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S U M M A R Y  

Three types of b cytochromes are demonstrated in Candida utilis mitochondria. 
One of these b cytochromes has a symmetrical a-band at 561.5 nm at room tempera- 
ture. This b eytochrome is readily reduced either by anaerobiosis or by cyanide treat- 
ment in the presence of glycerol i-phosphate or sueeinate both in coupled and un- 
coupled mitochondria, The second b eytochrome has a double a-band at 565 nnl and 
558 nm. This b cytochrome is readily reduced either by anaerobiosis or by cyanide 
t reatment  in the presence of glycerol 1-phosphate or succinate in coupled mitochon- 
dria, but in uncoupled mitochondria it is slowly reduced after anaerobiosis and this 
reduction rate is enhanced by antimycin A addition. Thus the oxidation-reduction 
state of this cytochrome is energy dependent. The first cytochrome is spectroscopically 
identified as eytochrome hi< and the second as cytoctirome bT. The third b cytochrome 
has an a-band around 563 nm (b5,3) and is reduced slowly after anaerobiosis in un- 
coupled mitochondria but faster than the bT. Further properties of this component 
are not known. Midpoint potentials of cytochromes bT, b56 a and bK are approximately 
--5o mV, +5  mV, and +65 mV, respectively. 

In intact cells, cytochrome bT is reduced immediately after anaerobiosis or 
cyanide treatment,  and rapidly oxidized when uncoupler is added. Addition of anti- 
mycin A instead of uncoupler to the anaerobic cells causes oxidation of mainly cyto- 
chrome bT while addition of antimycin A to the aerobic cells results in a reduction of 
the eytochrome bT. 

INTRODUCTION 

Considerable effort has been extended in searching for the role of cytochrome b 
in energy transduction in the respiratory chain by using intact mitochondria 1-~, or 
submitochondrial particles 64. The existence of two chemically distinct species of b 
eytoehromes has been demonstrated by poising the system with oxidation-reduction 
dyes in rat liver S and pigeon heart mitochondria 2 and of three chemically distinct 

Abbreviations: FCCP, trifluoromethyl oxycarbonylphenylhydrazone; TMPD, N,A:,N',N'- 
tetramethyl-p-phenylenediamine; TTFB, 4,5,6,7-tetrachloro-2-trifluoromethylbenzimidazole. 

* Permanent address: Department of Biochemistry, Osaka University Medical School, 
Kita-ku, Osaka, Japan. 
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species in beef heart 9 and pigeon heart 8,10 submitochondrial particles. Wilson and 
Dutton 5,10 observed that  one of these two b cytochromes (bT) has an energy-dependent 
oxidation-reduction midpoint potential and postulated that it directly participates 
in transduction of the electrochemical potential of electron transport to chemical 
potential suitable for ATP synthesis. Recently, Sato et al. 1~-13 distinguished spectro- 
scopically two b cytochromes in pigeon heart mitochondria. One of these b cytochromes 
has a single symmetric a-band at 561 nm at room temperature (at 77 °K, it has an 
a maximum at 558 nm), and the other one has a double a-band at 565 nm and 558 nm 
(at 77 °K, it has a double a-band at 562.5 nm and 555 nm). Potentiometric ti tration 
identified the former as cytochrome bK and the latter as bT 13. 

I t  has also been shown that plant mitochondria have three types of b cyto- 
chromes (bse2, b557, and b~53) 14, and one of these b cytochromes was suggested to be 
involved in energy conservation ~5. None of these, however, has been shown to have 
an energy-dependent midpoint potential change is. In view of the possibility of a 
direct involvement of the b cytochromes (particularly of bT) in energy conservation 
in animal mitochondria it is of considerable interest to determine the behavior of 
these cytochromes in yeast cells and mitochondria. 

In this communication we report the existence of three spectrally and function- 
ally different forms of b cytochromes in mitochondria isolated from Candida utilis 
ceils. One of these cytochromes has a double a-band at 565 and 558 nm, and is spec- 
trally and functionally quite similar to that of cytochrome bT observed in pigeon 
heart mitochondria 11-13. The double s-band of this b cytochrome is particularly 
interesting because the role of this hemoprotein in energy conservation may depend 
upon the special environment of the heine. 

METHODS AND MATERIALS 

Yeast cells and mitochondria: C. utilis cells were grown aerobically for 24 h at 
30 °C in a synthetic culture medium 17 with 1. 5 % ethanol as a carbon source. Mito- 
chondria were prepared by a combined enzymaticlS, 19 and mechanical procedure ~°, 
and suspended in 0.6 M mannitol, o.I mM EDTA, and 50 mM morpholinopropane 
sulfonate (pH 7.0). 

