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SUMMARY 

Cytochrome c was isolated from larvae, pupae and adults of the housefly, Musca 
domestica L., and highly purified. The properties of housefly cytochrome c did not 
vary during metamorphosis, Although housefly cytochrome c was similar to mamma- 
lian cytochrome c in several properties, it differed in that it was precipitated by 
saturated ammonium sulphate and that it reacted with Pseudomonas cytochrome 
oxidase more rapidly. From larvae and pupae of the housefly, housefly cytochromes 
b-563 and b-555 were isolated by extraction with aqueous ammonium sulphate, 
whereas these cytochromes could not be isolated from adult flies. It is concluded 
that the housefly cytochrome system varies during metamorphosis. 

INTRODUCTION 

The terminal electron-transport system of the housefly was investigated by CHANCE 
AND SACKTOR 1, and ESTABROOK AND SACKTOR 2, and it was found to be similar to 
that of mammalian tissues. ESTABROOK AND ~ACKTOR 2 purified cytochrome c from 
the f ight  muscles of the housefly, and concluded that the cytochrome c obtained 
was identical with mammalian cytochrome c. This conclusion, however, was reached 
only by measuring the visible spectrum of the cytochrome c. From the silkworm, 
Bombyx mori, TuPPY a isolated cytochrome c, and found it to be similar to mam- 
malian cytochrome c chemically, spectrophotometrically and enzymically. 

It  has been established by us 4 that a distinct specificity exists in the reaction 
of cytochrome c's with cytochrome oxidase. Thus, cow cytochrome a rapidly oxidizes 
reduced cow cytochrome c but does not oxidize reduced Pseudomonas cytochrome 
c-55i. Conversely, Pseudomonas cytoehrome oxidase* rapidly oxidizes reduced 
Pseudomonas cytochrome c-55I, but scarcely oxidizes reduced cow cytochrome c. It  
has also been shown that this specificity can be used to detect a delicate difference 
between cytochrome c's. Thus, tests of the reactivity of a cytochrome c with cyto- 
chrome oxidases may be used to compare various cytochrome o's with one another. 

* As this enzyme does not  correspond to any  enzyme listed in Repor t  of The Commission 
on Enzymes,  the name, Pseudomonas  cytochrome c-55i : nitrite, O~ oxidoreductase, is proposed 
for this enzyme 5. 
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In  the  present  inves t iga t ion ,  cy tochrome c was purif ied from larvae,  pupae  
and  adu l t s  of the  housefly, and  its proper t ies  examined.  Two b- type cy tochromes  
were also purif ied and  the i r  p roper t ies  are described,  

PREPARATIONS AND MATERIALS 

Purification of cytochrome c 

Abou t  12oo g of 3rd ins ta r  l a rvae  were g round  for 3o min wi th  I kg of  sand,  
and  to the  pas te  were a d d e d  2 1 of water .  The p H  of  the  mix tu re  was ad jus t ed  to  
6.0 and  (NH4)2SO 4 was added  to 40% sa tura t ion .  The mix tu re  was al lowed to s t and  
overnight  a t  5 ° in a re f r igera tor  and  then  f i l tered th rough  a Bi ichner  funnel  wi th  the  
a id  of Celite. The f i l t rate,  which showed two absorp t ion  bands  a round  550 and  
560 m/z, was d ia lysed  agains t  t a p  wate r  overnight .  The diffusate was t rans fe r red  to  
an Amber l i t e  CG-5o column which had  been equi l ib ra ted  with  o .o i  M a m m o n i u m  
phospha te  buffer" (pH 7.o), and  the cy tochrome c was adsorbed  on the  column.  The 
unadsorbed  solut ion showed an absorp t ion  band  a round  560 m/z and  was used for 
pur i f icat ion of b- type cy tochromes  (see below). The Amber l i t e  CG-5o column on 
which cy tochrome  c had  been adsorbed  was washed with  o .o i  M a m m o n i u m  phos-  
pha t e  buffer (pH 7.o), and  the  cy tochrome c was e lu ted  wi th  I.O M a m m o n i u m  
phospha te  buffer. The e luate  was d ia lysed  agains t  o .o i  M a m m o n i u m  phospha te  
buffer (pH 7.0) and  t r an fe r red  to the  Amber l i t e  CG-5o column descr ibed above.  
Then the  cy tochrome c was e lu ted  wi th  0.3 M a m m o n i u m  phospha te  buffer (pH 7.0). 
The e lua te  was used as the  purif ied cy tochrome c p repara t ion .  Cytochrome c was 
also purif ied from pupae  and  adu l t  flies in the  same way. 

