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Summary 

Three electrophoretmally distract superoxlde d:smutases (EC 1 15 1 1) were 
observed m the crude extracts from Pseudomonas ovahs One of these was 
:solated as an :ron-contammg superoxlde dlsmutase It contamed 1 4 gatoms of 
Fe per mol of enzyme, and had a speclfm achvlty of  3900 umts per mg of 
protein A crystalhzed enzyme contamed 1 1 gatoms of Fe per mol of enzyme, 
and had a specffm achvlty of 3100 umts per mg of protein 

The results of sedlmentatmn equilibrium and gel ffltratmn mdmated a mo- 
lecular we:ght of 40 000 S°0 ,w was eshmated as 3.18 by sedlmentatmn veloci- 
ty study Sodmm dodecyl sulfate gel electrophores:s mdmated that  the enzyme 
was composed of two subumts, and had a molecular we:ght of 19 500 

Analys:s for sulfhydryl groups showed that  there were four such groups per 
mol of enzyme The spectrum of wslble and ultravmlet reg:on, the ammo ac:d 
compos:tmn, the CD spectrum of the enzyme, and the effect of certain com- 
pounds on the enzyme, were studmd and compared with :ron-contammg super- 
omde dlsmutases molated from other orgamsms 

In t roduchon 

Superoxlde dmmutase (EC 1 15 1 1) has been studmd extens:vely m recent 
years and has been shown to exmt m animals [1,2], m mlcroblals [3--7,9,13-- 
15], and m plants [8,10--12] Thin enzyme catalyzes the dlsmutahon reachon 
of superox:de free radmal (O: + O~ + 2H ÷ -~ H2 O: + O2), formed m many 
blologmal omdatlons, and has been assumed to play an important  role m the 
protecting of cells against the delete~:ous action of th:s radmal 

Abbrevlataon used DTNB, 5,5'-dlthlobls-(2-mtrobenzolc acid) 
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Three distract kinds of superomde dlsmutase have been isolated from aerobic 
organisms Superoxlde dlsmutase isolated from eukaryotm sources contmns 
2 gatoms of  Cu and 2 gatoms of  Zn per mol of  enzyme [1,2,10--12] The 
Cu,Zn-enzyme was also found in Photobactermm le~ognatht [9] .  Many en- 
zymes isolated from prokaryotes  and from eukaryotlc ml tochondna  have 2 g- 
atoms of  Mn per mol of enzyme [2,3,7,8] .  In addltmn, Yost and Fndovmh [6] 
isolated lron-contalnmg superoxlde dlsmutase from Eschenchza coh This en- 
zyme contains 1 gatom of Fe 3÷ per mol of  enzyme 

Recently,  iron-containing superoxlde dlsmutases were also isolated from 
Plectonema boryanum [13,14] and Photobactermm letognathz and sepza [15] 
These enzymes contained 1 or 2 gatoms of  Fe 3÷ per mol of  enzyme and had a 
molecular weight of  40 000 consisting of  two subunlts. For this reason, charac- 
tenza tmn and comparison of  the iron-containing superoxlde dlsmutase from 
Pseudomonas ovahs was very interesting 

In this paper, it is reported that  three electrophoretlcally distract superomde 
dlsmutases could be detected in the crude extracts from Ps ovalts IAM-1002, 
and that  one of these enzymes has been isolated as iron-containing superomde 
dlsmutase Punficahon,  crystalhzatmn, and some properties of  the Fe-enzyme, 
such as molecular weight, metal content,  absorption spectrum, CD spectrum, 
and amino acid composi t ion are reported 

Materials and Methods 

Materials 
Xanthlne oxldase (EC 1 2.3 2) and cytochrome c were products  of Boehrm- 

ger Mannhelm. Xanthme, ovalbumm, bovine serum albumin, chymotrypslno- 
gen, and myoglobm were obtained from Sigma DEAE-cellulose (DE-32} was a 
product  of  Whatman. All other  materials were of  the highest grade commercml- 
ly available 

Bacterta and med~a 
Pseudomonas ovahs IAM-1002 was used throughout  this s tudy Cells were 

grown at 30°C m a chemically defined medium the composit ion of which was, 
in grams per hter glucose, 2 0, (NH4)2 SO4, 2 0; Na2 HPO4 • 12 H2 O, 1 64, 
KH2PO4, 0 1 5 ,  MgSO4 7 H20 ,  0 1 ,  CaC12, 0 0 0 2 ,  and MnSO4, 0.007, or 
FeSO4 7 H2 O, 0.01. The Fe or Mn content  of  this medmm was minimized by 
omitting either the FeSO4 7 H2 O or the MnSO4 In the case of  large scale 
cultivation, a medmm was used the composi t ion of  whmh, in grams per hter, 
was as follows glucose, 4, (NH4)2 S O 4 , 4 ,  Na2 HPO4 • 12 H2 O, 16 4, KH2 PO4, 
1 5 ,  MGSO4 7 H 2 0 , 0 2 ,  CaC12,0.002, andFeSO4 7 H 2 0 , 0 0 1  

Enzyme assay 
Superoxlde dlsmutase activity was assayed by the method of  McCord and 