Analytical methods: Difference spectra of cytochromes were recorded at room 
temperature and at the temperature of liquid nitrogen in the two-chambered cuvette 
of a Johnson Foundation double-beam (split beam) spectrophotometer ~1. Measure- 
ments of the steady state absorbance change of cytochromes were made with an 
Aminco-Chance dual wavelength spectrophotometer and a Hitachi Perkin-Elmer 
356 two wavelength spectrophotometer. 

Potentiometric measurements of cytochromes were performed as described by 
Wilson and Dutton 7. The oxidation-reduction mediators were those used by Wilson 
and Dutton, namely 16 #M N,N,N',N'-tetramethyl-p-phenylenediamine (TMPD), 
17/~M diaminodurene, 17 #M phenazine ethosulfate, 17/zM phenazine methosulphate 
(K and K Laboratories, Plainview, N.Y.), 5/~M pyocyanine, 30 #M duroquinone 
(Eastman Organic Chemicals, Rochester, N.Y.), 17 ~M 2-hydroxy-I,4-naphthoquinone. 

Chemicals: 4,5,6,7-tetrachloro-2-trifluoromethylbenzimidazole (TTFB) was a 
gift from Dr T. Galleotti. Antimycin A was obtained from Sigma Chemical Co. and 
dissolved in dimethyl formamide. 
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Protein was determined according to Kr6ger and Klingenberg ~2 with bovine 
serum albumin as standard. 

RESULTS 

The spectral pr@erties of b cytochromes in C. utilis mitochondria 
As shown in fig.  I, when a suspension of C. utilis mitoehondria is supplemented 

with glycerol I-phosphate in the presence of piericidin A, respiration is initiated and 
the b cytochromes become partially reduced as measured at 563 nm minus 575 nm. 
An aerobic to anaerobic transition gives an increased reduction which shows rapid 
(50 %) and slow (25 %) phases up to 20 rain after anaerobiosis. Addition of antimycin 
A causes almost no spectral change at this wavelength pair. fu r the r  addition of 
dithionite completely reduces the b cytochromes. Identical experiments were carried 
out with the various measuring wavelengths with a fixed reference wavelength at 
575 nm. The difference in absorbance between the points designated A through H 
(fig. I) were plotted as a function of measuring wavelength (figs 2-I and 2-ii). The 
spectrum of the b cytochrome reduced immediately after anaerobiosis ( B - A )  has an 

absorption band at 561.5 nm, while the b cytochrome(s) reduced slowly after the 
anaerobiosis (t v - B )  has a complex ~-band with a maximum at 563 nm and shoulders 

b Reduction (563 -575nm)  

4- . . . . . .  2f fM A A  , H 

5 m M ' G - i - P ' ^  i D * ~  l ~ [  * 

: i.: ? 7/7o.ih.o .o 

i 

* 0 0 0 4  ~ 

*o0o3 • ¢ \ o- 

uo i , , t  , 

' *O002q ,< , ,' ,:, ~ 0 O01- 
x 

+0001 • <~ 

o~ ..... : %_ .),~,4"'L>: :- _ 

- 0 0 0 1  • 
, -  - m . . . . . . . .  

550 560 570 

k (r im) 

I ' X 
~ ,  OOOl! . ' " ,  

m a 

D C 

I 
00012 

o2.. _ , ~ ~ - t )  
550 560 570 

X (nm) 

Fig. 1. The effect of subst ra te  and ant imycin A on the degree of reduction of b cytochroules 
(as measured at 563-575 nm) in C. ulilis mitochondria.  The mitochondria  were suspended at  
1.6 mg protein per ml in a medium containing o.225 M mannitol,  o.o75 M sucrose, o.2 mM EDTA 
and 25 mM morphol inopropane sulfonate, p H  7.2. The reagents were added at  the indicated times 
and final concentrations. P. A., pierieidin A; G-l-P, glycerol 1-phosphate;  A.A., ant imycin A. 

