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SUMMARY 

I This work character lses  a two-haem cytochrome isola ted from Mwrococcus 
demtmficans The ra t io  of  the  absorbance  of  the  pro te in  band  at  280 nm to tha t  of  the  
Soret  band  at  408 nm of the  pures t  p repara t ion  was o 75, the  molecular  weight was 
12o ooo and the lsoelectrac point  was p H  3 85 (o °) In  add i t ion  to the  ma jo r  component  I, 
there  are two s l ight ly  less acidic minor  components  Component  I and  Components  I I  + 
I I I  have been separa ted  and compared  spect roscopical ly  

2 "File two-haem cytochrome contains  a c- type and an a 2 (d)-hke haem The 
c-haem mus t  be bound  to the  pro te in  in an unusual  manner ,  being responsible for the  
double  a -band  and the  low a/fl band  ra t io  in the  reduced na t ive  cy tochrome,  In a lkahne 
py r ldme  a normal  c- type haemochrome is formed, with a single sharp  band  at  550 nm 
The d-hke (green) haem reacts  under  different condi t ions m lth CO, pyr idme,  lmldazole,  
CN-,  N 3- and  NO2 , i t  can be removed  from the prote in  b y  mild  procedures  and is not  
ident ical  wl th  haem d 

3 This cy toehrome is present  only  in cells grown anaerobica l ly  in the  presence 
of NO a and It has bo th  n i t r i te  reduetase  and cy tochrome c oxldase act ivi t ies  when 
assayed with  reduced Micrococcus cy tochrome c as subs t ra te  

4 Pseudomonas aerugznosa cytochrome oxldase /n i t r l te  reductase  was p repared  
for compar ison (A280 nm/Aal0 nm O 80) I t  IS a less acidic (lsoelectrlc poin t  7 I) and  
smaller  (tool wt 85 ooo) protein,  bu t  conta ins  the  same two haem groups as the  
Micrococcus enzyme Unlike the  Mlcrococcus enzyme,  it  has only one component  

INTRODUCTION 

A soluble haemopro te ln  wi th  a complex spec t rum was first observed in Mwro- 
coccus demtr,ficans dur ing the p repa ra t ion  of cy tochrome c (ref I) I t  was pa r t i a l ly  
purified and briefly descr ibed b y  NEWTON 2 as an oxldo-reductase  conta in ing a c - type  
haem and a green haem This new h a e m o p r o t e m  closely resembled  in Its spectra l  
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TWO-HAEM CYTOCHROME OF M demtr,ficans 317 

properties the oxldo-mtrlte reductase of Pseudomonas aerug,nosa (EC I 9 3 2) studied 
b y  YAMANAKA a, who classified the two different haem groups as haem c and haem a2, 
the latter is now known as haem d (ref 4) 

The purpose of the research described an this communication was to further 
purify and charactense the Mlcrococcus haemoprotem, to estabhsh the conditions 
under which it occurs and to compare it closely with the Pseudomonas protein Both 
were extensively purified, their enzymic properties and absorption spectra were very 
similar, but they had widely differing molecular weights and lsoelectnc points The 
Micrococcus enzyme contains several components, but  the Pseudomonas enzyme 
only one Preliminary evidence shows that the green haem as not identical with the 
haem d of Aerobacter aerogenes 5 

MATERIALS AND METHODS 

Orgamsms Two strains of M demtr,ficans were used ATCC 13543 and NCIB 
8944. They were grown m the yeast-peptone-mtrate medium of VERNON n The strain 
of P aerug,nosa used was obtained from Dr T YAMANAKA, Osaka, and was grown on 
the bouillon-peptone-nitrate medium described by HORIO 7. In small-scale experiments 
the organisms were grown in closed 6oo-ml blood bank bottles, and for larger prepa- 
rations IO-1 bottles with a trap allowing for gas escape were used The Pseudomonas 
was grown for 1-2 days at 37 °, and the ~¢hcrococcus for 4-5 days at 30 °. The organisms 
were harvested at 4 °, washed with o oI M potassium phosphate buffer (pH 6 o) and 
suspended to about 25 % (wet wt /v)  in o. I M phosphate buffer (pH 6 o) for immediate 
use or for storage at --20 ° 

Preparat,on and assay of crude extracts The suspension of cells was passed twice 
through a modified French press 8 at a pressure of 8 tons/inch 2 The viscous suspension 
of disrupted cells was incubated with deoxyrlbonuclease (Calblochem B Grade, o I mg 
per IO ml suspension), (5-1o mm) and then centrifuged for 30 mm at 18 ooo × g to 
sediment cell debris and poly-fl-hydroxybutyrate granules The resulting opalescent 
supernatant could be used for direct spectroscopic assay of the enzyme, or could be 
further clarified by centrlfugatlon for I h at 144 ooo × g, or for 30 mln at IO ooo x g 
following addition of (NH4)2SO t to 30% satn 

A spectrophotometnc assay, based on the 618-nm absorption band of the pyrl- 
dane haemochromogen formed from the green haem, was devised to estimate the 
amount of enzyme present a sample of extract was made 25 % (v/v) with respect to 
pyndme and o I M with respect to NaOH and divided between two cuvettes To the 
reference cuvette was added a drop of dilute K3Fe(CN)e solution to oxldise the green 
haem, which is autoreducible in the presence ofpyndlne and alkali The AA (618--65o 
nm) between the two cuvettes was read using the o I A shdewxre of a Cary I4R Spectro- 
photometer A Ae (618--65o nm) of 19 6 mM -1.cm -1, calculated from the data of 
YAMANAKA ~ was used for estimation of the green haem 

