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SUMMARY 

1. Three  b-type cy tochromes  (b55 v 5, 6560, and  b562 5), plus a ch romophore  
with an abso rp t ion  peak  at 558 nm at 77 :K,  have been found to be associated with 
the electron t r anspor t  system of  bovine hear t  mi tochondr ia .  The reduced minus 

oxidized spect ra  of  these componen t s  at 77 °K, as well as tha t  of  cy tochrome c~, have 
been recorded  with a wavelength accuracy of  ~- 0.1 nm and presented to the nearest  
0.5 nm. All  the ma jo r  ~ and fl absorp t ion  peaks  of  cy tochromes  b557 5, b56o, b502 5, 
cl and c have been shown by four th  derivat ive analysis  to be present  m the d i th lomte-  
reduced minus oxidized spect ra  of  m l t o c h o n d n a  and subml tochondr la l  particles.  

2. The d i s t r ibu t ion  of  the above  componen t s  has been s tudied m the four  
e lect ron t ransfer  complexes o f  the resp i ra tory  chain.  Cytochromes  b5oo, b5o2 5 and 
cl ,  as well as chromophore-558 ,  were found  to f rac t lonate  into Complex  1II ( reduced 
u b l q u m o n e - c y t o c h r o m e  c reductase) ,  whereas cy tochrome b557 5 was found  in Com-  
plex 1I ( succmate -ub iqu inone  reductase) .  

3. Cy tochrome  b56o was readi ly reduced by N A D H  or  succmate,  but  b5o2 5 
was not  reduced by substrates  unless the p repara t ion  was t rea ted  with an t tmycm A. 
In an t imycm- t rea ted  p repara t ions  pre-reduct~on of  c I with ascorba te  inhibi ted the 
subsequent  reduc t ion  of  6562 5 by substrates.  These results indicate  tha t  b5oo and 
b5o2 5 correspond,  respectively, to b K and bT previously descr ibed by Chance et al. 14 
(1970, Proc.  Natl .  Acad.  Sci. U.S.  66, 1175-1182). 

4. Similar  to b56o, chromophore-558  can be reduced by substrates  in the 
absence or  presence of  ant~mycln A. However ,  m ant tmycin- t rea ted  prepara t ions ,  
pre- reduct lon o f  c~ inhibi ts  its subsequent  reduct ion by substrates.  This p rope r ty  is 
s imilar  to tha t  of  b5o2. ~. 

5. Cy tochrome  b557 5, which occurs m Complex  I i ,  appears  to have a low 
mid-po in t  potent ta l  It can be reduced with di th loni te  and  oxidized by fumara te  or  

Abbreviations ETP, non-phosphorylatmg electron transport particle preparation; ETPH, 
phosphorylatmg electron transport particle preparation; TMPD, tetramethylphenylened~amme, 
Complexes I, lI, Ill, I-III and II-IIl ,  respectwely, preparations of NADH ubtqumone reductase, 
succmate-ublqulnone reductase, reduced ublqulnone cytochrome c reductase, NADH-cytochrome 
c reductase, and succmate-cytochrome c reductase. 
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ublquinone. CO treatment of dithionite-reduced b557. 5 neither modtfied the spectrum 
of this cytochrome nor diminished the extent of b55 v 5 reoxidation by fumarate. 

6. Antimycm A treatment does not appear to alter the spectra of the above 
cytochromes. However, small amounts ( <  4 °o) of ethanol or methanol, which are 
usually added to particles as solvent for antlmycin A, have a pronounced effect on the 

peaks of cytochrome Cl. The spectrum of cytochrome c~ at 77 ~K as modified by 
3 o (v/v) ethanol is shown. 

INTRODUCTION 

Multiple forms of cytochrome b have been discovered m various electron 
transport  systems ~-°. Recently, Slater et al 3 and Chance and his colleagues 4'5 have 
observed two types of cytochrome b m the mitochondrial  respiratory chain, the behav- 
ior of which differ in energized and nonenergized membranes. These cytochromes 
were designated bK (Ke~lin-type cytochrome b) and b r (transducing cytochrome b) 
by the latter group. The reason for these designations was that b K was found to be 
readdy reduced in mitochondna upon addition of substrates, thus corresponding to 
the cytochrome b first discovered by Keilin in 1925, whereas b T reduction reqmred 
membrane energization by ATP. Wdson and Dutton 5 found that ATP energlzatlon 
of ml tochondna also resulted m an apparent  redox potential change of b T from E m - -  

- -35  mV to Em = +245 inV. Rieske I o showed that antimycin A treatment increased 
the extent of total cytochrome b reduction m Complex III preparations provided cyto- 
chrome ct was in the oxidized state. Similar results were reported by Wilson et al.12 
on a mltochondrml preparation with succinate-cytochrome c reductase activity, and 
Erecinska et al. a2 showed that m antimycxn A and ascorbate-tetramethylphenylene- 
dmmine (TMPD)-treated partxcles, the reduction of bx by substrate followed the 
reoxidatlon of cytochrome c~. 

Our preliminary studies 6 showed that the inner membranes of beef heart mlto- 
chondrla contained three distract b-type cytochromes. Two of these, b56o*  and b562 5"*, 
appeared to be slmdar to bK and bx, respectively and were found to fractionate into 
Complex III. In these preparations, b560 was readily reduced by substrate, but the 
substrate reduction of b562,5 occurred only m antimycin-treated particles. The third 
b-type cytochrome, b557 5, which did not appear to be reducible by substrates, was 
found in Complex 1I. The present paper is a detailed study of the spectral characteris- 
tics of cytochromes b56o, b562 5, bss7 5 and c~ in the ~solated electron transfer com- 
plexes, submltochondrial  particles (ETP) and in intact mltochondrm. Data will also be 
shown regarding the possible existence of a new, reducible chromophore in Complex 
III, having at 77 °K a cytochrome-hke peak at 558 nm. 

