azotobacter enzyme, only one more 

group is titrated in the presence of detergent, the presence of which, 

in theory, should open the enzyme sufficiently to expose any buried 

groups* However, the detergent used, sodium dodecyl sulfate, is an 

anionic detergent. Electrophoresis showed that the enzyme is also 

anionic. Consequently, repulsion between the detergent and the enzyme * 

may have prevented any significant change in the conformation of the 

enzyme. For this reason, the titration should be performed in either a 

neutral or a cationic detergent to be sure that this repulsion is not 

taking place*
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The Azotobacter enzyme does not appear to be affected either by

the titration of the three sulfhydryl groups or by the presence of

detergent* The rate of oxidation of catechol catalyzed by the titrated

enzyme was so great, even at a 1:4 dilution of the enzyme solution,
-5that the reaction was complete for 5 x 10 M  catechol in a matter of 

seconds* This rapid reaction rate is particularly remarkable since 

the reaction was performed in the presence of 10% acetone, which was 

found to be highly inhibitory to the enzymatic reaction by both the 

Azotobacter^ and Pseudomonas enzymes (62)* There was no apparent 

difference in reaction rate between the enzyme titrated with or with

out detergent present*

Hydrogen peroxide inactivated enzyme is partially reactivated 

in the presence of either ferrous ions or cysteine, and totally 

reactivated in the presence of both of these reagents (57)« Data 

presented in this paper indicate that thioglycollate, a sulfhydryl 

group containing reagent like cysteine, added to inactive enzyme 

greatly activates it, but that the presence of ferrous ion alone has 

no effect* Addition of ferrous ion with thioglycollate decreases the 

effectiveness of the thioglycollate reactivation* The apparent inhibit

ory effect of ferrous ion may be due to the formation of an ironthio- 

glycollate complex, since a transitory purple color developed when 

these two substances were mixed together*

6*- Preliminary evidence showed that acetone is inhibitory to 
the Azotobacter enzyme* The presence of 10% acetone inhibited enzy
matic catalysis approximately 90%, while 5 % acetone inhibited it 
about 80%* /



The inability of ferrous ion to reactivate the Azotobacter

enzyme might be attributed to one of two factors, either iron is not

required for activity, which is not likely in view of the fact that

the Pseudomonas enzyme requires ferrous iron, as do practically all

oxygenases thus far discovered (Table II), or oxidation of iron was

not responsible for inactivation* The latter hypothesis is more

credible, since the enzyme had not been treated in a manner similar to

that performed by Hayaishi, but had become inactive on standing at 0°

for some weeks* Although oxygen may have,oxidized the iron during

this period, there are too many variables involved to reach any

definite conclusions * The best way to ascertain the effect of ferrous

ion on activation of the enzyme is to perform an experiment similar

to that of Hayaishi*

Kojima et. al* (11) and Nozaki et al, (25) found that in

phosphate buffer Hg and Ag were highly effective as inhibitors of

the enzymatic activity of Pseudomonas metapyrocatechase. As these

heavy metal ions are commonly used to block mercapto groups, the

observation indicates that the enzyme requires certain sulfhydryl •

groups for activity* Kojima observed 62% inhibition with HgCl^,

but since the incubation period was not given, direct comparison of

his results with the results presented here may not be valid* He also
+ ++reported that inhibition by Ag and Hg was almost completely reversed 

by addition of mercaptoethanol* Reversal of inhibition was not 

attempted with the Azotobacter protein*
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The experiments showing inhibition of the Azotobacter enzyme 

by Ag* and Hg**~*" indicated that Ag* was extremely effective as an
I |

inhibitor, but that the effect of Hg was. dependent upon the buffer 

system or the mercuric compound used* In phosphate buffer no notice

able inhibition by HgClg occurred, but in tris-acetate buffer HgCNO^^ 

produced essentially the same results as those observed by Nozaki 

ert aJL* (25). Mercuric phosphate did not precipitate when the solution 

was prepared, although all of the other heavy metal phosphates did* 

Because H g C ^  is weakly ionized, precipitation of the phosphate may 

have been prevented* If this is the case, HgClg would not be expected 

to interact with the enzyme, i 9e 0, insufficient mercuric ion may have 

been present for inhibition to occur* Also, the preincubation mixtures 

contained acetone which protects sulfhydryl groups from inhibition* 

Complications arising from heavy metal ion interactions with phosphate 

and tris-acetate were not eliminated in these experiments, so that lack . 

