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Cultures of Methylomonas J. an aerobic methylotrophic bacterium, were grown both in Mn-rich and 
Fe-rich media. Crude extracts of the cultures from the Mn-rich and Fe-rich medium showed a specific 
activity of 12.2 and 0.6 unitsling by a cytochrome c-xanthine oxidase method and 19.4 and 1.3 units/mg 
by an ESR method, respectively. We isolated Mn-SOD and Fe-SOD from the bacteria grown in the 
Mn-rich and Fe-rich mediums, respectively. Specific activity and metal contents of the Mn-enzyme were 
2,250 units/rng/g-atom Mn and Mn = 0.98 and Fe = 0 . 1 2  (g-atoms/mol dirner), while those of the 
Fe-enzyme were 61 units/mg/g-atom Fe and Mn = 0.02 and Fe = 1.08. No difference of physicochemical 
properties of the Fe- and Mn-enzymes were detected. Furthermore, enzyme activity was restored by dialysis 
of an apoprotein obtained from the Fe-enzyme with either manganese sulfate or  ferrous ammonium sulfate. 

KEY WORDS: Fe-SOD, Mn-SOD, Merhylomonas J ,  identical protein moiety. 

INTRODUCTION 

Three classes of superoxide dismutase (SOD) have been distinguished according to the 
bound metals; an iron containing SOD, a manganese containing SOD, and a copper, 
zinc containing SOD.' The Mn- and Fe-SOD appear to be closely related both in 
structural and evolutionary terms, but have no resemblance to Cu, Zn-SOD.' Recent 
studies on the complete amino acid sequence of Fe- and Mn-SODS and on the x-ray 
crystallography of the Fe- and Mn-SODS suggest that the Fe- and Mn-SODS have 
very similar amino acid sequences, tertiary folds of the peptide chain, and identical 
ligands to the metal cofactor. However, previous reconstitution experiments indicated 
the metal requirement of the Mn- and Fe-enzyme was highly specific. Recently, some 
differences in amino acid residues, which is located near metals, have been proposed 
as the site account for the metal specificity.'4 

On the other hand, some anaerobic bacteria produce both iron and manganese 
types ofSOD by controlling ofthe metal condition of the medium, in which the metals 
may occupy the same site of the same protein.'-* Although some of them showed 
different activity between Fe- and Mn-type SODs, these SODs are believed to be a 
new family of SOD. 

In this report, we describe the presence of the Fe-SOD with low activity and 
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Mn-SOD with high activity in Methylomonas J. We also describe some evidence which 
suggests the identity of the protein moiety of the SODS. Therefore, the Methylomonus 
J superoxide dismutase is capable of accepting either Fe or Mn as a cofactor and this 
is the first example of an isolation of this kind of SOD from aerobic bacterium. 

MATERIALS AND METHODS 

Methylomonas J was grown in a medium as described e l~ewhere .~  Methylamine 
hydrochloride was used as the sole carbon and energy source. For the iron-rich 
medium, 7 mg of FeSO, 7 H 2 0  and no manganese per liter of medium were added. For 
the Mn-rich medium, 8.5 mg of MnSO, 4H,O and 0.08 mg of FeSO, 7 H 2 0  were 
added. Superoxide dismutase activity was tested by the method of cytochrome c-xant- 
hine oxidase" and by an EPR method using 5,5-dimethyl- I-pyrroline-N-oxide as a 
spin trap reagent, as described previously." The isolation of the Fe- and Mn-SOD 
from Methylomonas J grown in the Fe- and Mn-rich mediums were described else- 
where? Electrophoresis was performed on polyacrylamide gels as described by 
Davis." Gels were stained for SOD activity as described by Beauchamp and 
Fridovich." Protein concentration was estimated by the method of Lowry et ~ 1 . ' ~  
Metals were determined by atomic absorption spectrometry with a Hitachi 2-9000 
atomic absorption spectrophotometer. The amino terminal sequences of the purified 
proteins were determined with an Applied Biosystem 470A sequenator with a 120A 
PTH analyzer. Inactivation of Fe- and Mn-SOD by H2O2 was carried out according 
to the method described previously." ApoSOD was prepared from the purified 
Fe-enzyme by treatment of the enzyme for 24 hr, with 50 mM Tris-HCI buffer, pH 7.1, 
containing 5 M guanidine hydrochloride, I mM o-phenanthroline, and 10 mM dith- 
iothreitol. The holoenzyme was prepared by treatment of 50 mM acetate buffer, 
pH 5.5 containing I mM (NH,),Fe(S0,)2 for Fe-reconstitution and 50 mM Glycine- 
NaOH buffer, pH 9.1 containing I mM MnS0,4H20 for Mn-reconstitution. 