* Tills cytochrome was previously designated b559 5 (ref 6) However. as wdl be seen below, 
~ts C~m~, appears to be at 560 nm 

** The b-type cytochromes will be identified in this manuscript by subscripts, each designating 
m nm the absorption maximum of the major c~ peak of that cytochrome at 77 °K At room tem- 
perature, the approximate ~ma, of b557 5, b560, and bso2 s are, respectively, at 560-561,562-563, and 
565 566 nm. 
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M A T E R I A L S  A N D  M E T H O D S  

Heavy beef heart mltochondria, cytochrome c-depleted heavy beef heart mlto- 
chondna, non-phosphorylatmg electron transport  particle preparation (ETP), phos- 
phorylatmg electron transport  particle preparation (ETPH), partially purified cyto- 
chrome c l, and Complexes II, I lL and I - I l l  were prepared as indicated elsewhere 6 
Complex 1I-II1 was reconstituted from preparations of Complex II  and Complex 11 l 
as before 13. Cytochrome c, type 1li, was procured from Sigma Chemical Co., N A D H  
from P-L Blochemlcals, and T M P D  from Eastman Orgamc Chemicals. Antlmycm A 
(blastmycm) was a gift from Kanegafuchl Chemical Industrial Co., Japan. 

Absorption spectra were measured with a single beam spectrophotometer 
(consisting of a DC voltage stabJlized tungsten iodide lamp, a Cary Model 14 mono- 
chromator  with motor  drive, a sample compartment  with a vertical light path, an 
EMI 9558 phototube directly beneath the sample and a logarithmic amplifier to 
measure the phototube current) on line to a PDP 8/1 digital computer with a 12 bit 
analog-to-digital converter °'14. The wavelength accuracy was calibrated to 0.1 nm 
with a mercury lamp. The spectral bandwidth was less than 0 3 nm. Wavelength 
maxima of absorption bands are reported to the nearest 0.5 nm. Absorbance values 
(representing the average of 256 readings) were taken and stored in the computer 
every 0.1 nm as the monochromator  scanned (at 2 5 nm/s) through the spectral region 
of interest. Each spectral curve presented is the sum of two independent spectra mea- 
sured on the same sample If a pair of such spectra showed differences other than ran- 
dom noise they were discarded. The procedure of adding pairs of independent spectra 
provides some additional suppression of random noise and insures that the spectra 
do not include spurious, nonreproducible changes. 

The spectral data, digitized every 0.1 nm, are stored m blocks of 1000 points 
at specific locations m the memory core of the computer. These blocks of spectral data 
may be read out into an X - Y  recorder or into a data storage dewce as mdtwdual 
curves or as differences between any pair of spectral curves. Absolute absorption 
spectra are obtained as the difference between the spectral curves measured on the 
sample and on a reference blank. The spectral data can be subjected also to higher 
derivative analysis by the computer. 

Fourth denvatwe analysis of the absorption spectra have been used to identify 
the components of the complex spectra 6' 15. The fourth derivative curves were obtained 
by four sequential differentiations of  the absorption spectra with respect to wavelenght 
with finite differentiating intervals of 1.0, 1.1, 1.2 and 1.4 nm, respectwely. The fourth 
derivative curve of a symmetrical absorption band has a maximum at the same wave- 
length position as the absorption band, but the width of the curve in the fourth deriva- 
twe ~s much narrower so that greater resolution of the individual components can be 
achieved. It should be emphasized that these curves are used only to indicate the wave- 
length maxima of the component  absorption bands and not the relative amounts of 
the mdlvldual absorbing species. No further physical slgmficance should be attached 
to the fourth denvatwe curves. An evaluation of the fourth derivative analys~s in- 
cluding artifacts which may be generated has been presented previously 16'17. 

Samples of  the various mltochondrial preparations (0.5 ml) were placed m a 
vertical cylindrical cuvette (14.3 mm dmmeter) and frozen to hquid N2 temperature 
in a cyhndrical Dewar with optical windows on the bottom 1~. Substrates, chemical 
reductants, and mhibltors (5-20 td) were added to the sample at room temperature 
before freezing. For details, see the legends to figures. No attempt was made to mira- 
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mlze light scatter in the frozen samples. Reproduobili ty of preparation of the frozen 
sample is such that a fiat line showing only random norse is obtained as the difference 
spectrum between two independent samples of the same material. 

RESULTS 

Spectral characteristics o/the b-type O'tochromes of beeJ heart mitochondria 
Three b-type cytochromes were found in the inner membranes of mitochondrla. 
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Fig. 1 Spectra of  cytochromes b562 s, bsoo and ct of  Complex 1-Ill, Trace IA (bs62 s ) -  Sample A 
Complex l - ] l I  at 3.27 mg protem/ml of  80 mM potassium phosphate,  pH 7 4, treated at room tem- 
perature wroth 10 mM sodmm azlde, 80/ tM TMPD,  and 10 mM sodmm ascorbate followed after 
1-mm intervals each with addition of  0 3 mM N A D H  and solid dlthlomte before freezing m liquid 
N2. Reference A '  same, except that dlthlOnlte addition was omitted Trace 1B (bs6o)- Sample B. 
Complex I - I I I  (3 27 mg protem/ml)  treated as above with azlde, ascorba te-TMPD and N A D H  
Reference B: same as Sample B, except that N A D H  was omitted. Trace 1C (cl) - cytochrome c~ 
(partially purified from Complex lII)  at 0 76 mg protem/ml of  40 mM potassium phosphate,  pH 7.4, 
treated with 10 mM sodmm ascorbate and 80/tM TMPD 