Preparation of Sephadex, DEAE-cellulose, CM-cellulose and hydroxylapat,te 
Sephadex G-Ioo, G-I5O and G-2oo (Pharmacla) were used for purification procedures 
and molecular weight determinations, and Sephadex G-I 5 for desaltmg procedures 
For molecular weight determinations, a 78 cm × 5 cm column of Sephadex G-i5o was 
was calibrated with a mixture of marker proteins of known molecular weights in 
o I M phosphate buffer (pH 6 o) horse heart cytochrome c (tool wt i2 270 ,Sagma, 
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318 N NEWTON 

Type VI), horse heart myoglobln (mol wt 17 800, B.D H ), ovalbumln (mol wt. 
45 ooo, Sigma Grade V), crystalline bovine serum albumin (mol wt 67 ooo, Armour) 
and 7-globulin (mol wt 16o ooo, Cohn FII ,  Sigma) Void volume, V 0 was determined 
using a Blue Dextr in (Pharmacaa) marker, total volume, Vt was calculated from the 
dimensions of the column, elution volume, Ve was measured for each marker and 
unknown. The Kav, (Ve -- Vo)/(Vt -- Vo) for each protean was plotted against the 
logarithm of its molecular weight, and from this straight line plot the molecular 
weights of unknowns were determined 

DEAE-cellulose (Cellex-D, Calblochem) was used for large-scale (batchwlse) 
1on-exchange chromatography It  was washed In succession in o 5 M HCI, water, 
o 5 M NaOH, water and then equahbrated with o 2 M phosphate buffer (pH 6 o) 
DEAE-cellulose DE-52 (mlcrogranular, Whitman) was used at later stages of the 
purification as at was found to have greater resolving power and was simply equilibrated 
with o I M phosphate buffer (pH 6 o) CM-cellulose (CM-52, mlcrogranular, Whitman) 
was also used without washing and was equilibrated in o.oi M phosphate buffer 
(O H 6 o). 

Hydroxylapatate was prepared as described by SIEGELMAN et al 9 and equili- 
brated with o oo 5 M phosphate buffer (pH 6 o) 

Electrophores,s Electrophoresas on cellulose acetate was performed using 1 inch 
X 6 75 Inch strips of Sepraphore I I I  (Gelman Instrument Co, Ann Arbor, Mlch ) In 
a Shandon type electrophoresls apparatus at room temperature for 1-2 h at 2oo V 
The straps were then sliced longitudinally, one half being treated with a protean stain 
of o 5 % (w/v) Coomassie Blue (Imperial Chemical Industries) in 5o% methanol, lO% 
glacaal acetic acid (v/v) and the other half with a haem-specific stain (o 5% benzidlne 
in 70% ethanol (pH 5 2) containing o 003% H202) 

Polyacrylamlde-gel electrophoresls was carried out in small glass tubes using 
7 5 % acrylamlde gel polymerased with o o8 % persulfate at 2o ° for 3o mln The sample, 
at low ionic strength, was mixed with sucrose and IO-/A ahquots were layered on top 
of the gels After 2 h electrophoresIs at room temperature at a current of 2 mA per 
tube, the gel was extruded from the tube and fixed m 12 5 % trlchloroacetlc acid One 
of a duplicate pair was stained in Coomassle blue in 12 5 % trlchloroacetlc acid 1° and 
the other In aqueous benzldlne-H2Q (pH 5 2) 

pH-focuss,ng A 45o ml pH-focusslng column (L K B ,  Sweden) was used to 
determine lsoelectrlc points as described by VESTERBERG AND SVENSSON 11 Amphohne 
buffers (L K.B ) covering the pH ranges 3-5 and 4-6 were used with the heavy anode 
solution placed at the bottom of the column The column was ]acketed and kept at 
4 4- o 2 ° dunng the approx 48-h runs. During the first 5 h the power was increased 
stepwlse to 3 o W, and then maintained at this level until equihbrium had been reached. 
]'he column was then drained and 5-Io-ml fractions collected and stored on ice The 
pH of these fractions was measured at o ° using a Radiometer pH meter type pHM- 
25SE standardised at o °, and their spectra (400-500 nm) read at 20 ° 

Spectrophotometry A Cary Model I4R spectrophotometer equipped with 650 W 
tungsten-iodine hght source, alternative o-I ,  1-2 A or o-o I, o I-O 2 A shdewlres, 
and Model 1462 scattered transmission accessory with Dumont 7664 photomultlplIer 
was used for recording absolute and difference spectra For measurements at --196o 
the "double-freeze" technlquO 2 was used, and dilutions were made in phosphate 
buffers containing 50% glycerol The cuvette assembly (2-ram hght path) was cooled 
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by liquid N 2 contamed in an oval vessel hollowed out of polyurethane and fitted with 
evacuated double glass windows 