RESULTS 

Superoxide Disniutase in the Crude Extracts from Methylomonas J 
The crude extracts from Methyfornonus J were subjected to polyacrylamide gel electro- 
phoresis and to staining of the enzymatic activity. (a) and (b) in Figure I show the 
activity zones with the same protein amount of crude extracts from Methylomonas J 
grown in Fe-rich medium and Mn-rich medium, respectively. The activity zone in 
Figure 1 (a) was much weaker than that in  (b). Table I shows SOD activity of the 
crude extracts measured by a cytochrome c-xanthine oxidase method and a spin 
trapping method using ESR as described in the text. The specific activities of the crude 
extracts from Methyfornonus J grown in Fe-rich medium showed to be about one 
fifteenth to one twentieth of that grown in Mn-rich medium. 

Criteria of Purity and Properties of Mn- and Fc-SOD 
The purified Mn- and Fe-SODS gave single bands on polyacrylamide gel electro- 
phoresis with the same mobilities (Figure I c, d). Molecular weights of the native Fe- 
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FIGURE I Polyacrylamide gel electrophoresis of the crude extracts and purified enzymes from Methylo- 
monarJ grown in Fe- and Mn-rich medium. IOOpg proteins of the crude extracts from the bacteria grown 
in Fe-rich medium (a) and Mn-rich medium (b). 3 O p g  of the purified Fe-SOD (c), and 18pg of the purified 
Mn-SOD were subjected to polyacrylamide gel electrophoresis. The gels were stained with nitroblue 
tetrazolium (a.b) and Coomassie brilliant blue (c,d) for activity and protein, respectivcly. 

and Mn-enzyme determined by high performance liquid chromatography were shown 
to be both 42,000. Table [I  shows metal contents and specific activity of the purified 
preparations. Specific activity of the Mn-SOD was about 40 times larger than that of 
the Fe-SOD. The Mn-enzyme was not inactivated by 20 mM of H 2 0 2  after 50 min 
incubation. The Fe-enzyme was inactivated to about 40 O/O of its original activity by 
20mM of H,O, after 90 min incubation. These results suggest thatat  least 60 Yo of the 
activity of the Fe-enzyme is derived from the iron of the enzyme. 

Amino Terminal Sequence 

The amino acid compositions of the Mn- and Fe-enzymes were obtained from the 
samples of 24, 48, and 72 h r  hydrolysis by 6N HCI. Virtually identical compositions 
were obtained for both type of SODS (data not shown). Figure 2 shows the amino 
terminal sequence of each of the enzymes. The amino-terminal sequences of the Fe- 
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TABLE I 
Specific activity of SOD in the crude extracts from Mcrhylomonar J grown in Fe- and Mn-rich mediums. 