Purification of b-type cytochromes 

As s t a t ed  above,  the  solut ion unadso rbed  b y  the Amber l i t e  CG-5o column 
dur ing  collection of  cy tochrome  c conta ined  b- type cytochromes.  To this  solut ion 
was a d d e d  (NHa)2SO 4 to 90% sa tura t ion ,  and  the resul t ing p rec ip i t a t e  was collected 
b y  f i l t ra t ion wi th  the  a id  of Celite. The p rec ip i t a te  was dissolved in a m in imum 
volume of  water ,  and  the solut ion ob ta ined  was d ia lysed  overnight  aga ins t  o .o i  M 
a m m o n i u m  phospha te  buffer (pH 7.0). The diffusate was t ransfer red  to a D E A E -  
cellulose column which had  been equi l ib ra ted  with  o .o i  M a m m o n i u m  phospha te  
buffer (pH 7.0). Nea r ly  all the  brown p igments  were adsorbed  on the  column, and  
the unadso rbed  solut ion showed an absorp t ion  band  at  563 m/~. To the  unadsorbed  
solut ion was added  (NH4)2SO a to 50% sa tu ra t ion  and the solut ion was cent r i fuged 
at  IO ooo x g for IO min. To the supe rna t an t  fur ther  (NH4)2SO 4 was added  to 90% 
sa tu ra t i on  and  the solut ion was cent r i fuged at  IO ooo x g for IO min. The preci-  
p i t a t e  ob ta ined  was dissolved in an app rop r i a t e  volume of 0.2 M phospha te  buffer  
(pH 7.0). This solut ion was used as the  housefly cy tochrome b-563 prepara t ion .  

* In this communication, the concentration of ammonium phosphate buffer is expressed 
with regard to the NH4+ ion. For example, o.oi M ammonium phosphate buffer contains o.oi gram 
ions of NH4+ per litre. 
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Another cytochrome was adsorbed together with the brown pigments on the DEAE- 
cellulose column. This cytochrome could be eluted separately from the brown pig- 
ments by 0.05 M NaC1. The eluate obtained was used as the cytochrome b-555 pre- 
paration. 

Preparation of Pseudomonas cytochrome oxidase and cow cytochrome a 

Pseudomonas cytochrome oxidase was purified from Pseudomonas aeruginosa 
by the method of YAMANAKA AND OKUNUKI 4, and cow cytochrome a from cow-heart 
muscle by the method of OKUNUKI et al. ~. 

METHODS 

Spectrophotometric determination 

Spectrophotometric determinations were performed in a Cary model-I 4 re- 
cording spectrophotometer. 

Cleavage of haem from cytochrome c 

Cleavage of haem from cytochrome c was performed according to the method 
of PAUL 7 with a slight modification as previously described s. 
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Fig. I. The abso rp t i on  s p e c t r u m  of housef ly  c y t o c h r o m e  c f rom larvae .  The cy toch rome  was 
d ia iysed  aga in s t  o.o2 M p h o s p h a t e  buffer (pH 7.0) ove rn igh t ,  a f t e r  add i t i on  of a smal l  a m o u n t  of 

KaFe(CN)6. - . . . .  , ox id ized;  - - ,  r educed  wi th  Na2S204. 
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R E S U L T S  

Absorption spectrum of cytochrome c 

As Fig. I shows, the absorption spectrum of housefly cytochrome c was identical 
with that of mammalian cytochrome c; it had maxima at 280, 360, 41o and 530 m/z in 
the oxidized form and at 415,520 and 550 m/~ in the reduced form. Pupal and adult 
cytochrome c's had the same absorption peaks as those of larval cytochrome c. 

