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1. In~oduction 

Metapyrocatechase (catechokoxygen 2,3-oxido- 
reductase , EC 1.13.1.2) from Pseudomonas awilta 
(ATCC 23973) catalyzes the conversion of catechol 
into ai-hydroxy muconic e-semialdehyde with the inser- 

tion of 2 atoms of molecular oxygen (see es.(l)) [l]: 

+ 02 ---3 

The enzyme, an extradiol dioxygenase and the first 
dioxygenase obtained in a crystalline form [2], con- 
tains 4 g atoms ironlmolecule (mol. wt 140 000) and 

consists of 4 identical subunits [3]. Unlike intradiol 
dioxygenases such as pyrocatechase and protocate- 
chuate 3,4dioxygenase, metapyrocatechase is color- 
less, shows no significant signals in ESR spectra and 
is extremely unstable to air in the absence of 10% 
acetone [2]. Treatment of the enzyme with HzOz 
or air results in formation of an inactive form of 
enzyme which shows a broad signal around g = 4.2 
in ESR spectra characteristic of Fe3+. Thus, the iron 
in the active enzyme is likely in the Fe’+ form [4]. 
However, intradiol dioxygenases are wine red in 
color and contain Fe3+ based on ESR and Mossbauer 

studies [5]. 
In view of the strong affinity of Fe2* toward molec- 

ular oxygen compared to Fe3+ which forms a stable 
complex with catechol, it might be expected for Fe’+- 
containing dioxygenases that the formation of an 
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enzyme-oxygen complex (EOz) precedes to the for- 
mation of an enzyme-substrate complex (ES). The 
reverse situation may be expected for Fe3+-containing 
dioxygenases. Binding and kinetic studies, however, 
revealed that the both types of enzymes combine first 
with organic substrate to form an ES complex followed 
by the addition of oxygen irrespective to the valence 
state of iron [6-g]. 

However, another extradiol enzyme, protocate- 
chuate 4,5-dioxygenase, was reported to contain 
either low spin Fe2+ or antiferromagnetically coupled 
high spin Fe* based on Mossbauer studies [9]. Thus, 
the oxidation state of iron embedded at the active cen- 

ter of metapyrocatechase still remains to be elucidated, 
which is important for understanding of the reaction 
mechanism of nonheme iron-containing dioxygenases. 
Here we report Mossbauer data on “Fe-reconstituted 

metapyrocatechase which confirm the presence of 
high spin Fe’+. 

2. Materials and methods 

Metapyrocatechase was purified and crystallized as 
in [lo], fromPseudomorzas at-villa grown with benzoate 
as a carbon source. ‘Crystalline enzyme with spec. act. 
>240 units/mg was used for preparation of apometa- 
pyrocatechase. The apoenzyme and “Feenriched 
holoenzyme were prepared as in [ 1 I]. The apoenzyme 
had spec. act. <I unit/mg. Incubation of the apo- 
enzyme with a lo-fold excess of 57FeS04 for 2 h at 
4°C afforded a pure reconstituted holoenzyme with 

spec. act. -240 unitslmg after chromatography on 
DEAE-cellulose and crystallization. Isotopeenriched 
ferrous sulfate was prepared from “Fe203 (90.73% 
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enriched) by reduction with sodium borohydride 
followed by treatment with an equimolar amount of 
sulfuric acid, and then crystallization. A suspension 

of crystalline “Feenriched metapyrocatechase in 

50 mM Tris-acetate buffer (pH 7 5) was used as a 
sample for Miissbauer measurements, ES complex of 

the enzyme was prepared by mixing -60 mg enzyme 
in 0.5 ml 50 mM Tris-acetate buffer (pH 7.5) with a 
IO-fold excess of catechol under nitrogen. The 
Ma‘ssbauer spectrometer was a constant acceleration 
type. The source was 30 mCi 57Co in rhodium metal 
which gave a minimum linewidth of 0.30 mm/s. The 
velocity scale was calibrated with a metallic iron foil 
in an independent Miissbauer run, taking the center 
of this spectrum as velocity zero. 