Growth condition 
~~ 

cytochrome c-xanthine ESR method 
oxidase method (unitslmg protein) 
(unitslmg protein) 

Fe-rich medium 
Mn-rich medium 

~~~ 

0.56 f 0.19 
12.2 f 1.7 

~~ 

1.26 f 0.77 
19.4 k 4.6 

Values represent the mean f S.D.  

and Mn-enzymes were identical through the first 32 residues, indicating that i t  is 
highly possible that the same protein was used to form either enzyme. 

Metal Replacement Studies 

The specificity of metal replacement in the apoprotein from Fe-enzyme was tested. 
The apoprotein and metal-substituted proteins from the Fe-enzyme were prepared by 
the method described in the text. Table I1 shows the metal contents and specific, 
activities of the Fe- and Mn-reconstituted proteins. The Fe-reconstituted protein 
showed a similar content of Fe and a three times larger activity than the purified 
Fe-enzyme, and Mn-reconstituted protein showed about two atonis of Mn per dimer 
of enzyme and about 22 times larger activity. The activity of the Mn-reconstituted 
protein was much closer to that of the purified Mn-enzyme than to that of the 
Fe-enzyme (Table 11). These results also support the idea that the Fe-enzymc and 
Mn-enzyme consist of an identical protein. 

DISCUSSION 

Although a slight possibility that the Fe-SOD and Mn-SOD have somewhat different 
protein moiety remains, the data described in this text suggests that i t  is highly likely 
that both SODs consist of an identical protein. There are three other documented 
examples of SOD that accept Fe or Mn as cofactors, depending on growth con- 
ditions."'.* However, the ratio of the activity between the Fe-type and Mn-type of 
enzymes were different in  some SODs. For instance, SOD from Streprococcus mutans* 
also showed high activity in Mn-enzyme and low activity in Fe-enzyme; the same as 
our results on Methylomonas J. Therefore, we speculate that bacterial Fe- and 

TABLE I I  
Specific activities and metal contents or purified Fe- and Mn- SODs and metal reconstituated Fe-SODS 

Sample Specific activity Metal contents 
(unitslmglg-atom metal) (g-atoms/rnol dimer) 

Fe Mn c u  Zn 

Fe-SOD 61 I .08 0.02 0.04 0.08 
Mn-SOD 2,250 0.12 0.98 0.02 0.16 
Reconstituted Fe-SOD 
with Fe I62 I .48 0.02 0.08 0.26 
with Mn 1,355 0.08 2.28 n.d. 0.08 

n.d.. not detectable 
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Amino a c i d  No. 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 
Fe-SO0 : A1 a -Tyr -Thr - Leu -Pro -Pro,- Leu -Asp -Tyr -A1 a -Tyr -Thr -A1 a - Leu -G1 u -P ro -  
Mn-SOD : A1 a-Tyr-Thr-Leu-Pro-Pro-Leu- Asp-Tyr- Al a-Tyr-Thr-A1 a-Leu-G1 u-Pro- 

17 18 19 20 2 1  22 2 3  24 25 26 27 28 29 30  3 1  32 
Fe-SOD : His-Ile-Asp-Ala-Gln-Thr-Met-Glu-Ile-His-His-Thr-Lys-His-His-Gln- 
Mn-SO0 : His- I  le-Asp-A1 a-Gln-Thr-Met-G1 u-I1 e-Hi s-His-Thr-Lys-Hi  s-Hi s-G1 n- 

FIGURE 2 Amino-terminal sequences of Fe- and Mn-SODS from Merhylomonus J .  

Mn-SODS might show a variety of types of activity in regard to metal specificity, 
ranging from cases of an SOD which requires only one metal for the activity to cases 
which allow either metal to exhibit the activity in same efficiency. 

A few recent papers, including one by ourselves, have suggested that the metal 
specificity for the activity of Fe- and Mn-SOD could be attributed to the differences 
of a few amino acid residues, which were positioned in and close to the active site of 
the enzyme. This was determined by an analysis of the aligned amino acid sequence 
and structural data for x-ray diffraction study.24 In this context, i t  would be interest- 
ing to know the primary structure of SOD from Methylomonas J to investigate further 
the structural attribution of  the metal specificity of the Fe- and Mn-SOD activity. This 
study is now in progress in our laboratory. 
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