Fndovmh [1] For the assay of  the crude preparahon,  the assay mLxture con- 
tamed 5 10 -4 M cyanate to inhibit cy tochrome c peromdase and oxldase 
Calculation of the enzyme umt  was accordmg to the method  of  Asada et al. 
[16] For the case of  inhibition studies, the enzyme achwty  was eshmated by 
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the method of  Asada et al [16] usmg the assay system of Nlshlklml et al 
[17] 

Determmatzon o f  protein 
Protein was determmed by the mmro-bmret method of Itzhakl and Gill 

[ 18] ,  using bovine serum albumin as standard 

Metal analysts 
Iron was determined by the method of Massey [19] as the ferrous o-phenan- 

throhne complex and by atomm absorptmn spectrometry using a Nippon 
Jarrell-Ash atomm absorptmn spectrometer  with a Varmn Techtron Model 63 
carbon rod atomizer Zinc, copper, and manganese were assayed by atomm 
absorptmn spectrometry 

Determmatton o f  molecular wezght 
The molecular weight of  the enzyme was estimated by gel filtration and by 

sedlmentatmn eqmhbrmm centrffugatmn Gel ffltratmn was performed with a 
column of Sephadex G-100 (3 5 cm )(, 70 cm) whmh was eluted with 50 mM 
Tns HC1 buffer (pH 7 8) contammg 0 1 M KC1 The column was calibrated 
with the followmg standards bowne serum albumin, ovalbumm, chymotryp-  
smogen, and myoglobm Sedlmentatmn velocity and eqmhbrmm experiments 
were performed at 4°C m a Hitachi UCA-1A analytmal ultracentrifuge The 
molecular weight of the enzyme was estimated by memscus depletmn method 
as developed by Yphantls [20] The partml specffm volume was calculated 
from the ammo acid composl tmn [21] 

Polyacry lamlde gel electrophorests 
Polyacrylamlde gel electrophoresls was performed with 6% gel (pH 8 9) at 

5°C accordmg to the method of Davis [22] Superomde dlsmutase activity on 
polyacrylamlde gel was located by the photochemmal method of Beauchamp 
and Fndovmh [23] Sodmm dodecyl  sulphate/polyacrylamlde gel electrophore- 
sis was performed by the method of  Weber and Osborn [24] 

Amino aczd composttton 
About  300 pg of the superomde dlsmutase, denaturated with tnehloroacetm 

acid, was dialyzed against water and hydrolyzed m 6 M HC1 for 24, 48, or 72 h 
at 110°C Amino acids were subsequently determined with a Nlhondenshl auto- 
matin amino acid analyzer JLC-6AH using a single column Tryptophan was 
determined by the photometnca l  method of Edelhoch [25] Half-cystme was 
determined as cystem acid after t reatment  with performm acid by the method 
of  Hlrs [26] 

Sulfhydryl content 
Sulfhydryl content  of the enzyme was measured by reaction with Nbs2 as 

described by Ellman [27] 

CD spectrum 
CD spectrum was recorded on a Jasco J-20 automatm recording spectropo- 
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lanmeter  In the calculatmn of the mean residue elhptmlty [0] ,  the mean 
residue weight was taken as 110 6 

Crystalhza t~on 
Crystalhzation of  the iron-containing superoxlde dlsmutase was accom- 

phshed by the method of  Suzuki and Estabrook (unpublished) The purified 
enzyme solution (34 mg/ml) was poured into a glass tube (0 5 cm dmmeter), 
one end of whmh was covered with dmlysls tubing Then the covered end of  the 
glass tube  was immersed in 55% saturation of (NH4)2 SO4 solution at pH 4 5, 
and after the tube  had been allowed to stand for about  1 week at 2°C under 
reduced pressure, the crystalhne enzyme appeared 

Results 

Superoxtde dzsmutase m the crude extracts from Pseudomonas ovalts 
The crude extracts from Ps ovahs were subjected to polyacrylamlde gel 

electrophoresls and to staining of the enzymatic activity The activity zones 
were varied by the metal composit ion of  the chemically defined medmm de- 
scribed m Materials and Methods Fig l a  shows the achvlty zone with the 
crude extracts from Ps ovahs grown m Fe-supplemented medium (RF 0 79) 
Fig l b  shows the three activity zones with the crude extracts from Ps ovahs 
grown m Mn-supplemented medium. A major activity zone (RF 0 71) and 
other minor actwlty zones (RF 0 75, 0 79) were observed (Fig l b )  The 
actlwty zone of RF 0 79 coincided with the actlwty zone of the purified 

(a) (b) 

f 

Fig I Polyacrylamlde gel electrophoresls of crude extracts from Ps ovahs 200 ~zg of the crude extracts 

were apphed to the gel and, after electrophorems, superoxlde dlsmutase actlvlty was located [23] Achro- 

matlc zones denoted by arrows indmate the enzymatlc actlvlty (a) crude extracts from Ps ovahs grown m 

Fe-supplemented medmm (b) crude extracts from Ps ovahs grown m Mn-supplemented medmm 
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iron-containing superoxlde d~smutase described below, but the other two actwl- 
ty zones were not Identified 

Punftcatzon of  zron-contammg superoxtde dtsmutase 
All the purification procedures were camed out at 0--4°C 
(a) Preparation of crude extracts Cells of Ps ovahs were harvested by centn- 

fugatlon m the late log phase Cell extracts were prepared by somc dlsruphon 
(10 mm) of frozen cells (1 8 Kg) suspended m 9 1 of 10 mM potassmm phos- 
phate buffer (pH 7 4) The somcate was centrifuged for 1 h at 15 000 × g 