The ratio of Aredueed/~oxfdized ~'ssom~ /"28om~ was 1.o4, which is comparable to that of 
crystalline mammalian cytochrome c (see ref. 9). Thus, the purity of the larval 
cytochrome c preparation was high, although the preparation was not obtained in 
a crystalline state. The same was true for adult cytochrome c. But the pupal cyto- 
chrome c preparation was still crude. The ratio of ~redueedl~oxtdtzed x~55onl~ /x~28om ~ w a s  0.394. 
Rechromatography on an Amberlite CG-5o column did not increase this ratio to the 
same value as those observed for larval and adult cytochrome c's. Pupal cytochrome c 
was further purified by chromatography on a DEAE-cellulose column which had 
been equilibrated with o.oi M ammonium phosphate buffer (pH 7.0). By this proce- 
dure, the colourless protein contaminating the pupal cytochrome c preparation was 
removed by adsorption on the column, and the pupal cytochrome c in the un- 
adsorbed solution was considerably purified. The ratio of A r e d u c e d l A o x l d i z e d  in- ~Z55o m/* / ~ 2 8 o  m/z 

creased to about I. Therefore larval, pupal and adult cytochrome c's are identical 
as judged from their absorption spectra. 
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F i g .  2. T h e  a b s o r p t i o n  s p e c t r u m  o f  t h e  p y r i d i n e  h a e m o c h r o m o g e n  o f  t h e  h a e m  i s o l a t e d  f r o m  
h o u s e f l y  c y t o c h r o m e  c o f  l a r v a e .  T o  2 .0  m l  o f  t h e  h a e m  d i s s o l v e d  i n  o .2  M N a = H P O 4  a t  p H I I ,  

0. 5 m l  o f  p y r i d i n e  w a s  a d d e d .  - - - -, o x i d i z e d ;  , r e d u c e d  w i t h  Na=S=O 4. 
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Haem of cytochrome c 

As the absorption spectrum of the pyridine haemochromogen of housefly 
cytochrome c was identical with that of mammalian cytochrome c, it seemed likely 
that the haem of the cytochrome c was haem c. The haem of the cytochrome c was 
split off from the protein moiety by the Ag2SO4-method v. The absorption spectrum 
of its pyridine haemochromogen is shown in Fig. 2. Fig. 2. shows that the haem 
isolated from housefly cytochrome c is haematohaem, and thus the haem of the 
cytochrome c is haem c. 

Cytochrome c content of larvae, pupae and adults 

The amount of cytochrome c isolated from larvae, pupae and adult flies is pre- 
sented in Table I. The amount of cytochrome c was determined assuming that the 

T A B L E  I 

CYTOCHROME 6 CONTENT OF HOUSEFLY TISSUES AT SUCCESSIVE STAGES 

Amount of 
Stage cytochrome c 

(mg/kg of 
tissue) 

L a r v a  39 
P u p a  4 ° 
Adu l t  128 

molar extinction coefficient is the same as that of mammalian cytochrome c namely, 
e~5o mu = 27 -8"  IO3 M-1 c m-1 (ref. Io). 

Precipitability with ammonium sulphate 

Larval, pupal and adult cytochrome c's were precipitated completely even 
from dilute solution by saturated (NH4)zSO 4, unlike mammalian and yeast cyto- 
c h r o m e  c 's .  

0.5- 
z,,-- Time 0.i ~ '  

Fig. 3 - O x i d a t i o n  of reduced  housef ly  cy toch rome  c of adu l t s  by  Pseudomonas  cy toch rome  
oxidase.  Reduced  cy toch rome  c was  p repa red  by  add i t i on  of a smal l  a m o u n t  of Na2S~O 4 and  
s u b s e q u e n t  d ia lys is  aga ins t  0.o 4 M p h o s p h a t e  buffer (pH 6.5) overn ight .  The reac t ion  m i x t u r e  
cons is ted  of Lx ml  of o.o 4 M p h o s p h a t e  buffer (pH 6.5), o.1 ml  of reduced cy tochrome  c and  
o.o 3 ml  of 7.0/~M P s e n d o m o n a s  cy toch rome  oxidase.  A t  po in t  E, P seudomonas  cy toch rome  
oxidase  was  added.  The reac t ion  was  carr ied ou t  a t  24.5 °. Reduced  l a rva l  and  p u p a l  cy toch rome  
o's were ox id ized  b y  P s e u d o m o n a s  cy toch rome  oxidase  a t  the  same ve loc i ty  as reduced a d u l t  

cy toch rome  c. 
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Reactivity with cytochrome oxidases 