Fig 2. Reduced m i n u s  oxidized spectrum of cytochrome bs57 s in Complex II. Comples 11 at 1.76 
mg protem/ml of  40 mM potassium phosphate, pH 7 4, was treated with a small amount  of  dlthlomte 
m order to reduce its succmate dehydrogenase and minor ( ~  10 %) Complex l I I  contaminant,  and 
its spectrum was recorded. This spectrum was then subtracted from that of  Complex II  fully reduced 
with dlth~omte 
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Their spectral characteristics (reduced mhtus oxidized) at 77 °K, together with those 
of cytochrome el, are shown in Figs 1 and 2. In accordance with their enzymatic 
properties described above and elsewhere 6, Trace A in Fig. 1 (b56 z 5) lS comparable 
to the spectrum of bT and Trace B (b560) to that of bK (ref. 18). It is seen that the 
former cytochrome shows two prominent ~ peaks, one at 562.5 nm and another at 
554 nm, and several/3 peaks among which the first peak at 535 nm is rather diagnostic 
of the reduced form of this cytochrome. The 535-nm peak is clearly discermble even 
in ETP and mitochondrla (see Fig. 5A and 5B below) The latter cytochrome exhibits 
only a single prominent ~ peak at 77 °K, which has an absorption maximum at 560 nm. 
Sato et al ~ 8 have assigned the ~max position of b56o (b~) to 558 nm. However, our spec- 
tra of Complex l l I  and ETP Indicate that the ~ peak of bs6o is, indeed, very close to 
560 rim. Fig. 1C shows the spectrum of partially purified cytochrome c a, which was 
prepared after chaotrope-induced resolution of Complex l[[ (ref. 20). i t  was found 
to be identical to the spectrum of particle-bound cytochrome e~ (Fig. 6A). 

Fig. 2 shows the reduced minus oxidized spectrum of the third b-type cyto- 
chrome we have found in the inner membranes of beef heart mltochondria. This 
cytochrome exhibits at 77 °K two prominent ~ peaks, one at 557.5 nm and another 
at 550 nm, a sharp/3 peak at 531 nm, a broad/3 peak at about 523 nm, and a Soret 
band at 422 nm. 

Locahzation of  the b-type cytochromes in the electron transfer complexes 
During resolution of the respiratory chain into the four electron transfer com- 

plexes, cytochromes b560, 6562 5 and cl were found to fractionate into Complex III,  
whereas cytochrome b557.5 was found exclusively in Complex II  in amounts compar- 
able to the concentration (moles/g protein) of succinate dehydrogenase. When Com- 
plex I I I  was isolated according to the procedure of Rieske 21, rather than the original 
procedure of Hatefi et al. 22, some b557.5 was also found in this preparation. The 
amount  of b55 v 5 present in the Rieske-type Complex I l l  preparation was small, 
however, and was comparable to the succinate dehydrogenase contamination of this 
modified preparation of Complex III.  Purified preparations of cytochrome oxldase 
(Complex IV) were essentially devoid of contamination with b- and c-type cytochromes 
and the cytochrome contamination of Complex I ( <  0.05 nmole b ÷ c l / m g  protein) 
appeared to be due to contamination ( <  0.5 %) by Complex llI.  

Spectral characteristics of  cytochromes bso 0, b5o2.5 and c l 
When binary complexes I - I l I  or I I - I I I  were used in the absence of ant~mycln A, 

b56o and cl could be reduced with N A D H  in I - I I I  or with succinate in H-I I I .  The 
reductions afforded by these substrates were qualitatively the same In the presence of 
antlmycm A, substrates ( N A D H  or succmate) reduced both b560, and b562 5 and, 
because of the virtual absence of cytochrome oxidase in these preparations, the leak 
through the antlmycln block also resulted in the reduction of c~. Fig. 3 shows the 
spectra of NADH-treated Complex I - I I I  in the absence (A) and presence (B) of 
antlmycin A. Traces C and D are the fourth derivative spectra of A and B, respectively. 
Trace A shows the combined spectra of reduced menus oxidized b56o, and c~ (see 
Trace C for positions of the individual absorption peaks of b560 and c~ ), and Trace B 
includes the spectrum of reduced minus oxidized bso 2 5 as well. In Fig. 3B, cytochrome 
b562 5 iS responsible for the increased peak heights at 559-560 nm and 553.5 nm, the 
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Fig. 3. Spectra of NADH-reduced nunus' oxidized Complex I-III m the absence (A) and presence 
(B) of antlmycm A. Trace 3A: Complex I-III (3 27 mg protem/ml of 80 mM potassium phosphate, 
pH 7.4) was treated with 10 mM so&urn azlde and 0 3 rnM NADH Trace 3B: same as (3A), except 
that Complex I-IlI was first treated with 15 nmoles antlmycm A. Reference materials m (3A) and 
(3B) were the same, except that NADH was omitted. Traces C and D are, respectively, the fourth 
dertvat~ves of Traces A and B 

shoulder on the long wavelength side of 560 nm, and  the appearance of the 535-nm 
peak (see Trace D for positions of the mdivldual  absorpt ion peaks of b562. 5, b56 o 
and c~). As expected, t reatment  of Complex I - I I [  or Complex III  with dl thlomte 
m the presence or absence of ant imycln A resulted in the reduct ion of b56 o, b562 5 and  
cl • Cytochrome e~ /n  these parttcles is readily and completely reduced with ascorbate 
p l u s  T M P D  (Fig. 6A), and cytochrome b56 o is slowly reduced by a sco rba te -TMPD.  
The latter reduction is considerably slower in the presence of ant imycin  A, thus sug- 
gesting that it occurs by way of cl. 