N,tr, te reductase and cytochrome ox,dase assays Mlcrococcus cytochrome c 
prepared as described by SMITH et al. 1 was reduced with dltbaonlte and passed through 
a Sephadex G-I 5 column equilibrated with N2-saturated buffer to remove excess 
reductant It  was either used immediately, or flushed with N 2 and stored at --20 ° 
The cytochrome oxldase assay was carried out in open cuvettes using O,-saturated 
reagents, and the nitrite reductase assay in Thunberg cuvettes under N2, using N,- 
saturated reagents contalmng o 002 M NaNO~ Both assays were performed at 25 ° 
in o 05 M phosphate buffer (pH 6 5) and the rate of disappearance of the 55o-nm band 
of this reduced cytochrome c (final conch 25 #M) was recorded following the addition 
of the enzyme preparation 

R E S U L T S  

Condzt, ons for productzon of green haemoprotem 
To find the best source of the protein and its possible function, growth experi- 

ments were undertaken using M demtmficans ATCC 13543 Table I shows the effect of 
various culture conditions on the growth of the organism and the production of the 
green haem At a concentration of 2%, NO,-  was completely Inhibitory to growth 
whether aerobic or anaerobic, NOD- + Cu e+ was also inhibitory, but only under 
anaerobic conditions There was no significant growth anaerobically in the absence of 
NOD-, but NO 3- was not necessary when 08 was available as electron acceptor. The 
green haem was only detectable under conditions of anaerobic growth in the presence 
of NO 3- 

TABLE I 

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

O r g a m s m s  w e r e  g r o w n  a n d  t h e  h a e m  c o n t e n t  a s s a y e d  as  d e s c r i b e d  in  MATERIALS AND METHODS. 
K N O  s a n d  K N O ,  c o n c e n t r a t i o n s  w e r e  2 % a n d  C u S O ,  5 H 2 0  w a s  o o o i  % 

Culture condztwns Yzeld of Y*eld of 
cells green haem 
(g dry wt ) (nmoles/g 

dry wt ) 

M demtmficans A T C C  13543  
A n a e r o b i c  o 07* 31 9 
A n a e r o b m  + N O  3- o 42 38 o 
A n a e r o b i c  + N O ~ -  o - -  
A n a e r o b i c  + N O  s -  + Cu~+ o 
A e r o b m  o 52 o 
A e r o b i c  + N O s -  o 44  o 
A e r o b i c  + N O ~ -  o - -  
A e r o b i c  + N O  3-  + C u  2+ o 54  o 

M demtmficans N C I B  8 9 4 4  
A n a e r o b i c  + N O  s -  o 45 34 2 

P aerug*nosa 
A n a e r o b m  + N O  s -  o 35 9 6  7 

* T h i s  g r o w t h  w a s  s u p p o r t e d  b y  t h e  s m a l l  q u a n t i t y  o f  N O  s -  i n t r o d u c e d  w i t h  t h e  m o c u l u m .  
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320 N NEWTON 

Included in Table I are the yields obtained using M demtr,ficans NCIB 8944 
and P aerug,nosa, both grown anaerobically with NO 3- There is no significant 
difference between the two strains of M den,tr,ficans, but P aerug, nosa, although a 
less-prohfic grower, produces 3 times as much green haem per g dry wt of cells In 
subsequent experiments with M demtrlficans the ATCC strain was used 

The production of the haem was followed over a period of 7 days, it was de- 
tectable from the earliest stages of growth and, in fact, the yield per g dry wt cells 
was somewhat higher after 1-2 days than later 
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F i g  I C y t o c h r o m e  o x l d a s e  (A) a n d  n i t r i t e  r e d u c t a s e  (B) a s s a y s  T h e  c y t o c h r o m e  o x l d a s e  a s s a y  
w a s  c a r r i e d  o u t  m a n  o p e n  c u v e t t e ,  a n d  t h e  m t r l t e  r e d u c t a s e  a s s a y  m a T h u n b e r g  c u v e t t e  a s  
d e s c r i b e d  in  MATERIALS AND METHODS F i n a l  v o l u m e  in  e a c h  a s s a y  w a s  3 o m l  

Emyrmc propert, es 
Fig I shows typical cytochrome c oxldase and nitrite reductase assays using the 

purified protein (see next section) with Mlcrococcus cytochrome c as substrate The 
affinity for NO2- appeared to be greater than that for 02 under the chosen conditions 
of assay the calculated turnovers were approx 50 and 250/,moles cytochrome c per 
/,mole green haem per rain for the oxldase and nitrite reductase activities respectively. 
The cytochrome oxldase actlvlty obeyed first order kinetics described by SMITH AND 
CONRAD for mammahan cytochrome oxldase TM, and likewise was mhlblted by CN- and 
CO, but the kinetics of mtrlte reduction appeared more complex and were not studied 
i n  detail 