of inhibition in these buffers may be due to insufficient concentrations 

of free heavy metal ions* However, a positive inhibition is significant* 

These factors must be considered when evaluating inhibition data*

Kojima and Nozaki observed that the sulfhydryl reagent, pCMB 

(only in high concentrations), inhibited the Pseudomonas enzyme9 The 

differences in molar ratios of pCMB to enzyme [10-fold excess in 

titration (57), 1000-fold in inhibition (25)] must account for the 

difference in effectiveness of this reagent as an inhibitor* pCMB 

was not found to inhibit the Azotobacter enzyme in either buffer 

system, even though it was present in 1000-fold excess*
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Titration of sulfhydryl groups on the enzyme with pCMB or DTNB

does not affect the enzymatic activity significantly<, The inhibitory 
+ " -H-effect of Ag and Hg ; both sulfhydryl reagents, must be due to their 

greater accessibility to the mercapto groups by virtue of their size, 

charge, or faster reactivity with these groups» The most obvious way 

to resolve this apparent paradox would be to titrate the enzyme with 

Ag* and Hg**• In theory, if the heavy metal ions have greater access 

to essential sulfhydryl groups, they should titrate those groups that 

are accessible to pCMB and DTNB as well as those that are inaccessible 

to these reagents.

Ferrous ion in phosphate buffer was inhibitory to enzymatic 

activity of Pseudomonas at a concentration of 1 x 10 M  (25), Under 

similar conditions no such effect toward the Azotobacter enzyme was 

observed. Inhibition by ferrous ion was obtained when the study was 

performed in tris-acetate buffer. No explanation for the effect of 

ferrous ion is presently apparent.

Preincubation of the Pseudomonas enzyme with iodoacetate, a 

reagent commonly used to alkylate mercapto groups, initially inhibits 

enzyme catalysis by the Pseudomonas enzyme,(25), After prolonged 

preincubation, enzyme catalysis is slightly enhanced. Iodoacetate 

affects the Azotobacter enzyme in a similar manner in tris-acetate 

buffer, but not in phosphate buffer. The explanation for this effect 

is not known, unless alkylation produces a conformational change in the 

protein causing it to act more efficiently as an enzyme.
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For the Pseudomonas enzyme, Kojima et alQ (11) graphically

determined the K for catechol by the method of Hanes (32) to be

3 x 10 ^ M, and for oxygen to be 7 x 10 ^ Mo, The latter value was not

determined for the Azotobacter protein so that comparison of this

value can not be made, but the K determined for catechol in these' m
investigations (1.7 x 10  ̂M) is comparable to their valuea Kojima

et al. (11) did not examine the dependence of rate upon catechol
— 6concentration below 2 x 10 M, They assumed classical Michaelis-

Menten behavior below this value and extrapolated the plot to zero*
—6Below 2 x 10 M  catechol the Azotobacter protein behaves like a 

classical aliosteric protein, i,e,, the substrate saturation plot 

displays a characteristic sigmoidal shape* Between catechol concen

trations of 2 x 10  ̂M  to 7 x 10 ^ M  substrate saturation of the
-6enzyme occurs in a classical manner (Fig* 7)» Above 7 x 10 M 

catechol a new substrate saturation curve appears. The Pseudomonas 

enzyme exhibits no such effect, but rather behaves in the classical 

Michaelis-Menten manner (11) *

A number of allosteric proteins are described in the litera

ture. Jacoby Monod and Changeux have reviewed several of the better 

studied ones (58)* In this review they discuss the discovery by Vagelos . 

et al, (63) that acetyl-CoA-carboxylase is activated by citrate, and 

that activation is accompanied by a concomitant increase in .sedimenta

tion coefficient from 18s to 43s, indicating that the activating effect 

of citrate is tp cause polymerization of the subunits* Conceivably,
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the activating effect of higher concentrations of catechol might be 

produced by a similar mechanism.

Another possible explanation for the behavior of the Azotobacter 

enzyme with respect to its substrate saturation curve might be in the 

existence of a second catalytic site which is activated in the presence 

of higher catechol concentrations. The idea of a second binding site 

has no real support since the number of gram-atoms of iron per mole of 

enzyme was not determined for the Azotobacter protein, but by analogy 

^ to the Pseudomonas enzyme which contains .only one gram-a tom of iron 

per mole of enzyme, it seems unlikely that more than one active site 

exists on the Azotobacter enzyme. The results of an iron analysis 

must be available before the possibility for two active sites may be 

adequately explored.