(b) DEAE-cellulose batch The supernatant was added to DEAE-cellulose 
batch (130 g) which had previously been equilibrated with 10 mM potassium 
phosphate buffer (pH 7 4) The superoxlde dlsmutase was not absorbed under 
these conditions 

(c) (NH4)2S04 fractzonatton The enzyme solution was brought to 58% 
(NH4)2 SO4 saturatmn The precipitate formed was removed by centnfugatmn, 
and the supernatant solution was then brought to 90% (NH4)2 SO4 saturation 
The resulting precipitate was recovered and dmlyzed for 48 h agamst 5 mM 
potassium phosphate buffer (pH 7.8) contammg 1 mM ~-mercaptoethanol The 
buffer was exchanged four times every 12 h 

(d) Ftrst DE-32 column chromatography The dmlyzed solution was apphed 
to a column of DE-32 (5 cm × 35 cm), previously equilibrated with 5 mM 
potassium phosphate buffer (pH 7 8) After the column was washed with the 
same buffer and 17 mM potassium phosphate buffer (pH 7 8) successively, 
superoxlde dlsmutase activity was eluted from the column with 31 mM potas- 
smm phosphate buffer (pH 7 8) The fractions containing superomde dismutase 
activity were pooled and dialyzed against 2 mM potassmm phosphate buffer 
(pH 7 8) 

(e) Second DE-32 column chromatography The dialyzed solutmn was again 
apphed to a column of DE-32 (1 5 cm × 15 cm), prewously equilibrated with 
the dialysis buffer Superoxlde dlsmutase activity was eluted from the column 
with 23 mM potassium phosphate buffer (pH 7.8) The fractions contammg 
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T A B L E  I 

P U R I F I C A T I O N  OF I R O N - C O N T A I N I N G  S U P E R O X I D E  D I S M U T A S E  F R O M  P S E U D O M O N A S  

0 VA LIS  

Pur l fma t ton  s tep Tota l  p r o t e i n  Tota l  u m t s  Speclf :c  Recovery  
(rag) of  e n z y m e  ac t lw ty  (%) 

(10  -3 X u m t s )  ( u m t s / m g )  

Crude  ex t r ac t s  171 400  2 948  17 2 
DEAE-ce l lu lose  b a t c h  133  630  2 673 20 1 91 

58 - -90% ( N H 4 ) 2 S O 4  10 500 1 922  183 60 
1st DE-32  686 1 175  1 7 1 3  40 
2nd DE-32  459 1 055  2 299 36 
Sephadex G-100  316  1 036  3 277 35 
H y d r o x y a p a h t e  220  880  4 0 0 0  30 

superoxlde dlsmutase activity were pooled and concentrated by ultraflltratlon. 
(f) Sephadex G-IO0 gel fdtrat,on The concentrated solution was apphed to a 

column of Sephadex G-100 (3 cm × 70 cm), previously equlhbrated with 50 
mM potassium phosphate buffer  (pH 7.8) contatnlng 0.1 M KC1, and eluted 
with the same buffer  Fig. 2 shows the elutmn profile of  the enzyme from the 
Sephadex G-100 column. The active fractions were pooled and dialyzed against 
2 mM potassmm phosphate buffer  (pH 6.1). 

(g) Hydroxyapat, te column chromatography The dialyzed solution was 
then applied to a column of hydroxyapat l te  (1.5 cm × 25 cm), previously 
equlltbrated with the dialysis buffer  The column was washed with the same 
buffer,  and superoxlde dlsmutase actlwty was eluted with a linear gradient 
(2--150 mM) of this buffer, as a single peak which was congruent with a peak 
of 280 nm absorbance The results of the punfmatmn procedures are sum- 
marlzed in Table I. The preparation in the final step showed an overall 230-fold 
punfmat ion with a recovery of  30% of the original activity. 

Crzterm of purity 
The homogenet ty  of the punfmd enzyme was exammed by polyacrylamtde 

gel electrophoresls and ultracentrlfugatlon technique 
Fig. 3 shows the electrophoretlc patterns of  the punfmd enzyme on poly- 

acrylamlde gel electrophores:s with and wi thout  sodium dodecyl  sulfate. A 
single band was observed in both cases, suggesting that the enzyme preparation 
was highly homogeneous.  The protein band of  the punfted enzyme coincided 
with the zone of  the enzymatic activity (Fig 3). 

The purlfmd enzyme was subjected to ul tracentnfugatlon in 50 mM potas- 
sium phosphate buffer (pH 7.8) containing 0 1 M NaC1 at 4°C. A single sym- 
metrtcal boundary  was observed (Fig. 4) The sedlmentahon coeffmlent m 
water at 20°C, extrapolated to zero protein concentrat ton (S O o,w), was found 
to be 3.18 S from s~x ultracentrifuge runs at protein concentrations of 1, 2, 3, 
4, 4 4, and 5 15 mg/ml 

Cry stalltzatton 
The enzyme from the final punfmat ton step was crystalhzed according to the 

method described m Materials and Methods The enzyme was preclpttated as 
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(a) (b) (c) 