Purification of the cytochrome and related studzes 
Crude cell-free extracts from IO-1 cultures (see MATERIALS AND METHODS) were 

fractionated with solid (NHa)2SO 4 and the fraction precipitated between 40 and 95% 
satn was dlalysed against o 2 M phosphate (pH 6 o) This fraction was then treated 
batchwlse with DEAE-cellulose until none of the cytochrome remained unadsorbed 
At this salt concentration most of the cytochrome c remamed in the supernatant, but 
when required could be adsorbed by lowering the buffer concentration to o I M The 
adsorbed nitrite reductase was eluted with I o M phosphate buffer and readsorbed 
from o I M phosphate buffer on a column of DEAE-cellulose DE-52, followed by elutlon 
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(I 5 c m  x 25 cm)  u s i n g  a l i n e a r  g r a d i e n t  o f  o 2 - 0  6 M p h o s p h a t e  buf fe r  ( p H  6 o) - - - ,  2 8 o - n m  
a b s o r p t i o n  d u e  to  p r o t e i n ,  , 4 o 8 - n m  a b s o r p t i o n  of  S o r e t  b a n d  m a x i m u m ,  , r a t i o  
of  A4o s nm/A435 nm 

with a hnear gradient of o 2-0 6 M phosphate (pH 6 o) I t  is apparent from the elutlon 
profile in Fig 2 that there is more than one component present The leading and the 
tall fractions differed shghtly in spectra, most notably, the tall fractions had a much 
less distinct shoulder at 435 nm on their 4o8-nm Soret band (see plot of the A408 nm/ 

A435 nm rahos) Cellulose acetate electrophoresls showed only one haemoprotem band 
in leading fractions but two or three bands in later ones Gel filtration on Sephadex 
G-Ioo, G-I5O or G-2oo at this stage removed considerable protein impurity but the 
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78 cm)  in  o I M p h o s p h a t e  bu f fe r  ( p H  6 o) - - . ,  2 8 o - n m  a b s o r p t i o n  d u e  t o  p r o t e i n ,  - -  - -  - -  
4 o 8 - n m  a b s o r p t i o n  of  S o r e t  b a n d  m a x i m u m ,  , r a t i o  of  A40 s nm/A435 nm 
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322  N NEWTON 

different haemoprotein components did not separate, there was only one symmetrical 
band of haemoprotem, as measured by the 4o8-nm absorption (Fig 3), again the 
A¢08 nm/A¢35 nm ratios of the fractions differed throughout the zone and the leading 
fractions had a pinker tinge than the tailing greener fractions 

A major component (I) was separated from two minor components (II and III)  
by subsequent chromatography on hydroxylapatlte, but Components II  and I I I  were 
inseparable (see Fig 4) Fraction I had an A280 nm/A408 nm ratio of o 77 and cellulose 
acetate or polyacrylamlde-gel electrophoresls revealed that it was only about 1% 
contammatedwith Components I I  and I I I  Fraction II  contained approximately equal 
amounts of all three components and Fraction I I I  contained approximately equal 
amounts of Components I I  and I I I  Fractions n and I I I  had higher A2s 0 nm/A4o s nm 
ratios than Fraction I, and in addition to the protein bands corresponding to the haem 
components, each contained several other protein bands, more readily apparent on 
polyacrylamide gel than on cellulose acetate Components I, I I  and I I I  are named in 
order of decreasing electrophoretlc moblhty towards the anode (o 37, o 34 and o 32 
cm 2 V -1 h -] on cellulose acetate strips in o 05 M Trls (pH 7 5) at 20 °) As in the 
DEAL-cellulose DE-52 elutlon profile, the early fraction had lower A40 s nm/A¢35 nm 
ratios than the later ones 
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7 ii 
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o 5 l]~IFract~on I 
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l .x ".'.xA "x ~ I/~. \ 
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20 30  4 0  5 0  6 0  70 

Fraction No 

Fig  4 E l u t l o n  profi le  o f  Mmrococcus  n i tr i te  r e d u c t a s e  f r o m  an  h y d r o x y l a p a t l t e  c o l u m n  (I 5 c m  ~, 
22 cm) E q m h b r a t e d  m 5 m M  p h o s p h a t e  buffer  (pH 6 o) a n d  e lu ted  b a t c h w m e  w i t h  45, 60 a n d  
80 m M  p h o s p h a t e  buffer  (pH 6 o) T h e  s h a d e d  areas  represent  the  p e a k  f rac t ions  w h i c h  were  
c o m b m e d  to  g ive  t h e  F r a c t i o n s  I,  I I  a n d  I I I  descr ibed  m t h e  t e x t  W h e r e  the  c u r v e s  are  broken ,  
a b o u t  2o0 ml  o f  45 m M  e luate  w e r e  co l l ec ted  a n d  n o t  recorded  , 2 8 o - n m  a b s o r p t i o n  due  
to  p r o t e m ,  - -  - -  - - ,  4 o S - n m  a b s o r p t i o n  o f  Sore t  b a n d  m a x l m u m ,  , ra t io  o f  A40 s nm/m43s nm 

Using gel filtration techniques (see MATERIALS AND METHODS) a molecular weight 
of 12o ooo was obtaaned for the Mlcrococcus enzyme (Fig 5) Its isoelectrlc point 
determined by pH-focussmg (see MATERIALS AND METHODS), was 3 85 (Fig 6), using 
amphohne buffers of pH range both 3-5 and 4 ~ 

B~ochzm B,ophys Acta, 185 (1969) 316-331 



TWO-HAEM CYTOCHROME OF M demtr,ficans 323 

075 

Kou 

05 

025 -- 

40 

G~c~c h~.~°mjy:g,o b, n 

~ e  Ovalbumm 

S e r u m .  PseudoTMnas protein 

I I I I I I 
44 4 8 52 

log tool. wt, 

Fig 5 Determinat ion of molecular weights of Mlcrococcus and Pseudomonas m t n t e  reductases 
on a calibrated Sephadex G-IS o column (5 cm × 78 cm) For both cahbratxon and experimental  
runs  the phosphate  buffer concentration was o I M (pH 6 o) 