Ti t ra t ion of Complex I - l I I  with graded amounts  of N A D H  showed that, in 
the absence of ant imycm A, cytochrome cl was reduced first, and only after abou t  
60 3o reduction of cL did the reductxon of b56 o begin (Fig. 4A). In  the presence of 
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Fig 4 Reductmn of cytochromes b56 o, b562 5 and c~ upon addition of graded amounts of NADH 
to Complex I-II l  m the absence (A) and presence (B) of anUmycm A. Complex I-III (3.16 mg pro- 
teln/ml of 40 mM potassmm phosphate, pH 7 4) was treated with 20 mM sodmm azlde, 20/tM antl- 
mycm A in (B) only, and NADH as shown. References were the same prior to NADH addmon. The 
wavelength pair 553-545 nm in (A) is a measure of c~ reductmn, and in(B) is a measure of ct plus 
b562 5 (x2) reduction. The wavelength pair 559-568 nm m (A) ts a measure ofbs6o reductmn, and in 
(B) is a measure of b56o phts b562 5 reduction. 

a n t l m y c l n  A,  however ,  bsoo and  b562 5 were  r educed  p r io r  to el (Fig.  4B).  In  the  la t te r  
f igure,  the  inc reased  a b s o r p t i o n  at  559 n m  is due  to  the  r educ t ion  o f  b o t h  b56o and 

b562 5, and  tha t  a t  553 minus  545 n m  is due  to  the  a p p e a r a n c e  o f  the  ~'2 b a n d  o f  fe r ro -  
c y t o c h r o m e  b562 5 at  554 nm,  wh ich  adds  o n t o  the  7i b a n d  o f  f e r r o c y t o c h r o m e  c 1 at  
553 n m  A c c o r d i n g  to  this figure,  the  c o n t r i b u t i o n  o f  the  f o r m e r  to  the  cq b a n d  o f  ci  

at  553 minus  545 n m  ts app rox .  25 °i; at  77 ~K. In  a g r e e m e n t  wi th  ind ica t ions  f r o m  
Rteske  1° a n d  the  subsequen t  w o r k  o f  W i l s o n  et al. tl  on  a s u c c i n a t e - c y t o c h r o m e  c 

r educ t a se  par t ic le ,  it was also f o u n d  tha t  in an t imyc in - t r e a t ed  C o m p l e x  I - I I I  p r i o r  

r e d u c t m n  o f  c I by  a s c o r b a t e - T M P D  p reven ted  the r ap id  r e d u c t m n  of  b562 5 by 
N A D H * .  

T h e  b e h a v i o r  o f  c y t o c h r o m e  b557. 5 t o w a r d  subs t ra tes  was c o m p l e t e l y  di f ferent  

f r o m  h560 and  b562 5. C y t o c h r o m e  b557 5 o f  C o m p l e x  l I ,  E T P  o r  m i t o c h o n d r i a  was 
reduc ib le  by d l t hmni t e ,  bu t  r educed  bss7 5 cou ld  no t  be genera ted  u p o n  a d d i t i o n  
o f  substra tes .  O t h e r  s tud ies**  have  shown,  however ,  t ha t  d i t h ion i t e - r educed  b557 5 
cou ld  be ox td ized  by f u m a r a t e  o r  u b i q u i n o n e ,  thus  ind ica t ing  e lec t ron ic  c o m m u n i c a -  
t ton  be tween  b557 5 a n d  the  r e sp i r a to ry  chain ,  bu t  u n f a v o r a b l e  t h e r m o d y n a m i c s  fo r  
its r e d u c t i o n  by succinate .  

H a v i n g  r ecogn ized  three  b- type  c y t o c h r o m e s * * *  wi th  d is t inc t ly  d i f ferent  spec-  

* Actually, the oxtdoreductlon state of c, in various particles treated with antlmycln A affects 
the kinetics of the reduction of both bs62 s and bs6o by substrates (Hatefi and Davis, unpublished). 

** Hatefi and Davis. unpubhshed 
*** It ~s important to point out in th~s context that m rat heart m~tochondrla za, rat liver m~tochon- 

dna z3 and beef heart submltOchondrlal particles z~, the concentration (nmoles/mg protein) of cyto- 
chrome b and cytochrome c~ were found to be, respectively, 0 75 and 0 2; 0 3 and 0.07, 0,85 and 0.27. 
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Fig 5 Dlthlonite-reduced mtnus  oxidized spectra of ETPH (A) at 7 5 mg protein/ml, and cytochrome 
c-depleted heavy beef heart mttochondna (B) at 7.6 nag protem/ml The medium was 0 25 M su- 
crose containing 50 mM Trls HCI, pH 7.8 The fourth derJvatwe spectra plus  the peak positrons m 
nm are shown at the top of each pannel. 

tral  and enzymat ic  proper t ies  in the electron t ransfer  complexes derived f rom the 
respi ra tory  chain,  it was impor t an t  to es tabhsh the presence of  these cy tochromes  m 
mi tochondrm and  ETP. It  was also necessary to ascertain that  b557 5, which had  not  
been previously recogmzed by others  and  which appeared  to be nonreduclb le  by 
substrates,  was not  a dena tu red  form of  the other  b- type cytochromes.  These studms 
were crucial,  since var ious  manipu la t ions  and the use o f  bile salts for  i so la t ion  of  the 
electron t ransfer  complexes might  have al tered the spectral  character is t ics  and  the 
enzymat ic  proper t ies  of  these cytochromes.  