Fig. 2. The spectral properties of the b cytochromes in C. ulilis mitochondria.  The mitochondria 
were suspended and treated as described in the legend of Fig. i. A series of experiments  were 
carried out  in which the measuring wavelength was varied bu t  the reference wavelength was 
left at  575 rim. (I) The differences in absorbance between the specified spectra are obtained 
directly by  plott ing the absorbance changes designated A through t{ in Fig. 1. Therefore, 0 - - - 0  
(B--A) represents the spectrmn of the b cytochrome which is reduced by anaerobiosis in the 
presence of glycerol I -phosphate ;  ~k--~k (F - -B)  represents the spectrum of b cytochromes which 
are reduced in 18 min after anaerobiosis; R - - I t  (G--F) ,  the spectral shift induced in the b cyto- 
chrome stmctrum by the addition of ant imycin A to i8-min anaerobic mitochondria;  O 
(H--G) ,  the b cytochrome reduced when dithionite is added to anaerobic mitochoudria  in the 
presence of glycerol I -phosphate  and ant imycin A. (II) Curve C - - B  represents the spectrum of 
b cytochrome which is reduced in 5 rain after anaerobiosis in the presence of glycerol I -phosphate ;  
Curve D--C,  the spectrum of b cytochrome reduced between 5 and ~o rain after anaerobiosis in 
the presence of glycerol i -phosphate ;  Curve J:---D, the spect rum of b cytochrome reduced between 
io and 15 rain after anaerobiosis in the presence of glycerol t -phosphate .  
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at 565 nm and 558 rim. When the differences in absorption between the points C and 
B, D and C, and E and D (Fig. 2-1I) were plotted as a function of measuring wave- 
length, the spectrum of the b cytochrome reduced in 5 rain after anaerobiosis ( C - B )  
has an almost symmetric a-band with a maximum around 563 nm ; the b cytochrome 
reduced between IO rain and 15 rain after anaerobiosis (E - D )  shows a spectrum with 
two c~ maxima at 565 and 558 nm which is quite similar to that  of cytochrome bT 
observed in pigeon heart mitochondria 11-1a. The spectrum of b cytochromes reduced 
between 5 rain and IO min after anaerobiosis ( D - C )  is superimposed upon those of 
the two b cytochromes as mentioned above. The relative ease of reducibility of the b 
cytochromes by substrates shown in Figs I and 2 suggest a different midpoint poten- 
tial, with potentials becoming more negative in the order of the b cytochrome having 
a peak at 56I. 5 nm, the b cytochrome having a peak around 563 nm and the b cyto- 
chrome having a double peak at 565 and 558 nm. 

The addition of a saturating amount of antimycin A (1. 5 nmoles/mg protein) 
to the mitochondrial suspension causes a shift in the absorption maximum of b 
cytochromes as shown in Fig. 2-I ( G - F )  which is very similar to that  reported by 
Pumphrey 23 in electron transfer particles (ETP) and Sato et al. la in pigeon heart 
mitochondria. The point of zero absorbance change approaches the maximum of 
absorption band which shifted and, thus, antimycin A-induced absorbance shift 
seems to arise from the absorption band with a maximum near 562 nm. 

Addition of dithionite after t reatment with antimycin A gives further reduction 
of b cytochromes ( H - G )  which shows a complex spectrum with a peak at 563 nm 
and shoulders at 565 and 560 nm. More than two types of b cytoehromes may be 
involved in this spectrum. Cytochrome e is also reduced by dithionite as evidenced by 
the increase in absorbance at 550 nm. 

The energy-dependent reduction of b cytoehromes in cyanide-treated mitochondria 
The mitochondrial suspension was treated with piericidin A, ascorbate, TMPD 

and dicumarol, and then 30 s later with KCN to reduce cytoehromes a, c and cl. 
This eliminates possible contribution of these cytoehromes in the b cytochrome region. 
As shown in Fig. 3A, the addition of glycerol 1-phosphate causes a partial reduction 
of the b cytochrome (4 ° %) as measured at 563 nm minus 575 nm. This reduction is 
increased to 70 % when antimycin A is added. Finally dithionite reduces completely 
the cytochromes of the b type. 

When the suspension was treated with piericidin A, ascorbate, TMPD and ADP 
in the presence of phosphate to permit endogenous ATP formation and then 30 s 
later KCN was added, the b eytochrome is 30 % reduced without added substrate 
(Fig. 3B). Subsequent addition of glycerol 1-phosphate gives increased reduction of 
b cytochrome to 60 %, which falls to 40 % when uncoupler is added. Thus, a part  of 
the absorbance of the b cytochromes, (about 20 %) under these conditions, in cyanide 
treated yeast mitochondria, changes in a manner consistent with an energy dependent 
half-reduction potential. 