Spectral properties 
The unusual pH-dependent  spectrum of the reduced enzyme, its CO spectrum, 

and some of the similarities to the Pseudomonas enzyme have already been described 2. 
Further spectrophotometnc studies are reported below, unless otherwise stated, a 
sample of purified enzyme of A2s 0 nm/A40 s nm of approx I o, and estimated to contam 
not less than 95 ~/o of Component I, was used Table n summanses the spectral pro- 
perties of the enzyme at different pH's ,  and of Its derivatives formed with CO, pyrldme, 
CN-, mudazole, N~- and NO 2- The bands in the 4oo-42o-nm and 52o-56o-nm region 
are due to the c-type haem, and those m the 43o-46o-nm and 6oo-7oo-nm region are 
due to the green haem 

Reaction wdh pyr~d~ne In alkahne pyrldme plus dlthlomte, the c-type haem has 
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Fig 6 Determinat ion of the lsoelectnc point of Mmrococcus nitrite reductase by pH-focussmg 
Amphohne  buffer of pH range 3-5 was used, and the pH-focusslng column was jacketed and 
cooled to 4 ± o 2 ° 
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T A B L E  II 

SPECTRAL PROPERTIES OF MICROCOCCUS NITRITE  REDUCTASE 

Reagent  concen t ra tmns  were CO, 1 mM, Imadazole, o 5 M, p y n d m e ,  25 ~o (v/v) , n o  1 M N a O H ,  
C N - ,  o 0 5 M ,  N 3 -  , O 12 5 M ,  N O 2 -  , o I M The concen t ra tmn of  the  enzyme was 5-1o pM, cal- 
culated from the  618-nm absorpt ion band  of  the  p y n d m e  haemochrome,  as described m MATE- 
RIALS AND METHODS Numbers  m parentheses  indicate  minor  absorpt ion bands  or shoulders on 
a major  absorpt ion band  

Derwatwe Absorption maxima (nm) 

Omdxsed (pH 6 o) 4 °8 (435) 
Reduced  (pH 6 o) 418 (460) 

Oxidized (pH 8 2) 4 °8 (435) 
Reduced  (pH 8 2) 418 (46o) 

Oxidized (pH 3 9) 4 °8 (435) 
Reduced  (pH 3 9) 418 (46o) 

Oxidized o 2 M NaOH 411 
Reduced  o 2 M NaOH 418 (46o) 

Reduced  + CO (pH 6 o) 415 

Omdlzed + amldazole (pH 7 8) 4 °8 (435) 
Reduced  + lmldazole (pH 7 8) 418 (46o) 

P y n d m e  haemochrome,  no dlthxonlte 41o (46o) 
P y n d l n e  haemochrome + dathlonlte 412 (46o) 
Pyr ldme  haemochrome + ferrmyanlde 4 lo  (435) 

Omdlzed + C N -  (pH 7 5) 4 °8 (435) 
Reduced  + CN-  (pH 7 5) 418 (445) (475) 

Oxidized + N 3- (pH 5 5) 41° (44 o) 
Reduced  + N 3- (pH 5 5) 418 (46o) 

Oxidized + NO~- (pH 6 o) 4o9 
Reduced  + NO~- (pH 6 o) 

Imtla l  spec t rum (brown) 417 
Fmal  spec t rum (green) 41I (455) 

525 (56o) 64o 7o2 
521 547 553 625 (655) 

522 (56o) 64o 7oo 
52o 547 553 (620) 655 

525 (560) 640 700 
521 548 553 6zo 

53 ° (57 ° ) 640-67 ° 
520 (547) 553 625 

520 547 553 63o-66o 

520 (560) 640 700 
520 547 553 625 

530-55 ° (57 o) 618 
520 549 618 
500-53 ° (57 ° ) 61o-65o (700) 

525 (560) 640 700 
520 547 553 625 

525 (560) 630-64 ° 700 
520 547 553 62o-65o 

523 (56o) 638 

520 547 553 (~I5-66o 
(520-560) 630 

a typ ica l  c - type  haemochrome spec t rum with  a sharp  a -band  at  549 nm and  an A a/A 
ra t io  of  I 66 This is in sharp  con t ras t  to Its a typ ica l  spec t rum in the  na t ive  prote in ,  
where the  a -band  is double  (547 and  553 nm) and the A a/A a ra t io  is approx  I The green 
haem forms a py r ldme  fer rohaemochrome in the  absence of added  reducing agent ,  the  
b road  double  band  in the  6oo-7oo-nm region of  the  reduced na t ive  pro te in  is replaced 
b y  a single symmet r i ca l  band  at  618 nm The au to reduc t lon  of the  green haem In 
alkal ine py r idme  is a marked  con t ras t  to i ts ve ry  slow reduct ion  b y  d l th ionl te  in the  
na t ive  p ro tem 