3. Results and discussion 

TheMiissbauer spectraofnative metapyrocatechase 
were taken at 4.2 K and 77 K. Both consist of a simple 
quadrupole doublet with slight broadening (0.6 mm/s 
fullwidth) as shown in fig.lA. Application of mag- 
netic field up to 750 G did not produce any effect on 
the spectra. The relatively high isomeric shift, 
6 = 1.31 mm/s and the large quadrupole splitting, 
ilE, = 3.28 mm/s clearly verify the presence of high 
spin Fe 2* in this enzyme. 

The quadrupole splitting and the isomeric shift 
were independent of temperature. Although values of 

0.28-0.35 mm/s for linewidth are reported for other 
iron-contain~gprote~s [9], a slightly broader absorp- 
tion was observed with metapyrocatecllase. The 
broadening of th.e spectra shown in fig-IA may be 
ascribed to the presence of a small amount of Fe’+ 
contaminated during the reconstitution procedure. 

As the isomeric shift and the quadrupole splitting 
are quite sensitive to the charge and spin state of iron 
and its coordination environment, comparative 
studies with other iron-containing proteins should 
provide valuable information on the active site of this 

enzyme. The observed values of isomeric shift and 
quadrupole splitting of metapyrocatechase were found 
to be very close to those of the reduced form of proto- 
catechuate 3,4-dioxygenase [S] and to reduced heme- 
rythrin [ 121 but not to that of rubredoxin [ t3] 
(table 1). The previous Miissbauer study For proto- 
catechuate 3 Pdioxygenase suggested a more ionic 
oxygen or nitrogen type envirorlnlent, and recent reso- 
nance Raman studies [ 14--161 revealed the presence 
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Fig.1. Mtissbauer spectra of S7Feenriched metapyrocatechase 
taken at 4.2 K. (A) The crystalline metapyrocatechase; 
(B) the ES complex of metapyrocatecilase with a lo-fold 
excess of catecbol. 

Table 1 
Miissbauer data of various iron-containing proteins 

Ironcodtaining [Ref.] 
proteins &I Ymmjs) (mm/s) 

aE;h 

- --_ 

~etapyrocatechase 4 1.31 3.28 This work 
Protocatechuate 

3,4dioxygenase 4 1.21 3.13 151 
(reduced form) 

Ffemerythrin 4 1.20 2.89 iI21 
(reduced form) 

Rubredox~ 4 0.70 3.25 I131 
(reduced form} 
Protocatechuate 

4,5dioxygenase 100 0.42 0.64 [91 
0.60 0.63 
or 
0.49 0.80 
0.52 0.45 
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of tyrosine residue(s), coordinated to Fe3” in the 
active center. X-ray diffraction studies have suggested 
that histidine and tyrosine residues participate in the 
iron coordination in hemerythrin [ 171, while, cysteine 
residues coordinate to iron in rubredoxin [IS]. Thus, 
it seems probable that the iron in metapyrochatechase 
resides in an environment similar to those of proto- 
catechuate 3,Itdioxygenase and hemerythrin, and 
that a tyrosine residue may coordinate to the iron as 
a phenolate anion. 

The ES complex of metapyrocatechase showed a 

Mossbauer spectrum essentially identical to that of 
the native enzyme ffigdB) and no ESR signals, 
implying that the substrate changes neither the coor- 
dination environment around the Fe2+ nor the valence 
state of the irons upon its binding to the protein. The 
Mossbauer data of protocatechuate 4,Sdioxygenase 
[9] are quire different from those of metapyrocate- 
chase, although both enzymes are colorless, ESR 
silent and catalyze the extradiol cleavage of the 
catechol ring. The enzyme-inhibitor complex of 
protocatechuate 4,Sdioxygenase shows ESR and 
Mossbauer spectra characteristic of high spin Fe3*. 
Based on these observations, it was suggested that the 
spin coupling in protocatechuate 4,5-dioxygenase is 
broken when enzyme-inhibitor (substrate) complex 
is formed, and that the valence state of irons does not 
change upon inhibitor (substrate) binding [9]_ 

Whether the different spectroscopic observations 
in these two extradiol dioxygenases are due to the 
purity of enzyme, i.e., iron contamination, or to 
different characteristics of the individual enzymes, 

needs further experimentation. These data show that 
metapyrocatechase has a high spin Fe” and its 
valence state does not change on forming the ES com- 
plex. The second substrate, oxygen, may react with 
the high-spin Fe2+ in the ES complex to form a ternary 
complex of enzyme-substrate-oxygen as already 
established for other dioxygenases [ 19,201. 
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