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SUMMARY 

Highly purified mitochondrial preparations from the trypanosomatid hemo- 
flagellate, Crithidia fasciculata  (A.T.C.C. No.11745), were examined by low-tem- 
perature difference spectroscopy. The cytochrome a + a  3 o~ maximum of hypoto- 
nically-treated mitochondria reduced with succinate, was shifted from 605 nm at room 
temperature to 601 nm at 77 °K. The Soret maximum, found at 445 nm at 23 °C, 
was split at 77 °K into two approximately equally absorbing species with maxima 
at 438 and 444 nm. A prominent shoulder observed at 590 nm with hypotonically- 
treated mitochondria was not present in spectra of isotonic controls. 

The cytochrome b maxima observed in the presence of succinate plus antimycin 
A were shifted from the 431 and 561 nm positions observed at 23 °C to 427 and 
557 nm at 77 °K. Multiple b cytochromes were not apparent. 

Unlike other soluble c-type cytochromes, the ~ maximum of cytochrome c555 
was not shifted at 77 °K although it was split to give a 551 nm shoulder adjacent to 
the 555 nm maximum. This lack of a low-temperature blue shift was true for partially 
purified hemoprotein preparations as well as in situ in the mitochondrial membrane. 

Using cytochrome c555-depleted mitochondria, a cytochrome c~ pigment was 
observed with a maximum at 420 nm and multiple maxima at 551,556, and 560 nm. 
After extraction of non-covalently bound heme, the pyridine hemochromogen diffe- 
rence spectrum of cytochrome c555-depleted preparations exhibited an 0~ maximum 
at 553 nm at room temperature. 

The reduced rate of  s uccinate oxidation by cytochi'ome c 555-depleted mitochon- 
dria and the ferricyanide requirement for the reoxidation of cytochrome cl, even in 
the presence of  antimycin, indicated that cytochrome c55s-mediated electron transfer 
between cytochromes c~ and a+aa  in a manner a n a l a g ~  to that of  cytochrome c 
in mammalian mitochondria.  

INTRODUCTION 

Previous studies have demonstrated the presence of a-, b-, and c-type cytochro- 
mes in both intact cells and subcellular preparations of the trypanosomatid Crithidia 

Abbreviations: TMPD, N,N'-tetramethylphenylenediamine; MOPS, morpholinopropane 
sulfonic acid. 
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fasciculata 1-4 and in the culture forms of several related species of Trypanosoma 5-8. 
The extent to which the respiratory chain carriers in this protozoan resemble or differ 
from those in mitochondria from higher animals and higher plants, as well as those 
in other unicellular organisms, is a point of considerable biological interest, especially 
regarding the evolution of mitochondria. In addition, such comparative studies may 
assist in locating those components common, and hence necessary, to energy-conser- 
ving respiratory pathways in all aerobic eukaryotes. 

C. fasciculata contain a hemoprotein analagous to cytochrome c in mammalian 
mitochondria, with an absorbance peak at 555 nm in the reduced form. This soluble 
cytochrome c55s has been highly purified and extensively characterized 9-1~. Relati- 
vely little is known concerning the respiratory chain carriers not readily extractable 
from the mitochondrial membrane in this organism. Mitochondrial preparations 
used in previous studies were composed predominantly of kinetoplasts and mito- 
chondrial fragments 1-4. They oxidized succinate about as rapidly as did mitochon- 
dria from mammalian sources ~-3, but were lacking in respiratory control ~2 with 
this substrate and phosphorylated ADP with ADP/O ratios of only 0.5-1.0 4'13, 
Recently we 14, and Toner and Weber 15 have succeeded in obtaining mitochondrial 
preparations from C. fasciculata which show respiratory control ratios of 2-3 with 
succinate as substrate and ADP as phosphate acceptor and with ADP/O ratios of 
0.8-1.2. This work demonstrated that the relatively low ADP:O ratio observed 
with these mitochondria was due to two sites of energy conservation operating at 
low efficiency of oxidative phosphorylation, rather than due to one site operating 
at high efficiency. Further, it was shown that these sites function at the same location 
and with the same substrates as do Sites II and III in mammalian mitochondria. 
This mitochondrial preparation is therefore suitable for characterizing the respira- 
tory chain carriers of C.fasciculata and their involvement in the energy conservation 
process. In this paper, we report the results of such a characterization obtained by 
means of low temperature spectrophotometry 16.17. 