Fig 3 P o l y a c r y l a r m d e  gel e l ec t ropho re s t s  o f  p u r i f i e d  s u p e r o x l d e  d l s m u t a s e  w i t h  a n d  w t t h o u t  s o d m m  

d o d e c y l  su l fa te  (a) The  pu r i f i ed  e n z y m e  (7 ~g of  p r o t e i n )  was  s u b j e c t e d  to  s o d m m  d o d e c y l  su l fa te -po ly-  
a c r y l a m l d e  gel e l e c t r o p ho re s l s  The  gel was s t a i ned  fo r  p r o t e i n  by  Coomass i e  b r f lhan t  blue (b) (c)  The  

p u n h e d  e n z y m e s  (10  pg  in (b) and  100  # g m  (c))  were  s u b j e c t e d  to  p o l y a c r y l a m i d e  gel e l ec t ropho re s l s  a t  

p H  8 9 The  gel (c) was s t a ined  for  p r o t e i n  by  A m l d o  b l ack  10B and  the  a c h r o m a t i c  zone  Ind ica te s  the  

e n z y m a t t ¢  ac t iv i ty  (b) 

light-brown crystals after one week in the covered end of  a glass tube (Fig. 5) 
The specffm actlvlty of the crystalhne enzyme was about  3100 and its iron 
content  was 1 1 gatoms per 40 000 g of  the enzyme (Table II) 

Molecular weigh t 
Sedimentation equlhbrmm experiments were camed  out  by the memscus 

depletion method of Yphantls [20] .  When logarithms of fringe displacement 

Fig 4 U l t r a c e n t r i f u g a l  p a t t e r n s  of  pu r i f i ed  s u p e r o x l d e  d l s m u t a s e  The  pu r i f i ed  e n z y m e  was used  at  a 
c o n c e n t r a t i o n  o f  5 15 m g  pe r  ml  m 50 m M  p o t a s s i u m  p h o s p h a t e  b u f f e r  (pH 7 8) c o n t a i n i n g  0 1 M NaC1 
D i r e c t i o n  of  c e n t r l f u g a t l o n  is f r o m  lef t  to  r igh t  P h o t o g r a p h s  were  t a k e n  at  15, 42 and  66 m m  af t e r  

r each ing  60 0 0 0  rev  / r a m  
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• e- 

F l g  .5 M m r o p h o t o g r a p h  o f  e r y s t a l h n e  s u p e r o x l d e  d l s m u t a s e  f r o m  Ps ovahs M a g n f f z e a t z o n  × 1 6 0  L e n g t h  
o f  t h e  s c a l e - b a r  m t h e  p h o t o g r a p h  is 0 1 m m  

(J) were plotted agamst the square of  the distance from the center of  rotahon 
(r2), a straight hne was obtamed (Fig 6). From the slope of  this hne and an 
assumed parhal speclfm volume of 0 .727,  whmh was calculated from ammo 
acid composit ion (Table III), the molecular weight of  the enzyme was esti- 
mated to be 40 800 +- 1960 (2 determmatlons) 

The molecular weight determined by gel flltrahon was 40 000 +- 1500 (3 
determinations) using a column of Sephadex G-100 (2 6 cm × 70 cm) 

The molecular weight of  the enzyme subumt was determined by sodmm 
dodecyl  sulfate/polyacrylamlde gel electrophoresls Fig. 7 shows a plot of  the 
logarithms of  the molecular weights of  several reference proteins versus their 
relahve moblhtms. The enzyme preparatmn migrated as a single band and the 
molecular weight of  the enzyme subumt was estimated to be 19 500 m the 

T A B L E  I I  

D E T E R M I N A T I O N  O F  I R O N  I N  S U P E R O X I D E  D I S M U T A S E  

T h e  a t o m  t o  t o o l  r a h o  m c a l c u l a t e d  o n  t h e  bas i s  o f  a m o l e c u l a r  w e i g h t  o f  4 0  0 0 0  V a l u e s  are  g i v e n  as  m e a n  

+ S D ,  w z t h  t h e  n u m b e r  o f  d e t e r m i n a t i o n s  m p a r e n t h e s e s  

Sample o Phenanthrohne Atomlc absorphon Speclfle acttvlty* 
method* 
(gatoms/mol enzyme) (gatoms/mol enzyme) (umts/mg protein) 

P u r l f m d  e n z y m e  1 39  +- 0 0 1 3  (4 )  1 4 4  +- 0 0 2  (2 )  3 9 3 0 - +  87  (5 )  
P H  3 9 t r e a t e d  e n z y m e  1 0 1  -+ 0 0 4  (3 )  3 0 5 0 + -  3 2 0  ( 8 )  
C r y s t a l h n e  e n z y m e  1 13  -+ 0 0 5  ( 4 )  3 0 8 0  -+ 1 5 0  ( 1 2 )  

* M e a s u r e d  w i t h  d i f f e r e n t  p r e p a r a t i o n s  
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M O B I L I T Y  

D e t e r m m a t t o n  o f  m o l e c u l a r  w e t g h t  b y  s e d l m e n t a t t o n  e q u l h b r m m  T h e  p u r i f i e d  s u p e r o x t d e  dts- 

m u t a s e  a t  a c o n c e n t r a t t o n  o f  1 2 4  m g  p e r  m l  m 0 1 M p o t a s s m m  p h o s p h a t e  b u f f e r  ( p H  7 8 )  w a s  equ l l t -  

b r a t c d  a t  a r o t o r  s p e e d  o f  29  5 0 0  r e v  / r a m  T h e  u l t r a c e n t r i f u g e  w a s  e q u t p p e d  w t t h  i n t e r f e r e n c e  o p t t c s ,  a n d  

f r i n g e  d t s p l a c e m e n t  ( J )  ts p l o t t e d  a g a i n s t  t h e  s q u a r e  o f  t h e  d i s t a n c e  f r o m  t h e  c e n t e r  o f  r o t a t i o n  ( r  2) 

