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Summary. Bacillus halodenitrificans produced a dimer- 
ic, manganese-containing superoxide dismutase consti- 
tutively when grown either aerobically or as a denitrif- 
ier. The molecular  mass of  the enzyme was determined 
by sedimentation equilibrium to be 41 .4+3 kDa with 
each subunit estimated at 26 kDa. Plasma emission 
spectroscopy indicated the presence of  1.22 mol man- 
ganese a toms/ tool  holoenzyme. The electronic absorp- 
tion spectrum displayed a broad band centered at ap- 
proximately 474nm ( e = 5 6 0 m M - l . c m - 1 )  and a 
shoulder at 595 nm. In the ultraviolet range, the spec- 
trum exhibited split maxima at 278 nm and 283 nm and 
a shoulder at 291 nm, thus resembling the spectra of  su- 
peroxide dismutase from Bacillus subtilis and Eseheri- 
chia coli. The amino acid composit ion of  the B. halode- 
nitrificans enzyme differed slightly quantitatively but  
little qualitatively from counterpart  enzymes from other 
sources. Like the superoxide dismutases of  Mycobacter- 
ium lepraemurium and human mitochondria,  the B. ha- 
lodenitrificans enzyme exhibited several cysteine resi- 
dues. As expected from the capacity superoxide dismu- 
tase exhibits for protecting NO as neutrophil  cytotoxic- 
ity factor, the B. halodenitrificans superoxide dismutase 
did not interfere with accumulation of  NO produced by 
the organism's nitrite reductase. 
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Moody 1986). However, it occurs in some anaerobes, 
including Desulfovibrio 9igas (Hatchikian et al. 1977), 
Methanobacterium bryantii (Kirby et al. 1981), Chloro- 
bium thiosulfatophilum (Kanematsu and Asada 1978), 
Bacteroidesfragilis (Gregory and Dapper  1983) and Ac- 
tinomyces naeslundii (Gregory and Dapper  1980). The 
three types of  superoxide dismutase isolated to date 
contain iron (FeSOD), manganese (MnSOD), or cop- 
per-zinc (CuZnSOD) as catalytic metal ion. Procaryotes 
typically contain FeSOD, MnSOD, or a combination of  
these enzymes. CuZnSOD was thought to be restricted 
to eucaryotes, but  Photobacterium leiognathi (Puget and 
Michelson 1974), Caulobacter creseentus (Steinman 
1982) and Paracoccus denitrificans (Vignais et al. 1980) 
also produce it. An MnSOD is produced in the mito- 
chondrial matrix of  eucaryotes (Ravindranath and Fri- 
dovich 1975; Barra et al. 1984). 

Why three types of  superoxide dismutase are distri- 
buted among living organisms, and even two types si- 
multaneously in some (e.g., FeSOD and MnSOD in 
Escherichia coli and MnSOD and CuZnSOD in euca- 
ryotes) is not yet obvious (Parker et al. 1986). B.fraoilis 
and Bacteroides thetaiotaomicron appear  to synthesize 
only one apoprotein that take up either Fe or Mn (Pen- 
nington and Gregory 1986). 

In our current  studies a purple protein found in Ba- 
cillus halodenitrificans cells grown under  denitrifying 
conditions was subsequently identified as MnSOD. The 
present paper  describes purification and characteriza- 
tion of this enzyme and presents discussion of  its possi- 
ble role in this denitrifying bacterium. 

Introduction 

Superoxide dismutase (EC 1.15.1.1) catalyzes dismuta- 
tion of superoxide anion. Present in all aerotolerant  or- 
ganisms, it appears to provide a defense against oxygen 
toxicity (Bannister and Rotilio 1984; Hassan and 
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Materials and methods 