As Figs. 3 and 4 show, reduced housefly cytochrome c was very slowly oxidized 
by Pseudomonas cytochrome oxidase, whereas it was rapidly oxidized by  cow 
cytochrome a. As judged by  these enzymic properties, there was no difference 
between larval, pupal and adult cytochrome c's. The turnover number for the reac- 
tion with Pseudomonas cytochrome oxidase was 2.0 per minute at 24.5 ° and pH 6.5, 
and that  for the reaction with cow cytochrome a was 52 per minute at 19 ° and pH 6.5. 
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F i g .  4. O x i d a t i o n  o f  r e d u c e d  h o u s e f l y  c y t o c h r o m e  c o f  p u p a e  b y  c o w  c y t o c h r o m e  a .  F o r  d e t a i l s  
o f  t h e  p r e p a r a t i o n  o f  r e d u c e d  c y t o c h r o m e  c see t h e  l e g e n d  t o  F i g .  3. T h e  r e a c t i o n  m i x t u r e  c o n -  
s i s t e d  o f  i..5 m l  o f  r e d u c e d  c y t o c h r o m e  c a n d  0 .0  3 m l  o f  5 . 2 / ~ M  c o w  c y t o c h r o m e  a .  A t  p o i n t  E ,  
c o w  c y t o c h r o m e  a w a s  a d d e d .  T h e  r e a c t i o n  w a s  c a r r i e d  o u t  a t  19 °. R e d u c e d  l a r v a l  a n d  a d u l t  
c y t o c h r o m e  c ' s  w e r e  o x i d i z e d  b y  c o w  c y t o c h r o m e  a a t  t h e  s a m e  v e l o c i t y  a s  r e d u c e d  p u p a l  c y -  

t o c h r o m e  c. 

Properties of cytochrome b-563 

As Fig. 5 shows, the absorption spectrum of cytochrome b-563 had peaks at 
418 and 529 m/~ in the oxidized form, and peaks at 430, 531 and 563 m/z, with a 
shoulder at 407 m/~ in the reduced form. The ratio of ,~redueeOiAredueed x143o m~ 1 zx263 mr* was 5.2. 

In order to make the pyridine haemochromogen from cytochrome b-563, 3.0 ml 
of pyridine and 0.5 ml of 2 N NaOH were added to 3.0 ml of the cytochrome pre- 
paration. Although cytochrome b-563 was fairly pure, as judged from the visible 
spectrum shown in Fig. 5, the preparation contained much colourless protein which 
was precipitated on addition of pyridine and NaOH. After being vigorously shaken 
the mixture of the cytochrome preparation and pyridine was centrifuged at 5000 × g 
for IO min. The pyridine layer was separated, a small amount of NazS204 was added 
followed by a few drops of water to dissolve the Na2S~O4, and the absorption spec- 
t rum was measured. The absorption spectrum of the pyridine haemochromogen of 
cytochrome b-563 is shown in Fig. 6. I t  had absorption peaks at 417, 521 and 556 m/z. 
Evidently the haem of cytochrome b-563 is protohaem. 

The evidence described above indicates that  cytochrome b-563 is similar to 
mammalian cytochrome b (see ref. IO), except that  the former can be easily ex- 
tracted with aq. ammonium sulphate without the aid of any detergent, unlike the 
lat ter  11. Cytochrome b-563 could be reduced very slowly by  lactate in the presence 
of yeast lactate dehydrogenase (EC 1.1.2.3) 13 under air, but  the reduction stopped 
when about 30% of the cytochrome b-563 had been reduced. CO did not affect the 
absorption spectrum of reduced cytochrome b-563 at pH 7.0. 
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Fig. 5. The absorption spectrum of housefly cytochrome b-563 from larvae. The cytochrome was 
dialysed against o.oi M phosphate buffer (pH 7.0) after addition of a small amount of KaFe(CN)s. 

. . . . .  , oxidized; - - ,  reduced with Na2S20 a. 
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Fig. 6. The absorption spectrum of the pyridine haemochromogen of housefly cytochrome b-563 
of larvae. For details of the preparation of the pyridine haemochromogen see the text. 
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Properties of cytochrome b-555 

The absorption spectrum of cytochrome b-555 is shown in Fig. 7- I t  had a peak 
at 414 In# in the oxidized form, and peaks at 424, 526 and 555 In# with shoulders 
at 400 and 560 m# in the reduced form. The ratio of A r e d u e e d / / I  reduced 

- -  - - 4 2 4  =,~, , - - 5 5 5  m~ was 6.2. The 
pyridine haemochromogen of this cytochrome was prepared in the same way as 
that  of cytochrome b-563, and it was found to be identical with that  of cytochrome 
b-563. Thus, the haem of cytochrome b-555 is also protohaem. It  may seem that  the 
cytochrome b-555 preparation is composed of two cytochrome components, as 
judged from the shape of the a-band. However, the cytochrome b-555 preparation 
has not been separated into two components so far. I t  is probable that  cytochrome 
b-555 has an asymmetric a-band. 