F i g  7 D e t e r m m a t a o n  o f  t h e  s u b u m t  m o l e c u l a r  w e t g h t  o f  s u p e r o x l d e  d t s m u t a s e  b y  s o d t u m  d o d e c y l  

s u l f a t e - p o l y a c r y l a m t d e  gel  e l e c t r o p h o r e s t s  S a m p l e s  o f  t h e  p u r i f i e d  s u p e r o x t d e  d t s m u t a s e  a n d  s t a n d a r d s  

w e r e  d e n a t u r e d  b y  1 %  s o d t u m  d o d e c y l  s u l f a t e  c o n t a m m g  1% ~ - m e r c a p t o e t h a n o l  a n d  s u b ) e c t e d  t o  e l e c t r o °  
p h o r e s t s  i n  p o l y a c r y l a m t d e  ge l  ( 1 0 % )  c o n t a t n m g  0 1% s o d m m  d o d e c y l  s u l f a t e  T h e  s t a n d a r d  p r o t e i n s  u s e d  

w e r e  as  f o l l o w s  I ,  b o v m e  s e r u m  a l b u m m ,  2, o v a l b u m m ,  3, c h y m o t r y p s m o g e n ,  4, m y o g l o b m ,  a n d  5, 

c y t o e h r o m e  c T h e  a r r o w  m d l c a t e s  t h e  m o b L h t y  o f  t h e  s u p e r o x t d e  d l s m u t a s e  

T A B L E  I I I  

A M I N O  A C I D  C O M P O S I T I O N  O F  I R O N - C O N T A I N I N G  S U P E R O X I D E  D I S M U T A S E  

T h e  a m i n o  a c i d  c o m p o s i t i o n  o f  P s e u d o m o n a s  s u p e r o x l d e  d l s m u t a s e  a n d  c o m p a r m o n  w i t h  t h e  p u b h s h e d  

d a t a  f o r  E c o h ,  P h o t o b a c t e r t u m ,  a n d  P l e c t o n e m a  s u p e r o x l d e  d t s m u t a s e s  T h e  n u m b e r  o f  r e s i d u e s  w e r e  
c a l c u l a t e d  f o r  4 0  0 0 0  g o f  P s e u d o m o n a s  e n z y m e  V a l u e s  a r e  g t v e n  as  r e s t d u e s  p e r  m o l e c u l e  o f  P s e u d o  

m o n a s  e n z y m e  a n d  as  m e a n  o f  d u p h c a t e  a n a l y s t s  + S D 

A m i n o  a c i d  P s e u d o m o n a s  N e a r e s t  E c o h  P h o t o  P l e c t o n e m a  
s u p e r o x t d e  i n t e g e r  b a c t e r s u m  

d l s m u t a s e  (6)  ( 1 5 )  ( 1 4 )  

L y s m e  19  9 + 0 1 2 0  2 0  2 0  24  

H m t t d m e  1 3  6 -+ 0 5 14  11 12  10  

A r g m m e  3 7 - + 0 2  4 8 4 3 
y a  1 4 " + 0 4  1 

A s P a r t t c  a c i d  3 5  6 -+ 0 3 3 6  4 5  4 0  47  
T h r e o m n e  b 24  3 -+ 0 3 24  26  26  2 0  

S e n n e  b 26  8 -+ 0 7 27  20  15  18  

G l u t a m l c  a c i d  3 2  3 -+ 0 2 32  32  3 0  32  

P r o h n e  18  1 -+ 0 9 18  1 8  17  20  

G l y c m e  3 5  5 -+ 0 8 36  32  25  29  

A l a n l n e  33  1 -+ 0 6 33  53 4 0  4 8  
H a l f - c y s t m e  3 8 -+ 0 1 c 4 2 - -  2 

V a h n e  d 18  4 -+ 0 2 18  22  16  21 

M e t h t o n m e  0 -+ 0 0 6 3 
I s o l e u c m e  d 1 0  8 ~ 0 8 11 16  14  5 
L e u c m e  d 28  3 -+ 0 5 28  29  27  34  

T y r o s m e  12  5 -+ 0 4 13  13  11 10  
P h e n v l a l a m n e  21 4 -+ 0 3 21 20  20  25  