In considering the possibility that metapyrocatechase from 

Azotobacter is an allosteric protein, one must be aware that recent 

studies of the newly discovered allosteric effects indicate that the 

existence of a sigmoidal Michaelis plot does not constitute proof that 

the enzyme experiences allosteric effects, Atkinson (53) has recently 

discussed this point and shown that the horizontal scale of the plot 

and other chance effects of the presentation of the experimental data 

may mislead the researcher.

If metapyrocatechase is an allosteric protein, it can be seen 

that an enzyme of this nature would assist the organism in coping with 

a buildup of catechol derived from the metabolism of aromatic compounds 

by increasing the rate of enzymatic breakdown of intracellular catechol*
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Inasmuch as the only evidence that metapyrocatechase is an allosteric 

effector is the sigmoidal curve (Fig» 7), a discussion of the possible 

allosteric nature of metapyrocatechase is, of course, purely speculative*

Hayaishi (56) reports that metapyrocatechase from Pseudomonas 

catalyzes the oxidative cleavage of 3-methyl catechol and 4-methyl 

catechol at the same rate as that observed for catechol, and that

3-chloro catechol was oxidized at about 10% of the rate for catechol*

No other compounds were reported to be substrates for the Pseudomonas 

enzyme„ The former two compounds were cleaved by the Azotobacter 

enzyme at 15% and 55% respectively, of that observed for catechol, 

while the latter compound was not examined*

• The differences in specificities of the two enzymes imply 

differences in enzyme binding groups and in geometric configurations 

about the active site* Pending more detailed.investigations, one can 

only speculate about these differences. To aid in this discussion 

Table XII shows, the structural formulas of analogs used in these 

studies»

At least three factors may be involved in determining whether 

a compound is a substrate for the enzyme; steric fit of the substrate 

at the active site, similarity of charge type between interacting 

groups on the substrate and enzyme, and probability of proper orienta

tion of the substrate at the active site* Since the Pseudomonas enzyme 

catalyzed the cleavage of 3-chloro catechol very slowly compared to 

catechol or 3-methyl catechol, it would seem that steric effects do not 

enter in this case as the chlorine substituent is somewhat smaller than 

the methyl group.
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Hayaishi (56) reported that except for 4-methyl catechol, none

of the other 4-stibstltuted catechols tested, viz*, protocatechuate,

DL-dihydroxyphenylalanine (DOPA), and 3,4-dihydroxyphenylacetate,

acted as substrates for the Pseudomonas enzyme* He did not give the

experimental conditions for this study, but the standard assay method

used in his laboratory was probably utilized (25), which required the
-4presence of 3,3 x 10 M  substrate«. The molar absorptivities of the z

products of oxidative cleavage of protocatechuate, DOPA and 3,4-dihyroxy-

phenylacetate are low compared to that of the product of catechol

cleavage (Table X), so that in the presence of low concentrations of

these analogs, the presence of the cleavage products may have been
-5missed,, In our experiments using 1 x 10 M  substrate concentrations, 

no reaction was detected, but after addition of a large amount of 

enzyme (0*123 mg) to solutions 1 x 10 ^ M  with respect to each of 

these compounds, yellow products having absorption maxima shown in 

Table X were produced.

The Azotobacter enzyme cleaves 3,4-dihydroxyphenylacetate,

3,4-dihydroxyhydrocinnamate, 3,4-dihydroxycinnamate, DOPA, and proto

catechuate at slow but definitve rapes. Since 4-methyl catechol was 

cleaved relatively rapidly and all other 4-substituted analogs tested ■ 

were cleaved at slow but significant rates, steric factors at this 

position may not significantly affect enzyme catalysis. 3,4-Dihydroxy- 

hydrocinnamate and DOPA have extremely bulky side chains that are not 

rigidly oriented in space, but 3,4 dihydroxycinnamate has a rigid 

double bond, which should restrict movement of this side chain to a
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large degree, reducing the effective size of this group compared to 

its dihydro counterpart» Since the product of cleavage of 3,4-dihydroxy-
j

cinnamate has such a low apparent absorptivity, a very carefully 

detailed study of the rate of cleavage of this compound must be made 

before drawing any conclusions as to why it evidently is cleaved at 

a slower rate than the other analogs that have bulky side chains<>

Protocatechuate has a carboxylate group at the 4-position»