Preparation of cell extracts. B. halodenitrificans was grown aerobi- 
cally or anaerobically to early stationary phase at 37 ° C. Cells 
were harvested by centrifugation, suspended at 4°C in 20 mM 
Tris/HC1 pH 7.6 supplemented with 10 mM phenylmethylsulfo- 
nyl fluoride (protease inhibitor), and ruptured by two passages 
through a Manton-Gaulin homogenizer at 633 kg. cmz. A few mil- 
ligrams of DNase I and II (Sigma) were added, the mixture was 
treated with neutralized streptomycin sulfate (0.5 mg-ml-~), stir- 
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red for 20min at 4°C and centrifuged at 13200xg for 30min. 
The supernatant was centrifuged at 144000 x g for 90 rain at 4 ° C. 
The resulting pellet was extracted with 50 mM Tris/HC1 pH 7.6 
containing 600 mM NaC1 at 25°C for 60 min and centrifuged 
again at 144000xg at 4°C for 60 rain. The dark-red pellet was 
retained for other studies. The supernatant fluids from both cen- 
trifugations were dialyzed against 10 mM Tris/HC1 pH 7.6 for 
24 h with two changes of dialysis buffer and centrifuged at 
13 200 x g for 30 min to remove precipitates formed during dialy- 
sis of this soluble fraction of the extracts. 

Enzymatic assay. Superoxide dismutase activity was determined 
using the xanthine oxidase/cytochrome e system as described by 
McCord and Fridovich (1969). 

Activity staining. Disc gel electrophoresis was performed accord- 
ing to Jovin et al. (1964) with photopolymerization with riboflavin 
of both the resolving and concentrating gels. Superoxide dismu- 
tase was located by the method of Beauchamp and Fridovich 
(1971). The gels were first soaked in 2.45 mM (0.2%) nitroblue te- 
trazolium for 20 rain, then in a solution containing 28 mM tetra- 
methylethylenediamine, 2.8 mM riboflavin, and 36 mM potassium 
phosphate pH 7.8 for 15 min. The gels were then placed in small 
dry test tubes and illuminated for 5-15 rain. Photoreduced ribo- 
flavin reduced nitroblue tetrazolium, thus coloring the gels blue 
except at positions containing superoxide dismutase, which re- 
mained clear. 

Analytical methods. Protein content was measured by a modifica- 
tion of the method of Bradford (Read and Northcote 1981), using 
bovine serum albumin as a standard. Metal analysis was carried 
out by plasma emission spectroscopy using the Jarrel-Ash model 
750 atom-comp. Molecular masses were determined by sodium 
dodecyl sulfate/polyacrylamide gel electrophoresis (SDS/PAGE) 
(Laemmli 1970) and sedimentation equilibrium with a Beckman 
model E analytical centrifuge (Schachman 1959). Protein stand- 
ards for SDS/PAGE were lysozyme (14.4 kDa), soybean trypsin 
inhibitor (21.5 kDa), carbonic anhydrase (31 kDa), ovalbumin (45 
kDa), bovine serum albumin (66.2 kDa), and phosphorylase b 
(92.5 kDa). Electronic absorption spectra were recorded with a 
Shimadzu UV-265 spectrophotometer at room temperature (slit 
width = 1 nm). 

Amino acid composition. Protein hydrolysis was performed at 
110°C in 6 M HCI in vacuo for 24, 48 and 74h. Samples for cys- 
teine determination were first treated in performic acid (formic 
acid/hydrogen peroxide, 1:9) for 3 h at 4 ° C. Samples to be ana- 
lyzed for tryptophan were hydrolyzed in the presence of 2% thio- 
glycollic acid. Amino acid residues were determined with a Beck- 
man 119 CL amino acid analyzer. 

Materials. DE-52, Sephadex G-75 and DEAE-Bio-Gel A were 
products of Whatman, Pharmacia and Bio-Rad Laboratories, re- 
spectively. Xanthine oxidase and horse heart cytochrome c (type 
III) were purchased from Sigma. 

Results 

Pur~'cation of  superoxide dismutase 

The soluble fract ions ob ta ined  f rom extracts o f  B. ha- 
lodenitrificans cells were loaded  onto  a DE-52 co lumn  
(35 x 6 cm) equi l ibrated with 10 m M  T r i s / H C l  p H  7.6. 
All pur i f ica t ion p rocedures  were carr ied out  at 4 °C.  
The co lumn  was washed  with 1 1 identical  buffer  and 
proteins  eluted with a 2-1 gradient  o f  0-300 m M  NaC1 
in 10 m M  Tr i s /HC1 p H  7.6. A purple  pro te in  b a n d  