T r y p t o p h a n  1 8  2 18  8 12  11 

a U m d e n t l f l e d  a m i n o  a c i d  r e s i d u e  T h i s  v a l u e  w a s  c a l c u l a t e d  f r o m  n m h y d r l n  c o l o r  o f  o r m t h m e  
b B a s e d  o n  e x t r a p o l a h o n  to  z e r o  t i m e  o f  h y d r o l y s i s  
c C o r r e c t e d  f o r  9 0 %  r e c o v e r )  [ 2 6 ]  
d B a s e d  o n  v a l u e s  o b t a i n e d  a f t e r  72  h o f  h y d r o l y s i s  
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Fi g  8 A b s o r p t i o n  s p e c t r u m  o f  s u p e r o x l d e  d l s m u t a s e  f r o m  Ps ovahs The  s p e c t r u m  m t h e  u l t r a v i o l e t  a n d  

w_sible r e g i o n s  were  o b t a i n e d  w i t h  s o l u t m n s  c o n t a i n i n g  0 3 2 7  m g  p e r  m l  a n d  4 87  rag  p e r  m l ,  r e s p e c t i v e l y ,  

o f  t h e  e n z y m e  m 5 0  m M  p o t a s s m m  p h o s p h a t e  b u f f e r  ( p i t  7 8)  T h e  s e g m e n t e d  l i n e  i n d i c a t e s  t h e  a b s o r p -  

t m n  s p e c t r u m  o f  t h e  e n z y m e  a f t e r  r e d u c t i o n  w i t h  s o l i d  Na  2 S 2 0 4  

presence of ~-mercaptoethanol and 20 000 m its absence. These results mdmate 
that  the enzyme from Ps ovahs ls composed of two subumts of equal size 
whmh are not  covalently bndged. 

A bsorp tmn spectrum 
Fig 8 shows the opt:cal absorption spectrum of the punfled superox:de 

d:smutase In the vls:ble absorptmn spectrum, a broad absorption m the range 
from 320 to 600 nm was observed The molar ex tmctmn coefflcmnt at 350 nm 
was 2920 + 130 M -~ cm -~ (2 determinations) and at 280 nm it was 80 600 + 
1200 M -~ cm -1 (4 determmatmns) based on a molecular weight of 40 000. 
The visible absorptmn spectrum was bleached by addltmn of Na2 $2 O4 to the 
enzyme solutmn (Fig 8), and the color was restored by subsequent auto-oxlda- 
tmn of  the enzyme The enzymatm act:vlty was not  destroyed after this treat- 
ment  

Metal analysts 
Iron determinations of the superox:de dlsmutases by atomm absorption spec- 

t rometry and by spectrophotometry using o-phenanthrohne are shown m Table 
II From these data, the purified enzyme contained 1 39 g-atoms of Fe per mol 
of enzyme However, the enzyme whmh had been d:alyzed against 0 1 M so- 
dram acetate buffer (pH 3.9) containing 1 mM EDTA for 3 days, followed by 
2 days dialysis against 50 mM potassmm phosphate buffer (pH 7 8), contamed 
1 01 gatoms of Fe per mol of enzyme The crystalhzed enzyme also contained 
1 13 gatoms of Fe per mol of enzyme Spec:flc actw:ty of the enzymes de- 
creased correspondingly with their iron content  (Table II) The content  of 
manganese, copper, and zinc was below detection, or not  s:gnffmant. 

Ac:d-lablle sulfide was not  detected by the method of Fogo and Popowsky 
[28] 

Amino  acid analysts 
Table III shows the amino acid composlt:on of the superox:de dlsmutase A 
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molecular weight of 39 485 was calculated for the superoxlde dlsmutase from 
this composltmn This value is in good agreement with the molecular weight 
estimated by the gel fll tratmn and the ultracentrlfugatmn 

The amino acid composltmn of the Ps ovahs enzyme is apparently similar to 
the enzyme from E colt, Plectonema boryanum, and Photobactertum septa 
(Table III). However, the Ps ovahs enzyme had a higher content  of serlne and a 
lower content  of alanme compared w~th other enzymes 

Ammo acid residue, expressed as Y m Table III, was eluted at the same 
position as ornlthlne from the amino acid analyzer with two different buffer 
systems 

Sulfhydryl  content  
Sulfhydryl content  was measured using Nbs~ The enzyme was denatured by 

addition of 6 M guamdlne hydrochlorlde or 0 4% sodium dodecyl sulfate Ex- 
cess of Nbs~ was added and the change m absorbance at 412 nm was moni- 
tored In the absence of the denaturation reagents, the reactmn was significant- 
ly slow and only 0 2 sulfhydryl group had reacted with the reagent after 40 
mm. In the presence of 6 M guamdlne hydrochlorxde and 0 4% sodium dodecyl 
sulfate, 1 0 and 4 1 mol of sulfhydryl groups per mol of enzyme were allowed 
to react with the reagent (Fig 9) Thus the sulfhydryl groups of the enzyme 
were exposed and had reacted with the reagent only after denaturation The 
values obtained with Nbs2 agree with a value of 3 8 half-cystme residues ob- 
tained by the amino acid analysxs after performm acid oxldatmn (Table III) 
These results mdmate the absence of  any disulfide linkage m the enzyme mole- 
cule 

Effect  o f  vartous compounds  on the superoxtde dtsmutase 
In Me~hod (a), the effect of each of the vain•us compounds m the reactxon 

mixture was studmd using the method of Nlshlklml et al [17] mstead of the 
xanthme-xanthme oxldase system In Method (b), the enzyme was treated with 
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F ig  9 R e a c t i o n  o f  n a t i v e  a n d  d e n a t u r e d  s u p e r o x l d e  d i s m u t a s e  w i t h  D T N B  T h e  e n z y m e  (0 85  rag)  was  

a l l o w e d  t o  r e a c t  w i t h  D T N B  ( 2 0 - f o l d  m o l a r  excess )  in  50  m M  p o t a s s m m  p h o s p h a t e  b u f f e r  ( pH  7 S) 
c o n t a i n i n g  1 0  -4  M E D T A  The  r e a c t i o n  was  f o l l o w e d  in  t e r m s  o f  t h e  a b s o r b a n c e  c h a n g e  a t  4 1 2  n m  
• . . . . . .  • ,  n a t i v e  e n z y m e ,  ~, d e n a t u r e d  e n z y m e  b y  6 M g u a n l d m e  h y d r o c h l o r l d e ,  • e,  

d e n a t u r e d  e n z y m e  b y  0 4% s o d m m  d o d e e y l  s u l f a t e  
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T A B L E  IV 