Since this compound is a substrate for the Azotobacter enzyme, the 

completely different charge type of this substituent compared to the 

methylene groups that the other analogs posses at the 4-position 

indicates that steric factors outweigh all other considerations as 

to effect upon rate of cleavage of 4-substituted catechols» That

4-methyl catechol was cleaved at only about half the rate of that of 

catechol, although much faster than the other 4-substituted catechols, 

indicates that some sort of interaction between the 4-position of the 

substrate and the active site must be operative» This interaction may 

only affect the accessibility of the substrate to the active site rather 

than binding of substrate to enzyme * As in the case of 3-substituted 

catechols, a more extensive survey of analogs must be made before 

drawing definite conclusions.

Thus, from the evidence presented in this paper, it may be seen 

that steric and charge factors are important but difficult to separate» 

Certainly one would expect a bulky group in the 3-position of catechol 

to interfere with binding of the substrate to a greater extent than 

would a substituent in the 4-position by virtue of its closer proximity



to the hydroxyl groups which must undoubtedly interact with the 

enzyme at some time during cleavage.

The relative non-specificity of Azotobacter metapyrocatechase 

and its presence in the soluble portion of crude extracts could 

complicate interpretation of data obtained with the crude extracts. 

This problem is exemplified by the observed absorption maximum and 

absorptivity of the cleavage product of protocatechuate cleavage 

catalyzed by metapyrocatechase (Table X) (^max - 375 mp., = 2.1).

These values are quite different from those given by Dagley e_t al. 

(30) for the cleavage product catalyzed by protocatechuate 4:5- 

oxygenase (l^ y = 410 mp, = 29). This difference implies that 

a different product is being formed by metapyrocatechase. Should an 

examination of crude extracts for enzymes catalyzing oxidation of 

possible hydroxylated intermediates be attempted in the future, these 

facts must be borne in mind.

In considering the probability of proper orientation of the 

substrate at the active site, one must realize that catechol has two 

possible orientations that are equivalent. The 3-methyl analog 

probably is not cleaved between the 2- and 3- positions, since this 

produces a product having a keto group at the 3-carbon (Fig.9).
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II CO>H

Fig. 9. Possible Cleavage Products of 3-Methyl Catechol

This compound is unlike the semialdehyde products known to result 

from cleavage of catechols catalyzed by other enzymes analogous to 

metapyrocatechase. Thus, probably the only product formed by cleavage 

of 3-methyl catechol is the semialdehyde. This restriction would 

allow only one possible orientation of the substrate at the active 

site.

In the case of 4-methyl catechol, two semialdehyde products 

are possible (Fig. 10).

□
Fig. 10. Possible Cleavage Products of 4-Methyl Catechol

It would seem that for the methyl group to exert minimum 

interference with binding, cleavage would occur farthest from the
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methyl group to give 8-methyl-q-hydroxy-cis, cis-muconic semialdehyde. 

However, Adachi e_t al. (18) found that with 3,4-dihydroxyphenylacetate 

oxygenase cleavage of the substrate occurred closest to the substituent 

to give y-carboxymethyl-q-hydroxymuconic semialdehyde. This compar

ison is not necessarily valid since 3,4-dihydroxyphenylacetate is the 

"natural" substrate for this enzyme. Determination of the structure 

of the cleavage product of 4-methyl catechol may provide further insight 

into the importance of the substituent at the 4-position.

Further information on the question of binding might be 

obtained by examining analogs that are not substrates for their 

effects as possible competitive inhibitors to catechol cleavage.

Although they might not bind properly for cleavage to take place, they 

could bind sufficiently tightly to the enzyme to exclude catechol from 

the active site. Binding of these analogs probably can be detected 

fluorometrically since many catechols fluoresce (64,65).

Decrease in the rate of oxidative cleavage with increasing 

substrate concentration was observed for catechol, 3-methyl catechol 

and 4-methyl catechol at high ratios of substrate to enzyme concentra

tion (Table XI). Such an effect appears to be the result of "substrate 

inhibition". Conceivably, two hydroxyl group binding sites exist, and 

at higher substrate concentrations single hydroxyl groups on separate 

substrate molecules may be competing for the binding sites. This 

hypothesis is especially feasible if, as Hayaishi suggests (28) (Fig.2), 

the hydroxyl groups are coordinating with ferrous iron at the active



site. Such an effect would prevent proper orientation of the substrate 

molecule and cleavage could no occur*
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