First ,  the 77 °K spectra  of  d i th lomte- reduced  ETP (A) and cy tochrome c- 
depleted heavy beef  hear t  mi tochondr l a  (B) are shown in Fig. 5. The four th  derivatives 
o f  these spectra,  which serve to resolve over lapping  peaks into separa te  maxima,  are 
also shown. I t  is seen that  (a) the four th  derivat ive spectra  are capable  o f  resolving 
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peaks that are separated by as httle as 2 nm, and (b) essentially all the ~ and the major 
fl peaks of cytochromes b~62 5, b560, b557 5, ct and c, are clearly discernible in these 
spectra. These results show that the ~solation procedures of the electron transfer 
complexes have not altered the spectral properties of these cytochromes and establish 
the presence of b557 5 (see the 557- and 531-nm peaks in both fourth derivative spec- 
tra) in the mltochondrial tuner membranes. Furthermore, since all the fourth derlva- 
twe peaks in Fig. 5A and 5B can be accounted for on the basis of the ~ and fl peaks 
Of b562 5, b560, b557 5, c~ and c, the possible existence of comparable amounts of 
additional b- and c-type cytochromes m beef heart mitochondria becomes rather 
doubtful. A possible exceptmn is chromophore-558 (see below), which might make 
a small contribution in these spectra to the cq band of b55v.5. 

Second, the possible denaturation of b557 during preparatmn of Complex II 
was checked by the reactlwty of this cytochrome with CO. This is pamcularly impor- 
tant, since preparations of Complex l I contain, as reported earher 6' 25, varying amounts 
(10-20 ",,) of denatured Complex III. Thus, a preparanon of Complex II was reduced 
w~th dlthmmte, and ~ts spectrum before and after addition of fumarate was recorded. 
The difference of these two spectra was identical to the spectrum ofbs5 v 5 shown in 
Fig. 2 A second sample of the same preparatmn of Complex II was similarly reduced 
with dlthmnlte. It was then treated with CO before the addition of fumarate. Spectra 
recorded at each stage showed that CO treatment did cause some loss of the overall 
absorbancy, but that it had not d~mlmshed the extent of the fumarate-oxid~zable 
cytochrome b. These results confirmed that Complex II preparatmns contain, in 
addition to some denatured impurines, a new species of cytochrome h (F~g 2) which 
does not react with CO and is capable of reducing fumarate. 

Ef fec t  oJ an t ino 'c tn  A on the spec t ra l  charac ter i s t i cs  o / O ' t o c h r o m e s  c i, b 56 o and  h 5 o 2.5 

C v t o c h r o m e  c 1. Addmon of antlmycln A has no detectable effect on the spec- 
trum of ferrocytochrome c~. However, methanol or ethanol, m which the antimycm A 
Is usually dissolved and added to the medium, was found to have pronounced effects 
on the spectrum of cytochrome c~ Thus, as seen m Fig. 6 (Trace C), even 1--3 o 
ethanol (v/v) altered slgmficantly the absorbancy of the a2 band (549 nm) of ascor- 
bate-TMPD-reduced cytochrome c~, and caused a blue shift of the ~ band by about 
I n m  A similar effect, but considerably less pronounced, was observed when either 
alcohol was added to ferrocytochrome c Because of this dlstomon effect, the addl- 
tmn of alcohols to samples treated with antlmycm A was avmded in all the experi- 
ments reported here. An ethanohc solution ( ~ 20 ~ll) of antlmycin A was first added 
to the cuvette and the ethanol was allowed to evaporate completely, leaving antlmycm 
A as a fihn on the walls of the cuvette. Then, the enzyme suspension was added and 
st~rred for several min in the cuvette untd antlmycm A was taken up by the enzyme. 
However, cytochromes b560 and b5~2 5 did not show spectral changes m the presence 
of methanol or ethanol ( <  4 °o). 

C v t o c h r o m e  b56 o. The spectra of NADH-reduced cytochrome b56 o in the ab- 
sence (A) and presence (B) of antlmycin A, as well as their fourth derivatives (C and 
D, respectively) are shown m Fig. 7. It is seen that as compared to 7A, the c~ band of 
7B shows a slight red shift, and a half bandwidth thinning of 1.5-2.0 nm, which seems 
to occur mainly on the short wavelength side of the c~ peak. The fourth derivative 
spectra show clearly that the ~ band of 7A consists of two components at about 
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Fig. 6. Effects of antlmycm A and ethanol on the reduced minus oxidized spectrum of cytochrome 
cl. Cytochrome c~ m Complex I-II1 (3.38 nag protein/ml of 80 mM potassium phosphate, pH 7 4, 
containing 10 mM sodium azlde) was reduced with 10 mM sodium ascorbate plus 80/tM TMPD 
at room temperature and immediately frozen m hqmd N2 (A). In (B) 25 nmoles antlmycm A (m the 
absence of ethanol), and m (C) 2 85 ~/oo (v/v) ethanol were added. 

Fig. 7. Spectral properties ofcytochrome b56o In Complex I-III m the absence (A) and presence (B) 
of antlmycm A. Trace 7A: Complex I-III (3.27 mg protem/ml of 80 mM potassium phosphate, 
pH 7 4) was treated with 10 mM sodmm az~de, 10raM sodium ascorbate and 80/~M TMPD at 
room temperature. The mixture was frozen in liquid N2 and its spectrum was recorded to be used as 
"reference". The mixture was then thawed, treated with 0 3 mM NADH, and after 1.5 mm frozen 
again in liquid N2. The spectrum of this material was recorded and used as "sample". Trace 7A J.~ 
"sample" minus "reference". Trace 7B: all conditions were the same as m 7A, except that Complex 
I-IlI  was first treated with 15 nmoles of antlmycm A. Trace 7C and 7D are the fourth derivative spec- 
tra of 7A and 7B, respectively 

560 n m  a n d  558 n m ,  w h e r e a s  t he  ~ b a n d  o f  7B s h o w s  a s ingle  c o m p o n e n t  at  a b o u t  

560 n m .  These  resul ts  sugges t  tha t ,  in c o n t r a s t  to  7B, t he  ~ b a n d  o f  7A inc ludes  con t r i -  

b u t i o n  by a c h r o m o p h o r e  wi th  a p e a k  at  a b o u t  558 n m .  