React,on w, th C N -  In  the  oxidized enzyme there  was only a very  shght  spect ra l  
shift  ob ta ined  wi th  CN-,  appa ren t  in the  ferric + C N -  m,nus  ferric difference spec t rum 
as a small  peak  at  418 nm and t rough  at  408 nm In  the  reduced  enzyme there  was a 
marked  reac t ion  of  the  green haem wi th  C N - ,  the  de r iva t ive  formed had  a single 
symmet r i ca l  band  at  625 nm and  two d is t inc t  bands  at  440 and 480 nm in the  Soret  
region The bands  due to the  c- type haem were una l t e red  
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React,on w,th ~m,dazole Imldazole only reacted with the reduced enzyme, and 
the derivative formed with the green haem was similar in its a-band position (625 nm) 
to the CN- derivative, but like the pyrldme, and unlike the CN- derivative, it had only 
one Soret band (460 nm) The bands due to the c-type haem were unaltered 

React,on w~th N 3- This hgand reacted with only the oxldlsed enzyme, and a 
spectroscopically recogmsable derivative was formed at acid pH only, mdicatmg 
that the reactive species was HN 3 The reaction was with the green haem, and not the 
c-type 

Reactwn w,th NO2-. A series of complex reactions occurred, a bright green 
derivative was formed with the oxldised enzyme, and disappearance of the 435-nm 
shoulder and 7oo-nm band was observed as well as an increased height of the 64o-nm 
band On addlhon of dlthlomte the colour changed from green to brown, the haem c 
was reduced and two bands at 615 and 660 nm, similar to those of the reduced green 
haem, appeared although there was no visible Soret shoulder at 460 nm On standing 
for a few minutes the colour changed to green, the haem c became oxldlsed and strong 
455- and 63o-nm bands developed On addition of more dlthlomte this cycle could be 
repeated many times A series of reactions such as this may occur when the enzyme is 
functioning as a nitrite reductase, and reflects electron transfer between the two haem 
groups 

Low temperature spectra Spectra of the reduced enzyme at -- 196° show enhanced 
sphttmg of the double a-band of the cytochrome c component, but do not show any 
new bands, the 7oo-nm band of the oxldlsed enzyme is much less apparent at --196° 
than at room temperature (see Fig 7) 
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0 I 5olo 

f',. \~ jl// \ 

I 
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6 0 0  7 0 0  8 0 0  

;~ (nm)  

Fig  7 Cold t e m p e r a t u r e  spec t ra  (--196°) of Mmrococcus m t r l t e  r educ tase  A c o n c e n t r a t e d  
so lu t ion  of  the  enzyme  (68 #M) was  d i lu t ed  i o  t imes  w i t h  o i M p h o s p h a t e  buffer (pH 6 o), 
c o n t a l n m g  5o% glycerol,  a nd  the  spec t ra  recorded in 2-ram cuvet tes ,  as descr ibed in MATERIALS 
AND METHODS , reduced  w i t h  d l t h lon l t e ,  , oxidized 
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Fig  8 Spectra of  Component  I (A) and of  Components  II + III  (B) of  Mlcrococcus mtr l t e  reduc-  
tase as separated on hydroxy lapa t l t e  The samples  were di luted to a p p ro x ima te ly  the  same con-  
c e n t r a t l o n s  ( a p p r o x  o 9 #M)  m o 05 M phosphate  buffer ( p H  6 o) and the  spectra recorded usmg 
the  o - o  i ,  o I -O  2 A shdewlre of  a Cary I4R spec trophotometer  - - - ,  reduced wi th  d l t h l o m t e ,  
. . . .  , oxxdlzed 

D,fferent components. The major Component I and a mixture of the minor 
Components n and n I  which were inseparable, were examined, and some slight, but 
distinct, spectral differences were noted (Fig 8 and Table III) Most notably, the 
7oo-nm band and the 435-nm shoulder of the 4o8-nm Soret band, so apparent m the 
oxldased spectrum of Component I, are much less obvious in Components II + III, 
they are absent in the Pseudomonas enzyme In the spectra of the reduced enzyme 
(30-4 ° rain allowed for complete reduction of the green haem with dithiomte) the 
625-nm band predominates over the 655-nm band m Component I whereas the reverse 
is true for Components II + III and for the Pseudomonas enzyme Combination of 
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T A B L E  I I l  

S P E C T R O S C O P I C  R A T I O S  OF M I C R O C O C C U S  A N D  P S E U D O M O N A S  P R O T E I N S  

R e a g e n t  concen t r a t i ons  were CO, I mM, p y n d m e ,  25%  (v/v) m o I M N a O H  The absorbances  
for t he  r a t m s  are measu red  a t  the  b a n d  m a x i m a ,  e g ,  408, 4o9 and  41o nm for the  Soret  bands  of 
ox id ized  Mlcrococcus C o m p o n e n t  I, Componen t s  I I  + I I I  and  P s e u d o m o n a s  enzyme,  respec- 
t i v e l y  The  s l igh t  v a r i a t i o n s  m some of  the  b a n d  posatlons be tween  different  componen t s  are  
d iscussed  l a t e r  

Rat, o M ,  croeoccus Pseudomonas 

Component I Components 
I I  + I I I  

Oxidized  (pH 6 o) 
408/435 2 i 2 6 2 9 
408/523 6 4 6 9 7 3 
4o8/64 ° 12 5 6 8 7 o 
408]7oo 13 8 22 5 44 o 

Reduced  (pH 6 o) 
418/460 3 3 4 o 3 8 
418/548 6 7 6 o 6 7 
418/625 IO I 7 4 8 9 
418/655 8 9 IO 4 i i  7 