eluted near  100 m M  NaCt ,  ahead  (with some overlap-  
ping) o f  a pale yel low fraction. The purple  fract ions 
f rom several runs, also discernable  spec t roscopica l ly  by  
the presence  o f  a b road  shoulder  at 470 nm, were 
poo led  and  concent ra ted  by ultrafi l t rat ion on an Ami-  
con Y M  10 membrane .  After  several exchanges  with 
50 m M  T r i s / H C l  p H  7.6, the prote in  was loaded  onto  a 
Sephadex  G-75 co lumn  (1 m x 2 cm) equil ibrated with 
50 m M  Tr is /HC1 p H  7.6. The c h r o m a t o g r a p h y  was car- 
ried out  at a f low rate o f  10 ml.  h - 1 .  This step r emoved  
the yel low protein,  which eluted before  the purple  pro-  
tein. All the fract ions with a b road  l ight-absorpt ion 
shoulder  at 470 nm were pooled ,  dialyzed against  
10 m M  T r i s / H C l  p H  7.6 for  20 h and  loaded  onto  a 
D E A E - B i o - G e l  A co lumn  (50 x 3 cm) equi l ibrated with 
identical  buffer.  The co lumn  was washed  with 300 ml 
o f  the buffer ,  and the proteins were eluted with 1-1 gra- 
dient  o f  0-100 m M  NaC1. The purple  b a n d  eluted near  
30 m M  NaC1. The fract ions displaying a distinctive 
b r o a d  b a n d  at 470 nm were poo l ed  and  f o u n d  to be 
pure by native and S D S / P A G E  electrophoresis .  

Enzymatic properties 

Its distinctive color  and  absorp t ion  spec t rum suggested 
that  the purple  prote in  was a manganese -con ta in ing  su- 
peroxide  dismutase,  an a s sumpt ion  conf i rmed  by dem- 
onst ra t ion  that  the prote in  inhibi ted cy toch rome  c re- 
duc t ion  by the superoxide-genera t ing  system, xan- 
t h ine /xan th ine  oxidase. The specific activity, expressed 
as the a m o u n t  o f  enzyme inhibit ing by 50% the reduc-  
t ion o f  cy tochrome  c, was 5150 u n i t s . m g  -1 protein.  
This activity is greater than  that  repor ted  for o ther  
M n S O D s  (a round  3500 un i t s - r ag -1 )  (Keele et al. 1970; 
Brit ton et al. 1978; Rav indrana th  and  Fr idovich  1975), 
except  for  the enzyme o f  Bacillus subtilis with a re- 
por ted  specific activity o f  4600 units-  m g -  1 (Tsukuda  et 
al. 1983). The activity found  in crude extracts was also 
great, i.e. 97 units,  m g - 1 ,  c o m p a r e d  to 1.9 u n i t s . r a g -  
for  Halobacterium halobium (Salin and Oesterhelt  
1988), 9.8 u n i t s . m g  -1 for B.fragilis (Gregory  1985), 25 
units,  mg - 1 f o r  E. coli, 24.5 units,  mg - 1 for  Alcaligenes 
faecalis, 72.6 units,  m g - ~  for  Streptococcus sanguis, 42 
units,  mg - 1 for  Bacillus megaterium, 50 units,  mg - 1 for  
Acholeplasma laidlawii (Kirby et al. 1980), and 40-140 
units- r a g -  1 for  var ious strains o f  B. subtilis (Tsukuda  et 
al. 1983). 

Crude  extracts p repa red  f rom aerobical ly  g rown 
cells o f  B. halodenitrificans displayed activity similar to 
that  o f  anaerobica l ly  g rown cells (97.5 u n i t s . m g - l ) .  
This activity was no t  inhibi ted by incuba t ion  in 10 m M  
H202 for  80 rain and was 40% inhibited after addi t ion  
o f  20 m M  NaN3 to the assay mixture,  a behavior  typ-  
ical o f  M n S O D  (Misra and  Fr idovich  1978). It appears  
that  superoxide  d ismutase  occurs  consti tut ively in B. 
halodenitrificans, an observat ion  fur ther  conf i rmed  by 
the presence  o f  a single b a n d  of  activity on non-dena-  
tur ing e lectrophoresis  gels p repared  with extracts f rom 
cells grown ei ther aerobical ly  or anaerobical ly.  The ac- 
tivity bands  co r r e sponded  identical ly with the posi t ion  
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was complex, with a split maximum at 278 nm and 
283 nm and a shoulder at 291 nm, indicating the contri- 
bution of tryptophan residues to the spectrum. The 
spectrum closely resembled that of MnSOD from B. 
subtilis (Tsukuda et al. 1983) and E. coli (Keele et al. 
1970). 