Cytochrome b56 z 5. The  spec t r a  o f  d i t h l o n i t e - r e d u c e d  c y t o c h r o m e  b562 5 )n 

the  absence  ( A )  a n d  p r e s e n c e  ( B )  o f  a n t l m y c i n  A a n d  the i r  f o u r t h  de r iva t ive  s p ec t r a  

(C a n d  D,  respec t ive ly) ,  a re  s h o w n  in F ig  8. As  seen m the  l egend  o f  Fig. 8A,  C o m -  

plex I - I I I  was  t r e a t ed  wi th  a s c o r b a t e - T M P D  to r ed u ce  cl f o l l o w e d  by  N A D H  to 
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Ftg 8 Spectral properhes of cytochrome b562 5 In Complex 1-III m the absence (A) and presence 
(B) of antlmycm A. Trace 8A. 7A "sample" treated with dlthlomte m m u s  7A "sample". Trace 8B 
7B "sample" treated wtth dithlomte mmu~ 7B ~sample". Trace 8C and 8D are the fourth derivative 
spectra of 8A and 8B, respectively 

reduce bso0. The spect rum of  the mater ia l  was recorded,  then di th ioni te  was added  
to reduce b562 5. Subt rac t ion  of  the spec t rum in the absence of  d i th loni te  f rom tha t  
in its presence resulted in the spec t rum of  d i th loni te - reduced b562. 5. In the exper iment  
of  Fig. 8B, where an t lmycin  A was present,  again  a s imilar  procedure  was fol lowed,  
because pr ior  reduct ion  of  e~ in an t lmycm- t rea ted  Complex  I - l l I  inhibi ted the reduc-  
t ion of  b s 6 2  5 by N A D H  (see refs 10-12). Therefore,  subsequent  addi t ion  of  d i tb iomte  
a l lowed us to ob ta in  a spec t rum of  reduced b562 5 under  s imilar  condi t ions  to 8A, 
except  for  the presence of  an t lmycin  A. The spec t rum of  N A D H - r e d u c e d  b562. s 
(t e. wi thout  pr ior  reduct ion  of  c t )  in an t lmycm- t rea ted  Complex  I - I l l  was essential ly 
the same as 8B. Once again,  it is seen tha t  8A and 8B differ by the appa ren t  presence 
of  an addi t iona l  c h r o m o p h o r e  in 8B with a peak  at  approx.  558 nm (compare  four th  
derivat ives 8C and 8D). The reason tha t  this c h r o m o p h o r e  does not  appea r  in 8A is 
s imply that  the difference spect ra  leading to 8A subt rac t  its cont r ibu t ion .  

DISCUSSION 

Three b-type cy tochromes  with dis t inct ly different spectral  and  funct ional  
character is t ics  have been shown to occur  m the inner  membranes  of  mi tochondr la  
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from beef heart. Cytochromes b56 o and b562 5, together with Cl, are components of 
Complex Ill ,  whereas cytochrome b557. 5 occurs excluswely In Complex I!. Cyto- 
chrome b56 o was  readdy reduced by succmate or N A D H  in various particle prepara- 
tions ( I - I I I ,  I I - I I l ,  ETP), but the substrate-mduced reduction of b5~2 5 m these 
systems required the presence of antimycln A. In the latter case, reduction of cyto- 
chrome ci by ascorbate phts TMPD prior to addition of substrate inhibited the sub- 
strate-induced reduction of b562 5 The reduction pattern of cytochromes in Complex 
I - I I I  with graded amounts of  N A D H  was found to be consistent with their oxidation- 
reduction potentials as determined by others ~n the absence and presence of antJmycm 
A (ref. 5). These results also showed that the wavelength pair 554-540 nm, commonly 
used for monitoring c~ changes, includes at 77 °K appreciable b562 5 contribution m 
ant~mycm-treated preparations 

Regarding the spectra of cytochromes obtained under various condJtzons the 
following comments might be added: 

( 1 ) Cytochrome c l 
Cytochrome c I is water soluble when removed from membranes, and its spec- 

trum remains unaltered after this transition. Therefore, it is doubtful that hydropho- 
blc-hydrophlhc perturbations of the medium as affected by such small amounts as 1 " o 

methanol or ethanol could be responsible for the spectral changes reported in Fig. 6C. 
On the other hand, these results point to the posslbdity of the effect of alcohols by 
direct interaction with the cytochrome molecule. 

The cytochrome c 1 spectrum (Fig 1C) presented here differs shghtly from the 
spectrum pubhshed by Yu et al. e6 for their highly purified, crystalhne preparation 
of cytochrome c~. In the latter spectrum, the :~ region of reduced cytochrome c~ at 
about 113 °K is shown to be composed of at least five peaks at about 554, 552.5, 550, 
549, and 541 nm. Our spectrum of cytochrome cl at 77 °K, does not show the bands 
at about 554 and 550 nm. These additional bands as given by Yu e ta[ .  26 are also 
nonexistent m the fourth derivatives of our spectra of cytochrome c~. 