Reduced  + CO (pH 6 o) 
415]455 5 6 4 3 5 8 
415/65 ° i i  6 9 5 i o  9 

P y r l d m e  h a e m o c h r o m e  
4o8/618 (no d l th lomte )  6 I 6 I 6 8 
55o/618 ( +  d l th iomte )  I 2 I 3 I 3 

the green haem of the reduced enzyme with CO, measured by collapse of the 46o-nm 
band, was only partaal m Components I I  + I I I ,  whereas it was complete in Component 
I and the Pseudomonas enzyme The ratio of the two major bands of the pyndme 
haemochrome (55 ° n m  for haem c and 618 nm for the green haem) did not differ, but 
the 618-nm band was shifted to 620 nm in Components I I  + I I I  

Removal of the green haem The green haem was removed from the protein by 
t l t ratmg a sample of the enzyme at o ° to pH 4 5 with dilute HC1 and repeatedly ex- 
tracting with ethyl methyl ketone The precipitated pink haem c protein, could be 
redlssolved with difficulty at pH 8- 9 and the reduced spectrum still had the double 
a-band and low a/fl ratio but was now much more strongly CO-reactive There was 
no trace of the characteristic absorption bands of the green haem at 435,640, 7 °0 nm 
in the oxldlsed, and 460, 620, 650 nm in the reduced spectra. 

Comparison of the Pseudomonas and M,crococcus enzymes 
The Pseudomonas enzyme is present m higher concentrations than the Micro- 

coccus (Table I) and at was also found to be more amenable to purification I t  was less 
amonlc and not adsorbed onto DEAE-cellulose but was readily purified on columns of 
CM-cellulose Its molecular weight, determined on Sephadex, was 85 ooo (Fig 5) and 
its lsoelectrlc point, determined by pH focussing, was 7 I A preparation wxth A280 nm/ 

A410 nm ratio of o 80 was obtained (cf ratio of o 87 of YAMANAKA) and it behaved 
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electrophoretically as a single haemoprotem Spectroscopically it was similar to the 
Micrococcus enzyme, and the slight differences have already been noted (Table III)  

DISCUSSION 

The two-haem protein described above from M demtrzf icans appears to be 
concerned with dlsSlmllatory (FEwsoN AND NICHOLAS 14) reduction of NO 2- by the 
organism, it has nitrite reductase activity, it complexes in a highly specific manner 
with NO 2- and it occurs only m cells grown anaerobically with NO 3- as electron 
acceptor NO2- may also Induce the enzyme, but because of the inhibitory effect of 
NO2- , experiments with a continuous anaerobic culture using low levels of this electron 
acceptor would be necessary to estabhsh this Unlike the Pseudomonas enzyme 3, the 
enzyme from Mlcrococcus does not appear under aerobic growth in the presence of 
NO3- so the requirement for its production is the presence of NO a- and the absence 
of 0 2 This difference may be explained if the particulate cytochrome a-a  3 system of 
aerobically grown organisms I supphes sufficient energy without supplementation by 
the cytochrome oxldase activity of the soluble two-haem enzyme or by reduction of 
NO 3- and NO2- (ref 15) The particulate cytochrome oxldase of aerobically-grown 
P aerug~nosa appears to contain cytochrome a 1 (ref 16) and may not be as effective 
as the a-a  3 cytochrome of M den,tr , f icans 

The cytochrome oxldase activity of the Mlcrococcus enzyme (Fig I) is weak 
when compared with that of the particulate cytochrome a-a  8 of both aerobically and 
anaerobically grown cells 1, this fact and the absence of the green haemoprotein in 
aerobically-grown organisms point to it having no role in the O~ respiration of this 
Micrococcus It  is possible that the oxldase function is vestigial and may have an 
evolutionary significance It  should be noted that the purified Mlcrococcus cytochrome 
c-55o used as substrate in both the nitrite reductase and cytochrome oxidase assays 
may not be the true physiological substrate another cytochrome c with a double 
a-band and low a/fl band ratio, similar to that described by HORI 1~ from a halotolerant 
Micrococcus, was observed in small quantities during the enzyme preparations, and 
this cytochrome may be the true substrate since the halotolerant Micrococcu~ sp 
cytochrome c-548, 554 is far more effectively oxidlsed by Pseudomonas cytochrome 
oxldase than are any of the cytochrome c species with the normal single a-band TM 

YAMANAKA TM observed that the ratio of nitrite reductase to cytochrome oxldase 
activities varied considerably with the different species of cytochromes c tested, and 
he has speculated on the evolutionary significance of these differences 

Nitrite reductase enzymes from different organisms have widely differing 
properties and presumably different reaction mechanisms The enzymes from P 
den,trV~cans z°, Neurospora~l, 22, soybean leaves 21 and Azotobacter agzle ~3 are believed 
to be metalloflavoproteins, but those from Achromobacter f ischer,  24, M den, trzficans 
and P aerugznosa are haemoprotelns The enzymes from the latter two organisms are 
very similar and they contain two different haem groups (c and d-hke) whereas that 
from A fischer~ contains only haem c 14 Of the haemoprotem nitrite reductases only 
the two-haem type can also function as cytochrome oxldase On removal of the green 
haem (d-hke) the enzyme loses practically all its cytochrome oxidase and nitrite 
reductase activities, but they are largely regamed on reconstltltutlon e5 