To clarify the spectral properties of b cytochromes involved in these reactions, 
difference spectra were measured at 77 °K by the trapped steady-state method 1 be- 
tween the points designated B and A, C and B, D and C, E and A and G and F in 
Fig. 3 (Fig. 4). The portion of b cytochrome reduced by glycerol 1-phosphate in 
uncoupled mitochondria (B-A) has a symmetrical a-band at 558 nm, a fi-band at 
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529 nm and a Soret band at 427 nm, which is thereby identified with cytochrome 
bK n-13. The b cytochrome reduced by antimycin A addition has two c~ maxima, a 
sharp one at 562 nm and a rather broad one at 557 nm. This spectrum may be inter- 
preted as the superimposition of the two b cytochromes; mainly, the b cytochrome 
with double c~ maxima (cytochrome bT), and partly the b cytochrome with ~ maxima 
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Fig. 3- The effect of subst ra te  on the degree of reduction of the b cytochromes in coupled and 
uncoupled mitochondria  isolated from C. utilis. The mitochondria  were suspended in the assay 
medium at 2.1 mg protein per ml and supplemented with 3/~M piericidin A, 2 mM sodium 
ascorbate and 6o/j3'I TMPD. To the suspension (T), 4 ° H M  dicumarol was then added, and to 
the suspension (II) i mM ADP and 2 mM phosphate  were added to permit  ATP formation. 
The reagents were added at the indicated times and final concentrations. P.A., pierieidin A; 
Asc, ascorbate;  Dic., dicumarol;  G-I-P,  glycerol i phosphate ;  A.A., ant imycin A. 

Fig. 4- The absorpt ion spectra of b cytochromes in C. utilis mitochondria at  77 °I£. The C. utilis 
mitochondria were suspended at 7.1 mg protein per ml and treated as given in the legend of Fig. 3- 
Spectrum B - - A :  the reference sample was wi thdrawn at  the designated point  A in Fig. 3, where 
the sample was treated with piericidin A, ascorbate, TMPD, dicumarol and KCN, and injected 
into the spectrophotometer  cuvette which has been pre-eooled to liquid nitrogen temperature .  
The measure sample was similarly treated bu t  was wi thdrawn i min after the addition of 5 mM 
glycerol ] '-phosphate (point B in Fig. 3)- Therefore this shows the spect rum of b cytochrome 
reduced when glycerol x-phosphate was added. Spectrum C- -B :  the reference material was the 
same as the measure sample in Spectrum B - - A  (withdrawn at the point  B in Fig. 3). The measure 
sample was wi thdrawn ~ rain after the addition of ant imycin A in the presence of glycerol 1-phos- 
phate  (point C in Fig. 3) and similarly treated as described in the legend of Spectrum B- -A .  
Spectrum D - - C :  the reference material was the same as the measure sample in Spectrum C--B.  
The measure sample was wi thdrawn 4 min after the addition of dithionite in the presence of 
glycerol i -phosphate  and ant imycin A (point D in Fig. 3). Spectrum E - - A :  the reference sample 
was wi thdrawn at the point  A in Fig. 3 and similarly treated as the reference sample in Spectrum 
B- -A.  The measure sample was wi thdrawn at the point  E in Fig. 3 where the suspension was 
t reated with 3 / TM piericidin A, 2 mM ascorbate, 6o #M TMPD, i mM ADP, 2 mM phosphate  
and 3 ° seconds later I mM KCN. Spectrum F - - G :  the reference sample was wi thdrawn at  the 
point  G in Fig. 3 where 4 ° / , M  dicumarol was added in the presence of glycerol 1-phosphate. 
The measure sample was wi thdrawn before the addition of dicumarol (point F in Fig. 3). 
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at 561.5 nm or at 563 nm at room temperature. The b cytochrome reduced by dithio- 
nite addition in this preparation shows two maxima; one is broad at 56I nm and the 
other is small at 555 nm. This spectrum may involve two b cytochromes; one is cyto- 
chrome bw and the other is cytochrome b with ~ maximum around 563 nm at room 
temperature. 

The b cytochrome reduced by cyanide treatment of mitochondria having oxi- 
dized ascorbate plus TMPD in the presence of ADP and Pi (E-A) shows the sym- 
metric ~-band at 558 nm, which is identified as eytoehrome bK. It may be reduced by 
energy-linked reversed electron transfer from phosphorylation Site III (see ref. 24). 
The b eytochrome which had been reduced by glycerol 1-phosphate in coupled mito- 
chondria and oxidized by uncoupler ( F - G )  has a double ~-band at 562 nm and 
555 nm, which is identified as cytochrome bT n-la. The difference spectrum between 
the coupled and uncoupled mitochondria both in tim presence of substrate and cyanide 
shows the essentially same spectrum as in trace F - G. 