(2) Cytochrome b557 5 
In this manuscript, we have provisionally designated this cytochrome as b55~ 5, 

because designation by its c~ peak at room temperature (560-561 nm) would result in 
confusion with b56 o (room temperature 7max at 562-563 nm). However, continued 
usage of the designation b557. 5 IS not satisfactory because a b-type cytochrome from 
Rhodospirdlum rubrum has been previously designated as cytochrome b-557.5 (ref. 9) 
The fact that b557 5 does not appear to be reduced by substrates, but can donate elec- 
trons to fumarate (apparently through succinate dehydrogenase) is rather interesting, 
and recalls the earlier findings of  others regarding the close association of a b-type 
cytochrome with succinate dehydrogenase preparations from strict and facultative 
anaerobes, such as Corvnebacterium diphthertae and Proplonlbacterium pentosaceum 27 
It is possible, however, that the reduction of fumarate by b557 5 ill mltochondna is 
not just a vestige of evolution, but that b557 5 IS an entry point for an ancillary electron 
tributary of the respiratory chain. 

(3) C.vtochromes bs~e 5 and b56 o 
We regard Spectrum 8A to be the least complicated result. Spectra 7A and 8B 
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contain the additional 558-nm component, and 7B involves antimycin treatment, 
which might have caused minor differences between sample and reference. Therefore, 
Spectrum 8A may be considered to represent the reduced minus oxidized spectrum 
of bs62 s. As seen in Materials and Methods, this spectrum was obtained by subtract- 
ing the spectrum of Complex I - I I I  treated with N A D H  plus ascorba te-TMPD (essen- 
tially 3A) from that treated with N A D H ,  ascorbate-TMPD, and dlthionlte. The result, 
as shown in Fig. 8A, is essentially the same as the b562 5 spectrum deduced by Sato 
et al. 18 from the difference between ATP-energized and nonenerglzed mltochondna 
treated with succlnate. Trace 8B shows what happens when an attempt is made to 
deduce the spectrum of b5o2 5 from antlmycm-treated Complex l - I I I .  The shoulder 
appearing on the short wavelength side of the ~t peak of b562 s at about 558 nm does 
not appear to be due to modlficatmn ofb562 s by antlmycin A, because (a) the relative 
contribution of the 558-nm component to the spectrum of b562 5 can be vaned, and 
(b) this component  appears to add onto the :~ band of b56 o under conditions that no 
b56_~ 5 reduction takes place (see 7A). Therefore, 8B may be considered to be the 
reduced mtnus OXMlzed spectrum of b562 5 in antlmycln-treated partMes plus the 
spectrum of a component (designated hereafter as chromophore-558), which ts 
neither a part  of b~62 5 nor due to modlficatmn of b562. 5 by antlmycin A. As seen 
m 8A and 8B, the major peak positions of bs~,_ 5 (i.e. 562.5, 554, 535 nm) are not 
altered m the presence of antlmycm A 

Condltmns such as those used to obtain trace A of Fig  7 were considered 
prevmusly to yield the reduced mintts oxidized spectrum of bso o or b K (refs 6, 18, 19). 
The above studies have indicated, however, that 7A does not represent the true spec- 
trum ofb560. The 2 band of 7A is very broad for a cytochrome, and its fourth deriva- 
tive (Fig. 7C)shows that it Is not due to a single component*. The additional compo- 
nent seen by fourth derivatives analysis in the "~ band of 7A has a maximum at about 
558 nm, and appears to be the same as chromophore-558, which in antlmycm-treated 
pamcles, adds onto the ~ band of bso 2.s (see Fig. 8B). In antimycln-treated particles, 
substrate-induced production of chromophore-558 is inhibited when the pamcles 
have been pretreated w~th ascorbate-TMPD. In other words, when Cl is reduced in 
antlmycm-treated particles prior to addition of substrate, the substrate-lnduced 
production of chromophore-558 and reduced b562, 5 a r e  both inhibited. Therefore, 
chromophore-558 is not seen in 7B, but appears m 8B along w~th reduced b562 5 

* We have attempted to isolate cytochromes bsoo and bsb2 5 in order that their spectral char- 
acterlstlcs mtght be studied on purified samples Three procedures were used' (a) the method of  
Goldberger et al 2s  (b) the method of  Yamashlta and Racker 29, both apphed to Complex I11, and 
(c) resoluuon of  Complex 111 into a b-rich and a c t -neh fraction with guamdme HCI according to 
R~eske et al. z°. Room temperature spectra of  cytochrome b prepared according to procedures (al 
and (b) agreed with published data, but method (c) yielded a preparation in which the ~ and fl peaks 
had shifted toward blue At 77 -K, the spectra of  preparattons (a) and (b) were completely different, 
however, from bs~o (Fig 7), b562 5 (Fig. 8), or b56 o ~ b5oz 5 as they occur m Complex 111 Their 
fourth derivatives showed peaks at 560-561, 555, 535 and 528-530 nm. These results indicated gross 
spectral modifications, especially with regard to the absence of  the cq peak of  b562 5- The presence o f  
peaks at 555 and 535 nm m preparations (a) and (b) might be considered as suggestive evidence that 
the spectrum of bsoz 5 shown in Fig 8A is due to two components,  one responsible for the peak at 
562.5 nm (lost m the above preparatmns) and another responsible for the peaks at 554 and 535 nm 
(present m the above preparations) Weak as it is, this posslbdtty cannot be dismissed on the basis 
of  avadable reformation. 
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Fig 9 Difference spectra 7A m t n u 6  7B and 8B m i n u s  8A. Frace 9A is (7A m t n t t s  7B), Trace 9B is 
(7A 1.2 m m u , s  7B), trace 9C is (8B m i n u s  8A), and Trace 9D is (8B 1.1 m i n u s  8A). 