Fig. 1 A, B. Disc gel electrophoresis of superoxide dismutase. (A) 
Protein staining of the pure enzyme. (B) Activity staining. Lane 1, 
pure enzyme; lane 2, crude extract from aerobically grown cells; 
lane 3, crude extract from anaerobically grown cells 

of the purified enzyme subjected to electrophoresis 
(Fig. 1). 

The enzyme was stable for at least one year at 
-80°C.  

Spectroscopic properties 

The electronic absorption spectrum of superoxide dis- 
mutase (Fig. 2) displayed a broad band centered at ap- 
prox 474 nm (6=560 mM -1.cm -1) and a shoulder 
around 595 nm. The ultraviolet region of the spectrum 
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Fig. 2. Electronic absorption spectrum of Mn-containing superox- 
ide dismutase. Protein concentration, 1.1 mg.m1-1 in 10raM 
Tris/HC1 pH 7.6 

Physical properties 

The molecular mass of the enzyme determined by sedi- 
mentation equilibrium was 41.4_+3 kDa (mean value 
computed from several runs), assuming a partial spe- 
cific volume of 0.7373 ml- g -  1, SDS/PAGE revealed a 
single protein band at 26 kDa, consistent with a dimeric 
structure. The molecular mass of the subunits was un- 
expectedly high, which may signal an erratic electro- 
phoretic migration of the polypeptide. Other organisms 
also yielded dimeric MnSODs, with molecular masses 
of 40-45 kDa (Keele et al. 1970; Britton et al. 1978; 
Ichihara et al. 1977; Brock and Walker 1980; Barra et 
al. 1984; Tsukuda et al. 1983). 

Analysis of the enzyme by plasma emission spec- 
troscopy indicated the presence of 1.22 mol manganese 
atom/41.4-kDa molecule. No other metal was de- 
tected. 

Amino acid composition 

Some differences can be seen among superoxide dis- 
mutases from various organisms (Table 1), but the pat- 
terns appear similar for all of them. The B. halodenitrif- 
icans enzyme was rich in lysine and aspartic acid/aspa- 
ragine residues and, like the enzymes from Mycobacter- 
ium lepraemurium and from human mitochondria, it 
contained several cysteines. The tryptophan content 
was lower than that in other superoxide dismutases, an 
apparent contradiction with the high absorbance at 
291 nm of the protein. Poor recovery of tryptophan 
after hydrolysis may be responsible for this discrepan- 
cy. 

Discussion 

Like most Gram-positive bacteria (Britton et al. 1978), 
B. halodenitrificans synthesized an MnSOD similar to 
others in its electronic absorption spectrum, molecular 
mass and amino acid composition; but it proved dis- 
similar in exhibiting a specific activity greater than 
those of many other superoxide dismutases. As the en- 
zyme from B. subtilis also displays a high activity (Tsu- 
kuda et al. 1983), this property may be an attribute 
common to Bacillus species. It was a major protein in B. 
halodenitrificans grown under either anaerobic or deni- 
trifying conditions. 

Whereas B. halodenitrificans appeared to synthesize 
the enzyme constitutively, superoxide dismutase is gen- 
erally induced by aerobic stress in other bacteria. E. coli 
produces an FeSOD at all times, and an additional 



Table 1. Amino acid composition of MnSOD from various organisms 

Amino B. halodeni- B. stearother- E. coli b S. faecalis ~ M. leprae- Human e'f 
acid trificans a mophilus a'f murium d 

Ala 34 40 47 43 50 34 
Gly 30 30 26 31 31 36 
Val 22 16 20 23 20 18 
Leu 29 38 38 29 42 40 
Ile 16 18 14 20 14 22 
Ser 13 22 22 15 17 14 
Thr 14 22 19 28 21 14 
Pro 21 26 15 20 14 20 
His 14 18 12 17 19 20 
Asx 57 50 42 54 50 44 
Glx 42 42 37 42 40 44 
Cys 4 0 ND 0 6 4 
Met 6 4 3 9 0 4 
Arg 7 12 10 8 6 8 
Lys 31 24 29 22 23 30 
Tyr 16 16 12 17 21 18 
Phe 13 16 18 16 18 12 
Trp 5 12 ND 12 13 10 