E#ect of uncoupler and antimycin A on the redox state of b cytochrome in intact yeast cells 
As shown in Fig. 5, when the suspension of intact ceils is supplemented with 

KCN, rapid reduction of b eytoehromes is seen. The b cytochromes are reduced 85 % 
at this wavelength pair (430 nm minus 412 nm). The addition of uncoupler, TTFB, 
causes rapid oxidation of a part of b eytochromes (25 %). Cytochromes a and c + cl 
remained unaffected. However, the cytochromes aa-CN complex measured at 592 
minus 630 nm is gradually formed after cyanide treatment and this formation is 
enhanced by uncoupler addition. 

Antimycin A addition seems to reduce completely the b cytoehromes in aerobic 

¢ 
I b Reduchon (430-412nm) 

q i  

Dit hlon~te i 
16>MTTFB 1 j OI 0 2 ~ 

! 
2~M A A 

"~ImM KCN 

555-~Y 

562 

555 ~ • 
562 

40nm 

O02A 

Fig. 5. The effect of the  addit ion of uncoupler  and a n t i m y c i n  A (A.A.) oi1 the  degree of reduct ion 
of the b cytochromes  (as measured at 43 ° n m  minus  412 nm) of C. ulilis cells. Cells were suspended 
in the  oxygen  saturated 5 ° mM phosphate  buffer, p H  6.8, at the concentrat ion of 3-5 mg dry weight  
per ml. The reagents were added at  the  indicated t imes  and final concentrat ions .  

Fig. 6. The absorption spectra of b cytochromes  oxidized by  the  addit ion of uncoupler  {A) and 
a n t i m y e i n  A (B), in C. utilis cells at  77 °K. The C. utilis cells were suspended at 20 mg dry weight  
per nil in the  oxygen  bubbled 5o mM phosphate  buffer, p H  6.8. Spectrum A: the reference 
sample was w i t h d r a w n  3 ° s after the  addit ion of KCN (point A in Fig. 5) and injected into a 
spec trophotometer  cuvet te  which had been pre-cooled to l iquid ni trogen temperature .  The measure 
sample was s imilarly  treated but  was w i t h d r a w n  i min  after the  addit ion of T T F B  in the  presence 
of KCN (point B in Fig. 5). Spectrum B: the  reference sample  was w i t h d r a w n  i min  after the  
addit ion of a n t i m y c i n  A in the  presence of KCN and TTFB,  and treated s imilarly as described 
in the  legend of Spectrum A. The measure sample  was s imilarly  treated but  was  w i t h d r a w n  
about  3 min  after the addit ion of dithionite  in the  presence of I-~CN, TTFB and ant imyc in  A. 
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state, after which removal of oxygen by dithionite addition causes partial oxidation 
(35 %) of b cytochromes as first observed in yeast cells by Chance 2~ in 1952 and later 
by Kovac et al. 26. 

To clarify the property of the b cytochrome oxidized by uncoupler and reduced 
by antimycin A, the sample was taken at the indicated points A through D in Fig. 5 
and the difference spectra were measured at 77 °K1. As shown in Fig. 6A, the b 
cytochrome oxidized by addition of uncoupler ( A - B  in Fig. 5) has a double ~-band 
at 562 and 555 nm. The b cytochrome oxidized by aerobic to anaerobic transition in 
the presence of antimycin A as shown in Fig. 6B ( D - C  in Fig. 5) has also a double 
~-band at 562 and 555 nm. In this spectrum no spectral shift of the b cytochrome due 
to antimycin A is involved since both measure and reference samples contain the 
antibiotic. The difference spectrum between the presence and absence of KCN in the 
aerobic, TTFB-treated yeast cells at 77 °K (not shown) shows a single ¢¢-peak of b 
cytochrome at 558 nm, indicating the presence of cytochrome bK in these cells. 

Potentiometric titration of reduction of b cytochromes 
Potentiometric t i tration of reduction of b cytochromes can be carried out as 