Although they have similar properties the enzvmes from Pseudomonas and 
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Mlcrococcus have some distinct differences shown in this paper The Mlcrococcus 
protein has a considerably higher molecular weight (12o ooo) than the Pseudomonas 
(85 ooo), and the difference in their amino acid compositions is reflected In their 
lsoelectrlc points (Micrococcus, 3.85 and Pseudomonas, 7 i) This value of 7 I, de- 
termined by pH-focussmg, chffers significantly from that of 5.8 determined by electro- 
phoresls at chfferent pH's and extrapolation to zero moblhty 3, the higher value is 
consistent with its behavlour on ion-exchange resins The higher molecular weight of 
the Mlcrococcus protein is not reflected in the A z ,  o nm/A Soret band ratio which for 
the purified protean is almost Identical with that of the Pseudomonas enzyme 

The unusual band of the Mlcrococcus enzyme at 700 nm seems to be related to 
the 435-nm shoulder of the Soret band In Component I where the 7oo-nm band is 
prominent, so is the shoulder, the opposite is true in Components I I  + I I I  (see Table 
III) For this reason, and because it disappears on the addition of pyrldme and alkali 
and is no longer present in the spectrum of the haem c protein remaining after removal 
of the green haem, the 7oo-nm band appears to be associated with the presence of the 
green haem in its oxidized form Unlike the 695-nm band of oxidized cytochrome c it 
does not disappear following CN- addition 26, nor does it disappear on dialysis for 2o h 
against I M glyclne buffer (pH IO o) as does the near infrared absorption band of cyto- 
chrome c oxldase at 830 nm, which is attributed to copper 27 As the 64o-nm band is 
diminished when the 7oo-nm band is present (Table III), the green haem may exist 
in an environment where it has one intense band at 64 ° nm or where it has two less 
Intense bands at 640 and 700 nm Something similar may happen in the Soret region, 
but here the changes are masked by the high Soret absorption bands of the c-type 
haem YAMANAKA 3 stated, and the present studies confirm, the variable absorption 
of the green haem, which is dependent on the purity of the enzyme preparation and on 
pH Gel electrophoresls and the elutlon profile from hydroxylapatlte (Fig 4) show that 
Component I is much purer than Components II  + III ,  and this may explain some of 
the observed spectral differences 

The slow reduction of the green haem part of the enzyme by dlthlomte is a 
property shared by the haem a of cytochrome a-a  s (ref 28) and cytochrome a 1 (J 
BARRETT, personal communication) The rapid autoreductlon in aqueous alkahne 
pyrldine is unusual, and was also observed for the green haem derived from the Pseudo- 
monas enzyme 3 Chlorln-type haems of high potential are reduced under these con- 
ditlons, (J BARRETT, personal communication), and some formyl-substltuted haemins 
combine with non-aqueous pyridlne to form ferrohaemochromes29, 3°. A slow ferro- 
haemochrome formation takes place with myeloperoxldase in aqueous pyrldine in 
the absence of added reducing agents 31 

The pyrldlne haemochrome band at 618 nm is too far to the red for any haem 
with porphyrm conjugation the substitution of electrophihc groups at the/3-pyrrole 
positions of a haem with such conlugatlon is unlikely to cause a shift beyond the haem 
a haemochrome band at 587 nm or the myeloperoxldase haemochrome band at 59 ° n m  
(ref 31) A shift to 618 nm may arise from a stable alteration or interruption to the 
conjugation pathway around the porphyrln nucleus, either by loss of a pyrrole/3/3 
double bond to form a chlorln, or by substitution at an a-pyrrole position. Ferro- 
sulphhaemoglobln (a-band 622 nm) contains a green ferrochlorin-type chromophore, 
but nevertheless has a pyrldlne haemochrome band at 558 nm because the addition to 
the pyrrole/5/3 double bond IS unstable to alkaline pyrldine az, resultmg in the refor- 
mation of protohaem 
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YAMANAKA 3 c o n c l u d e d  t h a t  t h e  g reen  h a e m  s p h t  off  f r o m  t h e  P s e u d o m o n a s  

m t r l t e  r e d u c t a s e  was  t h e  s a m e  as t h e  h a e m  d o f  A aerogenes w h i c h  has  b e e n  p o s t u l a t e d  

to  be  an  l r o n - c h l o r l n  h a v i n g  an  h y d r o x y e t h y l  s ide  c h a i n  5 B o t h  t h e  Mlcrococcus  a n d  

P s e u d o m o n a s  g r e e n  h a e m s  do r e s e m b l e  h a e m  d superf ic ia l ly ,  b u t  t h e r e  are  s eve ra l  

p o i n t s  o f d l f f e r e n c e  t h e a - b a n d m a x l m a o f t h e p y r i d i n e h a e m o c h r o m e s  d i f f e r b y  5 n m ,  

a n d  b o t h  t h e  Micrococcus  a n d  P s e u d o m o n a s  g reen  h a e m s  are c o n s i d e r a b l y  m o r e  w a t e r -  

so luble  t h a n  h a e m  d P r e h m m a r y  c h e m i c a l  s t ud i e s  i n d i c a t e  t h a t  t h e  n i t r i t e  r e d u c t a s e  

h a e m s  are  t h e  i ron  c o m p l e x  o f  a n e w  t y p e  o f  t e t r a p y r r o l e  38 
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