ND, no data 
a Brock and Walker (1980) 
u Keele et al. (1970) 
c Britton et al. (1978) 

Ichihara et al. (1977) 
e Barra et al. (1984) for the human mitochondrial enzyme 
f The amino acid composition derived from the sequence of these proteins. In accord 
with the dimeric structure, these values are doubles 
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MnSOD under aerobic conditions (Gregory and Frido- 
vich 1973). S. sanguis  synthesizes only MnSOD, which 
increases 50-100-fold under high oxygen concentra- 
tions (Diguiseppi and Fridovich 1982). The apoprotein 
in B. fragil is ,  an anaerobe, can be reconstituted with 
either Fe or Mn, whereas uptake of  Zn yields an inac- 
tive protein (Gregory 1985). The Fe form is found in 
anaerobically grown cells, the manganese form in cells 
exposed to oxygen, with an increase of  30-fold of  the 
total dismutase activity. This exchange in metal center 
is attributed to a decreased availability of  soluble Fe 
under aerobic conditions (Gregory 1985). The enzyme 
from Propionibacterium shermani i  can also incorporate 
Mn or Fe, according to availability in the medium 
(Meier et al. 1982). FeSOD and MnSOD in other or- 
ganisms cannot be reconstituted with the counterpart  
metal and often display different electrophoretic migra- 
tions, although some sequence similarities exist (Ban- 
nister and Rotilio 1984), suggesting that the two forms 
of  the enzymes may be evolutionarily related. B. halod- 
enitrif icans produced only MnSOD during anaerobiosis 
where iron was supplied in excess, thus reinforcing the 
notion of  a constitutive occurrence of  superoxide dis- 
mutase in this bacterium. 

Physiological roles for this enzyme remain unsett- 
led. Although the enzyme dismutates superoxide anion, 
so do Mn chelates; Fee (1981) questions the necessity 
for a specific enzyme to do the job. Lactobaci l lus  plan-  
tarum apparently lives aerobically without superoxide 
dismutase but utilizes high concentrations of  Mn to dis- 
pose of  superoxide radicals (Epp et al. 1986). Mutants 

of E. coli devoid of  both FeSOD and MnSOD re- 
portedly survived under aerobic conditions, although 
growth was weak and proceeded only with provision of  
all 20 amino acids, especially leucine and valine, in 
minimal medium (Carlioz and Touati 1986). The pres- 
ence of  a constitutive enzyme in B. halodenitri f icans 
raises the question of whether it is synthesized at all 
times as a means of preventing damage produced by 
rapid changes in oxygen concentrations, as proposed 
for strict anaerobes (Bannister and Rotilio 1984), or 
whether it has other physiological functions, besides 
elimination of  superoxide radicals. The need for a 
'backup '  amount of  superoxide dismutase is under- 
standable for a facultative anaerobe, but the elevated 
activity found in anaerobically grown cells may be con- 
sistent with other roles for this enzyme. Miyake (1986) 
reported an increase in its activity to a level almost 
identical to that of  aerobically grown cells in anaerobi- 
cally grown E. coli cells placed in the presence of  ni- 
trate. This induction was apparently linked to nitrate 
respiration, as mutants unable to produce nitrate reduc- 
tase did not show a response to nitrate. Henry and Bes- 
sieres (1984) pointed out that the dismutation of  NO to 
N O 2  and N20 is thermodynamically favorable, but 
does not occur for kinetic reasons in the absence of  a 
catalyst. However, we found no reduction of  NO to 
NzO by superoxide dismutase in a system containing 
nitrite/nitrite reductase/superoxide dismutase and sup- 
plied with ascorbate/phenozine methosulfate. In view 
of  the use of  superoxide dismutase to protect NO pro- 
duced from L-arginine as neutrophil cytotoxicity factor 
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(Wright  et al. 1989), such a f ind ing  was expected.  Stud- 
ies with mutan t s  of B. halodenitrificans devoid of super-  
oxide d i smutase  activity might  p rovide  some ind ica t ion  
of  the re levance  of  this enzyme to deni t r i f ica t ion.  
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