described by Wilson and Dutton 5. Fig, 7 describes the oxidation-reduction potentials 
of b cytochromes in C. utilis mitochondria. The complex curve describes the course 
of reduction of the b cytochromes at 562 nm minus 575 nm. Accurate midpoint values 
cannot be assigned to these components since the values are too close with each otheI 
and there is some spectral interference from other cytochromes. Moreover, the 
endogenous substrates contained in yeast mitochondria make the oxidation-reduc- 
tion ti tration more difficult. However, this curve is very similar to those obtained by 
Dutton et alY and Lindsay el al. 8 for submitochondrial particles and suggests the 
existence of three cytochrome b components. Redox titrations carried out with 
various measuring wavelengths with a fixed reference wavelength at 575 nm (Table I) 
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Fig. 7. The course of reduct ion  of b cy tochromes  a t  562 nm and 575 nm in C. z¢tilis mitochondr ia  
as a funct ion  of o x ida t i on - r e duc t i on  potent ia l .  C. ,~tilis mitochondr ia  were suspended at  2. 3 mg 
pro te in  per ml in o.225 M manni to l ,  o.o75 M sucrose, 0.2 mM E D T A  and 25 mM morphol ino-  
p ropane  sulfonate  (pH 7.o); ~7 / ~M phenaz ine  methosulfa te ,  17 t,i~I phenaz ine  ethosu]fate,  3 ° / , M  
duroquinone.  A reduc t ive  t i t r a t i on  was done bv  using N A D H  and sodium d i th ion i te  as reduc tan t .  
The loga r i thm of the  ra t io  of the oxidized to t i le  reduced is for the  to ta l  absorbance  chanpe from 
@2oo mV to - - i 7 5  inV. 
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suggest that  the b cytochrome with a single a-band at 561.5 nm has the most positive 
half-reduction potential  .among these three b cytoehromes, and the b cytochrome 
with a double a-band has a more negative half-reduction potential as has been shown 
in pigeon heart and rat  liver mitochondria ~, 5,13; the remaining b cytochrome has an 
intermediate redox potential among three. From several ti trations at these wavelength 
pairs, the following values of mid-point potentials (Em 7.0) were obtained; +65 • 15 
mV for cytochrome bK, +5  ± 15 mV for cytochrome b56a, and - 5 o  - 15 mV for 
cytochrome bT. Almost the same Em 7.0 values were obtained for uncoupled mitochon- 
dria or mitochondria supplemented with 2.5 mM ATP. 

TABLE I 

R E L A T I V E  C O N T R I B U T I O N  OF T H R E E  C O M P O N E N T S  TO V A R I O U S  \ V A V E L E N G T H S  

The rnitochondria were suspended in 0.225 M mannitol,  o.o75 M sucrose, 0.2 mM EDTA and 
25 mM morphol inopropane sulfonate, p H  7.0. The c~-band was assayed with a measuring wave- 
length at 561,563 and 565 nm with a reference wavelength at 575 nm using 17 izM diaminodurol,  
17/ /M phenazine methosulphate ,  17 pM phenazine ethosulphate,  3 °/LM duroquinone and 17 pM 
2-hydroxy-I ,4 -naphthoquinone  as redox mediators (see Fig. 7). Reductive t i t rat ion was done 
using N A D H  (and lower than  about  o mV, sodium dithionite) as reductant .  

Potential span Percentage Em 7.0 Component 
(mV) (mV) 

X =  56z nm ~ = 563nm ~ = 565 nm 

18o -~ 4 ° 60 5 ° 43 - -65~_ 15 bK 
4 0 4 - -  ~o 23 27 24 + 5 ~ I 5  b56 a 

- -  lO-='- - - 1 5 o  17 23 33 5 o ~  15 bT 

DISCUSSION 

In intact mitochondria from mammalian or avian sources, the respiratory chain 
has been shown to contain at least two species of cytochromes b ~,~, 11-13,2~ and they 
have recently been assigned redox potential 5 and kinetic properties ~. One of these b 
cytochromes (bK) has a symmetrical e-band at 561 nm, the other one (b~) has a double 
a-band at 565 and 558 nm. In the present investigation it has become clear that  
C. utilis mitochondria also contain these two types of b cytochromes as found in beef 
heart s and pigeon heart 9 submitochondrial particles. The properties of the former two 
b cytochromes seem to be essentially the same as observed in pigeon heart mito- 
chondria n-la. The b cytochrome with a symmetric e-band at 561. 5 nm (cytochrome 
bK) is readily reduced by glycerol 1-phosphate or succinate in both coupled and 
uncoupled mitochondria. In intact cells it is readily reduced by the addition of cyanide 
or by anaerobiosis. 

The b cytochrome with double a maxima at 565 nm and 558 nm (cytochrome 
br) is readily reduced by these substrates in coupled mitochondria, but in uncoupled 
mitochondria it is quite slowly reduced in the presence of substrates after anaero- 
biosis but not by the t reatment  with cyanide. In intact cells it is readily reduced, 
but not fully, by cyanide t reatment  or by anaerobiosis, and gradual oxidation may 
follow anaerobiosis. 