because of subsequent treatment of the latter mixture with dlth~onite. As will be seen 
below (Fig. 9), the difference between 7A and 7B is further comphcated by a trough 
at 561-563 nm. Boththe 558-nm peak and the 563-nm trough have been assumed by 
Sato et al. 18 to be due to the effect ofantimycin A on bK (b56o). Our studzes show that 
the 558-nm peak appears to be due to a separate component. However, the latter 
change, especially the trough at 561 nm (see Fig. 9A), m~ght be associated with ant~- 
mycin treatment At any rate, because of these differences, subtraction of 7B from 7A 
does not yield a reliable spectrum ofchromophore-558; it yields a d~fference spectrum 
w~th a peak at 557.5 nm plus a decrease m absorbance notzceable on the long wave- 
length side of the 557 5-nm peak (see below and Fig. 9A) 

(4) Chromophore-558 
The questions that arise with regard to the chromophore found in association 

with. the spectra shown in 7A and 8B might be summarized as follows: (a) Is chromo- 
phore-558 attributable t o  b56 o, b562 5 or ct, or IS it a separate entity? (b) What are the 
conditions under which the spectral characteristics ofchromophore-558 are visualized? 
(c) What is the spectrum of chromophore-558? (d) What is chromophore-558 and 
what is its function? 

With regard to question (a), xt has been discussed above that chromophore-558 
does not appear to be attributable to the spectral changes of cytochromes b560, b562 5 
or cl. Since this component  also appears in the spectrum of b560 derived from submlto- 
chondrial particles prepared simply by sonication of mitochondria followed by differ- 
ential centrifugation, its presence in Complex III  cannot be considered as modifica- 
tion of a cytochrome by b~le salts and the simple fractionation procedures used for 
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isolation of Complex III. The conditions which lead to the appearance of chromo- 
phore-558 also suggest that this component  is not a denatured entity, because its 
appearance is both substrate dependent and inhibitable. Thus, chromophore-558 
appears m the spectra of  appropriate particles ( I - I I I ,  I I - I I I ,  ETP, ETP n) when treated 
with: (1) succinate or N A D H ,  in the absence of antimycm A. This property is similar 
to that ofb56o, but not b562 5. (11) succmate or N A D H  in the presence of antlmycln A, 
provided c~ is in the oxidized form. Pre-reductlon of c~ (or possibly a component  
near Cl, see Rieske in ref. 10) with ascorba te-TMPD in antlmycin-treated particles 
inh~bits the subsequent appearance of chromophore-558 upon substrate addition. 
This property is similar to that of  bs62 5. ( I l l )  dithlonlte. 

We have attempted to deduce the spectrum of chromophore-558 from 7A 
minus 7B and 8B minus 8A. However, neither difference yields a satisfactory spectrum. 
The former difference shows a peak at 557.5 nm, but is comphcated by the decrease 
in absorbance at 561-563 nm (Fig. 9A). We have tried to normahze the height of 7A 
with respect to 7B before recording their difference in order to diminish the negative 
trough on the long wavelength side of the 557.5-nm peak in 9A, and thereby obtain a 
better estimate of the spectrum of chromophore-558. The result, revolving multiph- 
cation of the absorbancy of 7A by a factor of 1.2, is shown in Fig. 9B. It is seen that 
9B is strongly suggestive of a cytochrome with an ~ peak at 557.5 nm (but clearly 
distinct from b557 5)- However, it is especially important to note that even such a 
considerable normahzatlon of 7A (20"o increase) did not eradicate the negative 
trough at 563 nm. 

The difference between 8B and 8A is shown in Fig. 9C, and, after appropriate 
normalization to correct for the negative trough at 562 nm, it is shown m Fig. 9D. 
Once again, Trace 9C shows a peak at about 558 nm, but is otherwise unsatisfactory, 
and Trace 9D shows the difference after normalization of 8B by a factor of 1.1. In 
spite of the presence of a prominent peak at about 558 nm in both 9B and 9 D, and the 
highly suggestive nature of 9B, ~t should be kept in mind that these difference spectra 
are only attempts at deducing the spectrum of chromophore-558, and that very hkely 
they involve exaggerated comphcatlons (e.9. due to spectral differences of other 
components in the presence and absence of antimycln A). 

Trace 9B suggests that chromophore-558 might be a cytochrome occurring in 
Complex I l l  at a concentration substoichlometrlc w~th respect to b56o and b562 5 
(assuming roughly comparable molar extinctions in the ~ region). This possibility is 
in agreement with Wlkstr6m 7 who has proposed that mltochondrla contain three 
b-type cytochromes with the relative ratio of 1:4.2, of which the first is designated as 
h558 (this is a substrate-reduclble species different from our b55 ~ 5) and the second 
and third correspond to bso o and b562 5, respectively. We feel, however, that sufficient 
evidence for the existence in the inner membranes of beef heart mitochondrla of a 
fourth b-type cytochrome (i.e. in addition to b557 5, b56o and b562 5) IS not yet avail- 
able. Therefore, any conclusion regarding the possible nature of chromophore-558 
would be premature at this time. 

The substrate- and dlthlonite-induced production of chromophore-558, the 
inhibition of its appearance under conditions that b562. 5 reduction by substrates is 
also inhibited (i.e. in antlmycln-treated, c~-reduced systems) as well as other results 
suggest that (a) chromophore-558 is reducible, (b) its reduction is influenced by the 
oxidation-reduction state of other carriers, and (c) it is located on the substrate side 
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o f  t he  a n t l m y c m  block .  W h e t h e r  o r  n o t  it is i n d e e d  a b o n a f i d e  e l e c t r o n  ca r r i e r  a n d  ~s 

r e q u i r e d  fo r  e l e c t r o n  t r a n s f e r  f r o m  s u b s t r a t e s  to  c y t o c h r o m e s  Cl a n d  c r e m a i n  to  be 

seen .  
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