E F F E C T  OF V A R I O U S  C O M P O U N D S  ON S U P E R O X I D E  D I S M U T A S E  FROM P S E U D O M O N A S  

0 VA LIS  

In Me thod  (a), the  e f fec t  of  each  c o m p o u n d  m the  r eac t i on  m i x t u r e  was s tud ied  using the  assay m e t h o d  
of  Nlshlk lml  e t  al [17]  In  Me thod  (b),  the  e n z y m e  was t r e a t ed  wi th  each  c o m p o u n d  for 30  h fo l lowed  
tts r e m o v a l  t h r o u g h  dialysis and t h e n  the  e n z y m a t i c  ac t iv i ty  was assayed by  xan th lneoxan th lne  oxldase  
sys t em [1]  

Compound Remalnlng actlvlty 
(%) 

Method (a) 

None 100 

NaN 3 1 mM 59 

NaN 3 I0 mM 23 

o Phenanthrohne 1 mM 117 

8-Hydroxyqumohne-5-sulfonate 10 raM 119 

c~,~'-I:hpyndyl 0 25 m M  83 
N-E thy lma le l r a lde  10 m M  100  

M e t h o d  (b) 
None  100  
o P h e n a n t h r o h n e  1 m M  + f l -mercapto-  

e thano l  4 raM 34 
o - P h e n a n t h r o h n e  1 m M +  N a 2 S 2 0 4  1 m M  60 
c~,a ' -Dlpyrldyl  1 m M +  ~-raereapto-  

e t hano l  4 m M  85 
E D T A  1 m M  100  
8 - H y d r o x y q u m o h n e - 5 - s u l f o n a t e  1 m M  96 
1 ,2 -Dkhydroxybenzene -3 ,5 -d l su l fona t e  1 m M  100  
NaN 3 1 m M  100  
HgC12 0 1 m M  100 

each compound  fol lowed by its removal through dialysis and then the enzy- 
matin activity was assayed by xanthme-xanthme oxldase system [ 1 ] 

The results are summarized m Table IV The superoxlde dlsmutase was msen- 
slhve to iron-chelating agents m the two assay methods,  (a) and (b) The 
enzyme was partially inhibited by the presence of  1 mM NaN3 m the reactmn 
mLxture (Method (a)). However the pretreatment of  the enzyme with NaN3 
fol lowed by removal of  the reagent did not  mhlblt the enzymatic achwty 
(Method (b)) Treatment of  the enzyme with o-phenanthrohne m the presence 
of  the reducing agent inhibited the enzymatm activity (Method (b)) 

CD spectrum 
CD spec t ra  of  the  c rys t a lhne  e n z y m e  f r o m  200 to  340 n m  and f r o m  300 to  

600 n m  are p r e sen t ed  in Figs. 10 and  11 The  CD prof i le  o f  the  e n z y m e  m the 
2 0 0 - - 2 5 0  n m  r egmn  exh ib i t s  a cen te r  at  221 n m  and a shou lde r  near  208 n m  
(Fig 10) T h e  m e a n  res idue e lhp tml ty ,  [ 0 ] ,  a t  222  n m  was ca lcu la ted  to  be  
11 890 + 370 (4 d e t e r m m a h o n s ) .  F r o m  this value,  the  e n z y m e  has an ~-hehcal  
c o n t e n t  o f  32%, using the  a p p r o x l m a h o n  m e t h o d  of  Chen and  Yang [29]  fo r  
e s t ima t ion  of  the  a -hehca l  c o n t e n t  The  CD s p e c t r u m  m the  2 5 0 - 3 4 0  n m  
region shows  a p os l hve  band ,  and  a m a j o r  p e a k  cen t e r ed  at  283  n m  wi th  
shoulders  a r o u n d  276 and  288 n m  The  visible region shows a b road  and  low 
in tens i ty  b a n d  cen t e r ed  a t  400  n m  (Fig 11) 
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F~g 1 0  CD s p e c t r u m  o f  c r y s t a l h n e  s u p e r o x l d e  d l s m u t a s e  f r o m  2 0 0  n m  to  3 4 0  n m  T h e  m e a s u r e m e n t  o f  

CD s p e c t r u m  b e t w e e n  2 0 0  n m  a n d  2 5 0  n m  w a s  c a r ~ e d  o u t  w i t h  a 0 5 m m  h g h t - p a t h  ce l l  w i t h  0 4 5  m g  p e r  

m l  o f  the  e n z y m e  m 50  m M  p o t a s s i u m  p h o s p h a t e  b u f f e r  ( p H  7 8) In t h e  r e g i o n  o f  2 5 0  n m  t o  3 4 0  n m ,  a 

5 m m  h g h t - p a t h  ce l l  w a s  u s e d  w i t h  1 3 5  m g  p e r  m l  o f  t h e  e n z y m e  m t h e  s a m e  b u f f e r  