The two b-type cytochromes described above could also be extracted from 
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Fig. 7- The  abso rp t i on  s p e c t r u m  of housef ly  cy toch rome  b-555 f rom larvae .  The  e x p e r i m e n t a l  
cond i t ions  were  the  same  as for Fig. 5- - . . . .  , ox id ized;  - - ,  r educed  w i t h  NasS204. 

pupae, although in less amount than from larvae. They could not be extracted from 
adult flies. 

I t  was hard to obtain preparations of the b-type cytochromes that were com- 
pletely free of melanin pigments, and the yield of these cytochromes was low. It  
was also difficult to obtain large quantities of source materials. Therefore, further 
purification of the b-type cytochromes and determination of their properties were 
not undertaken. 

DISCUSSION 

From the findings of ESTABROOK AND SACKTOR 2 on purified housefly cytochrome c 
and those of TuPPY 3 on purified silkworm cytochrome c, it is currently thought that 
insect cytochrome c is identical with mammalian cytochrome c. In this investigatidn, 

Biochim. Biophys, Acta, 77 (1963) 592-6°1 



600 T. YAMANAKA, S. TOKUYAMA, K. OKUNUKI 

various properties of highly purified housefly cytochrome c were studied. With 
regard to its absorption spectrum and its haem, housefly cytochrome c was identical 
with mammalian cytochrome c. This confirms the results of ESTABROOK AND SACKTOR 2. 
The fact that reduced housefly cytochrome c was rapidly oxidized by cow cytochrome 
a seems to suppor t the idea that housefly cytochrome c is identical with mammalian 
cytochrome c. However, it is noteworthy that housefly cytochrome c was completely 
precipitated by saturated (NH4)~SO 4 even from dilute solution, unlike mammalian 
cytochrome c, although it was highly purified as judged from its ultraviolet absorp- 
tion spectrum. The velocity with which reduced housefly cytochrome c was oxidized 
by Pseudomonas cytochrome oxidase was greater than that at which reduced cow 
cytochrome c was oxidized 4. It  is therefore concluded that housefly cytochrome c 
is a different chemical entity from mammalian cytochrome c. 

It  was of interest to see whether cytochromes vary in quantity or quality 
during the developmental stages of the housefly, because it is known that the cyto- 
chrome content of the silk worm, Platysamia cecropia L., varies greatly during 
metamorphosis. Thus, cytochromes b and c are only detectable in the somatic 
muscles of diapausing pupae while all the tissues of larvae and adults show a com- 
plete cytochrome system la. Larval, pupal and adult cytochrome c's of housefly were 
found to be identical with one another. But the cytochrome c content varied greatly 
during metamorphosis: larvae and pupae contained almost the same amount of 
cytochrome c, whereas adult flies contained more than three times as much cyto- 
chrome c as larvae and pupae. It  has been reported that the cytochrome c content 
of Platysarnia cecropia L. is very low in diapausing pupae 13, but pupal houseflies have 
the same amount of cytochrome c as larve. 

It  is noteworthy that cytochromes b-563 and b-555 could be extracted from 
larvae and pupae in a water-soluble state without the aid of a detergent. This was 
not so for adults. Two kinds of b-type cytochromes have been solubilized from 
etiolated mung-bean seedlings without the aid of a detergent14: cytochromes b-56I 
and b-555 were highly purified by chromatography on a DEAE-cellulose column. 
Housefly cytochromes b-563 and b-555 are similar to mung-bean cytochromes b-56I 
and b-555, respectively, in their absorption spectra. It is interesting that housefly 
cytochrome b's and mung-bean cytochrome b's have both been isolated from young 
developing organisms although housefly is an animal and mung bean a plant. 

I t  is not yet known whether cytochromes b-563 and b-555 are the same entities 
as the b-type cytochromes (cytochromes b and bs) 2 in the adults, which are so tightly 
bound to particulate material that they cannot be extracted by aqueous solution. 

From the facts described above, it is evident that there is a difference in the 
cytochrome systems of larvae and pupae and of adults. Thus, even though the 
configuration of cytochrome molecules does not vary, the cytochrome system varies 
with the developmental stage of housefly. 
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