Although data presented in Fig. 3 and Fig. 5 suggest that  the midpoint poten- 
tial of cytochrome bT in yeast mitochondria is also energy dependent and becomes 
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more positive when mitochondria are in the energized state, (@ refs 2, 5, 9 and io) 
the value of Em 7.0 t i trated in tile presence of added ATP was tile same as that  mea- 
sured in uncoupled mitochondria (cf. ref. I6). This could be explained as follows: 
C. utilis mitochondria show extremely low ATPase activity (o-2 nmoles ATP hydro- 
lysed/'min per mg protein) in the absence of added magnesium at pH 7.0 (T. Ohnishi, 
unpublished observation), as reported in Saccharomyces mitochondria",2s. Further- 
more the ATPase activity is not significantly stimulated by tile addition of uncouplers 
such as trifluoromethyl oxycarbonylphenylhydrazone (FCCP) or I799, although these 
uncouplers release the state- 4 respiration to the level of State 3 respiration or even 
higher. This is good evidence to show that  added ATP is poorly accessible to tile 
uncoupler-stinmlated ATPase. Thus in a reaction medium with a high external 
phosphate potential, the level of endogenous high-energy intermediate (X ~ I) remains 
too low to cause a change in the midpoint potential of cytochrome bT because of the 
slow interaction between the exogenous ATP and the respiratory chain in the absence 
of added Mg 2+. A similar situation occurs in tile energy-dependent electron reverse 
from glycerol 1-phosphate to endogenous pyridine nucleotide in C. ufilis mitochondria. 
Considerable reduction of endogenous pyridine nucleotide was observed when tile 
energy was supplied front high-energy intermediate produced at Site I I  or I I I ,  while 
it is not obtained by the addition of ATP in the absence of the respiration (T. Ohnishi, 
unpublished results). I t  should be mentioned here that  a much higher phosphate 
potential is needed to shift cytochrome D T front the low midpoint potential form to 
the high midpoint potential form (N. Sato, unpublished observation) than to cause 
an energy-dependent electron reverse (Chance -9, Klingenberga°). 

The antimycin A effect on the spectral shift of b cytoehrome is also observed in 
C. utilis rnitochondria as in mammalian mitochondria 13, 2a, 31; the spectrum of reduced 
b cytochrome having an a-maximum around 562 nm, is shifted to longer wavelength 
but there is no measurable effect on tim spectrum of b cytochrome having a double 
a-maximum. The observed spectral shift is very small (7 °o of total absorbance change 
of b cytochromes). Antimycin A is reported to prevent the ATP dependent positive 
shift of the cytochrome bT midpoint potential '° and to stabilize a respiration depen- 
dent shift of tile cytochrome bT midpoint potentiaP 2,aa. This is consistent with tile 
observation that  when antimycin A is added to intact anaerobic yeast cells (no res- 
piration) the cytochrome bT becomes more oxidized. The oxidation may be at tr ibuted 
to an inhibition of the interaction of the cytochrome bT with the cellular ATP resulting 
in its midpoint potential changing to a more negative value. On the other hand when 
tile antimycin A is added to respiring yeast cells or uncoupled mitochondria tile 
cytochrome bx becomes reduced as a result of the respiration-dependent change to a 
more positive midpoint potentiaP 2, aa. 

The third form of b cytochrome, which has an a maximum around 563 nm, is 
slowly reduced after anaerobiosis in uncoupled mitochondria, but is still faster than 
cytochrome bT remains to be investigated. In yeast mitochondria a considerable 
amount of b cytochrome is not reduced in the anaerobic condition but is reducible 
only by dithionite addition (Fig. 2). The role of this dithionite-reducible cytochrome 
is also unknown but it seems to represent inactive forms of eytochrome b generated 
during isolation of the mitochondria. 

I t  seems of interest that  tile observed split of the c~-band of cytochrome bT found 
in pigeon heart mitoehondriam la, al, in aseites tumor cells 3a and in yeast mitochondria 
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in this paper is greater than any other previously shown. This split of ~-band may 
depend upon the special environment of the heme related with energy conservation. 

ACKNOWLEDGEMENTS 

The authors are grateful to Dr D. F. Wilson for his many interesting discussions 
and his aid in the preparation of the manuscript. 

This work was supported by U.S. Public Health Service Grant GM-I2202. 