F ig  11 C D  s p e c t r u m  o f  c r y s t a l l i n e  s u p e r o x l d e  d l s m u t a s e  f r o m  3 0 0  n m  t o  6 0 0  n m  T h e  s p e c t r u m  o f  t h e  

c r y s t a l l i n e  s u p e r o x l d e  d l s m u t a s e  ( 13  5 m g / m l )  m 50  m M  p o t a s s m m  p h o s p h a t e  b u f f e r  ( p H  7 8) w a s  

r e c o r d e d  w : t h  a 5 m m  h g h t - p a t h  ce l l  

Discussion 

Three electrophoretlcally distract superoxlde dlsmutases were observed m 
the crude extracts from Ps ovahs One of  these (R F 0 79} was purified as an 
:ron-contamlng superoxlde dlsmutase The other two ]sozymes (R F 0 75, 
0 71) were not molated These two :sozymes resemble manganese-superoxlde 
dlsmutase since they appeared only m the crude extracts from Ps ovahs grown 
m Mn-supplemented medium and not in Fe-supplemented medmm (Fig 1) 

The punfmd preparation of  the enzyme was crystallized as hght-brown crys- 
tals (Fig 5) It contained 1.1 gatoms of  Fe per mol of  enzyme and had a speclfm 
actwlty of 3100 The shape of  the crystals was similar to the crystalline copper, 
zlnc-superoxlde dlsmutase from spinach [10] Preparation of  a large smgle 
crystal is now under way in this laboratory. 

The molecular weight, subunlt structure, and absorption spectrum of the 
iron-containing superoxlde dlsmutase from Ps ovahs are similar, though not 
identical, to those of the E. colt enzyme [6] ,  the Photobacterzum enzyme 
[15] ,  and the Plectonema enzyme [13,14] Similarity is also observed in amino 
acid composltmn of the enzymes from Ps ovahs and other mmroorgamsms 
(Table III) However, a difference is observed m the serme, alanlne, and half- 
cystlne content of the enzymes. The amino ac:d residue, expressed as Y in 
Table III, was eluted at the same positron as ormthme from the ammo acid 
analyzer with two different buffer systems The amino acid res]due (Y) seems 
to be omlthlne Axcell and Geary [30] showed that an iron-sulfur protein, one 
component of  a benzene-oxidizing system from a strata of Pseudomonas, also 
contained ormthlne as :ts amino acid component Four half-cystme res:dues of 
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the Pseudomonas enzyme exist as four sulfhydryl groups whmh are exposed 
only after denaturahon 

The metal content  of the Pseudomonas enzyme is sxgmfmantly different 
from that  of the E coh and Plectonema enzymes [6,13] Whereas the E col~ 
and Plectonema enzymes contmn 1 gatom of Fe per mol of enzyme, thePseudo- 
monas enzyme contains 1 4 gatoms of  Fe per mol This is similar to the case of 
Photobactenum le~ognath~ and sepm, whmh contain respectively 1.61 and 1 43 
gatoms of Fe per mol of enzyme Very recently, Asada et al [14] showed that  
Plectonema superoxlde dlsmutase contained 2 gatoms of Fe per mol of en- 
zyme The iron content  of the Pseudomonas enzyme was partially decreased to 
1 0 and 1 1 gatoms of Fe per tool of enzyme by the dialysis against 0.1 M 
sodmm acetate buffer (pH 3.9) containing 1 mM EDTA and by the crystalhza- 
tlon The specffm achwty of the enzyme also decreased corresponding to the 
iron content  of the enzyme (Table II) Therefore, the iron removed was closely 
related to the superoxlde dlsmutase actlwty It is probable that  iron-containing 
superomde dlsmutase from Ps ovahs contains 2 gatoms of Fe per mol of 
enzyme m the native state It seems that  one of the two irons m the native 
enzyme molecule is easily removed but the remmnmg iron is bound to the 
enzyme molecule strongly 

The achwty  of the Pseudomonas superoxlde dlsmutase was inhibited by 
o-phenanthrohne m the presence of the reducmg agents followed by removal of 
the excess reagents. The Pseudomonas enzyme was insensitive to iron-chelating 
agents m aerobm condltmn (Table IV) These results are similar to those for the 
enzyme from Photobactenum sepia but  not  to those for the enzyme from 
Plectonema boryanum [15,14].  

The CD spectrum of the crystalhne enzyme from 200 to 250 nm showed a 
negative maximum at 221 nm with a shoulder near 208 nm, mdmatmg that  the 
enzyme contained a certain ordered structure such as a-helLx and ~-structure 
The negahve CD band at 400 nm may be attr ibuted to the asymmetric conhgu- 
rattan of the lron-hgand complex of the enzyme The value obtained for 
[0] 222 showed the a-hehcal content  of the enzyme to be 32% The CD spec- 
t rum of copper, zmc-superoxlde dlsmutase from bowne erythrocyte  m the 
wavelength region of 200-250 nm was very different from the lron-contammg 
superoxlde dlsmutase from Ps ovahs [31,32] (Fig 10) Bannxster et  al indi- 
cated that  the copper, zmc-superoxlde dlsmutase from bowne had a low a-heh- 
cal content  (less that  10%) and consisted mmnly of unordered structure [33] 
Therefore, the secondary structures of these two enzymes must be extremely 
different from each other 
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