R E F E R E N C E S  

i 13. Chance  and  B. Schoener,  J. Biol. Chem., 241 (I966) 4567. 
2 B. Chmlce, D. F. \¥ i lson,  P. L. D n t t o n  and  M. Erecinska,  Proc. Natl. Aead. Sci. U.S., 66 (197o) 

117.5. 
3 H. J. V~Tegdanl, J. A. Berden  and  E. C. Slater, Bioehim. Biophys. deta, 223 (197 o) 365 . 
4 /3. Chance  and  B. Schoener,  J. Biol. Chem., 241 (1966) 4577- 
5 D. F. Wi lson  and  P. L. Du t ton ,  Biochem. Biophys. Res. Commun., 39 (197 o) 59. 
6 B. Chance,  C. P. Lee and  B. Schoener,  J. Biol. Chem., 241 (1966) 4574- 
7 E. C. Slater, C. P. Lee, J.  A. Berden  and  H. J. VVegdam, Biochim, Biophys. Aeta, 223 (197 o) 365 . 
8 J. O. L indsay ,  P. L. D u t t o n  and  D. F. Wilson,  Biochemistry, in t he  press. 
9 P- L. ] )n t ton ,  D. F. Wi lson  and  C. P. Lee, Biochemistry, 9 (197 o) 5077 . 

io P. L. Du t ton ,  J. G. L i n d s a y  and  D. F. Wilson,  in Int. Syrup. of Mitoehondrial Membranes, 
Bressanone, Italy, I97±, Academic  Press, in t he  press. 

i i  N. Sato,  Fed. Proc., 3 o, Abs t r ac t  (197 I) 119o. 
12 N. Sato, D. F. Wi lson  and  B. Chance,  F E B S  Lett., 15 (1971) 2o 9. 
13 N. Sato,  D. F. Wi lson  and  B. Chance,  Biochim. Biophys. Acla, 253 (1971) 88. 
14 \V. D. Bonne r  Jr,  in J. B onne r  and  J. Varner ,  Plant Biochemistry, Academic  Press,  New York,  

1968, p. 89. 
I5 W. D. Bonne r  J r  and  E. C. Slater, Biochim. Biophys. Acta, 223 (197 o) 349- 
16 P. L. D u t t o n  and  B. T. Storey, Plant Physiol., 47 (1971) 282. 
17 P. Ga lxy  and  P. P. Sloninlski, Acad. Sci. C. R., 245 (1957) 2423 . 
18 E. A. Duell, S. Inoue  and  3I. F. Ut ter ,  J. Bacteriol., 88 (1964) 1762. 
19 T. Ohnishi ,  K .  K a w a g u c h i  and  13. Hag ihara ,  J. Biol. Chem., 24i ¢I966) 1797. 
2o W. X. 13alcavage and  J. R. Mat toon ,  Biochim. Biophys. Acta, 153 (1968) 521. 
21 13. Chance,  in S. P. Colowick and  N. O. Kap lan ,  Methods in Enzymology, Vol. 4, Academic  Press,  

New York, 1957, p- 273. 
22 A. Kr6ger  and  M. Kl ingenberg ,  Biochem. Z., 344 (1966) 317. 
23 A. M. Punaphrey ,  J. Biol. Chem., 237 (1962) 2384 . 
24 D. D. Tyler ,  R.  W. E s t ab rook  and  D. R. Sanadi ,  Arch. Biochem. Biophys., 114 (1966) 239. 
25 13. Chance,  in Abstr. 2rid Int. Congr. of Biochemistry, Paris, (1952) 32. 
26 L. Kovac ,  P. Smigan,  E. H r u s o v s k a  and  B. Hess,  Arch. Bioehem. Biophys., 139 (197 o) 37 o. 
27 M. K. F. W i k s t r 6 m ,  Biochim. Biophys. Acta, 253 (197 I) 332. 
28 L. Kovac ,  H. 13edfiaroga and  M. Grekgak, Biochim. Biophys. Acta, 153 (1968) 32. 
29 B. Chance  and  G. Hollunger ,  J. Biol. Chem., 236 (I96t) 1577. 
3 o M. Kl ingenberg ,  Bioehem. Z., 335 (196I) 263. 
31 P. L. Du t ton ,  M. Erecinska,  N. Sato,  Y. Mukai ,  M. Pr ing  and  D. F. Wilson,  Biochim. Biophys. 

Acta, 267 (1972 ) 15 . 
32 J. S. Rieske,  Arch. Biochem. Biophys., 145 (I971) 179. 
33 D. F. \Vilson, M. Koppe lman ,  M. Erec inska  and  P. L. Du t ton ,  Biochem. Biophys. Res. Commun., 

44 (1971 ) 759. 
34 A. Cit tadini ,  T. Galleotti ,  B. Chance  and  T. Ter ranova ,  F E B S  Lett., 15 (i97 I) 133. 

Biochim. Biophys. Acta, 275 (1972) 288-297 