MATERIALS AND METHODS 

Reagent grade succinic and ascorbic acids were employed as molar solutions 
after adjusting the pH to 7.5 with KOH or KHCO3, respectively. N,N'-Tetramethyl- 
phenylenediamine (TMPD) was employed as a 0.1 M aqueous solution after crystal- 
lization as the dihydrochloride from ethanol. K3Fe(CN)6 was dissolved in water 
to 0.2 M after crystallization from water. Antimycin A, obtained from Sigma Chemical 
Co., St. Louis, Mo., was dissolved to 2.0 mg/ml in dimethylformamide. 

Cytochrome c555 was extracted from C. fasciculata and purified through the 
ammonium sulfate precipitation step as previously described 9. After dialysis to 
remove excess salt, it was oxidized with ferricyanide and recovered by gel filtration 9. 

Mitochondria were prepared as described previously 14. Hypotonic swelling 
was accomplished by diluting freshly prepared mitochondrial suspensions in 0.3 M 
mannitol with 30 vol, of ice-cold 10 mM morpholinopropane sulfonic acid (MOPS) 
buffer, adjusted to pH 7.5 with KOH. The suspension was stirred gently at 0-4 °C 
for 40-60 rain. Mitochondria were recovered by centrifuging for 15 min at 16 000 ×g. 
One half of the pellet of hypotonically-swollen mitochondria was resuspended in 
in 20 vol. of 10 mM MOPS buffer, pH 7.5, containing 0.15 M KCI in order toextract  
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the soluble cytochrome css s (ref. 18). The other half, the hypotonic control, was 
resuspended in 10 mM MOPS buffer. After 18 h at 0-4  °C, both preparations were 
centrifuged for 15 rain at 16 000~<g. The cytochrome c-depleted mitochondria were 
washed three times by resuspension in KC1 buffer followed by centrifugation as 
above, then washed once with 10 mM MOPS buffer, and once with 0.3 M mannitol 
buffered with 10 mM MOPS at pH 7.5. The hypotonic control preparation was 
subjected to the identical procedures of resuspension and centrifugation except that 
10 mM MOPS buffer was used in place of  KCl-containing buffer. Both prepa- 
rations were finally resuspended in 0.3 M mannitol buffered with 10 mM MOPS, 
pH 7.5, to a final protein concentration of 5-15 mg/ml. Isotonic control mitochondrial 
were similarly diluted in manni to l -MOPS medium just prior to use but after storage 
for about 24 h at 0-4  °C in the wash medium used in preparing the mitochondria 14. 

Difference spectra were obtained at 77 °K with a Johnson Foundation split- 
beam spectrophotometer as described by Estabrook 16 with the modifications intro- 
duced by Bonner 17. The samples were frozen in lucite cuvettes with a 0.2 cm light 
path. The slits of  the spectrophotometer were adjusted to produce incident light 
with a spectral half-band width of 3 nm. Spectra were scanned over the interval 
400-650 nm. A low-pressure Hg arc was used to calibrate the wavelength indicator 
dial of the spectrophotometer. Wavelengths of absorption maxima were determined 
with a reproducibility of  ___ 1 nm. 

Protein concentrations were determined by the method of Miller 19 using 
crystalline bovine serum albumin (Fraction V, Nutritional Biochemical Corp.) 
as the standard. 

RESULTS 

Reduced minus  oxidized difference spectra are shown in Figs 1A and 1B for 
C. fasc icu la ta  mitochondria treated with isotonic medium and in Figs 1C and 1D 
for mitochondria treated with hypotonic medium. With succinate as substrate, 
both preparations had a maximum at 600 nm and a double maximum at 438-440 and 
444 nm attributable to cytochromes a + a  3 (refs 20, 21). Maxima at 422-424 nm, 
512-521 nm, and 556 nm were attributable to combined contributions from the b 
and c cytochromes. A flavoprotein trough was also evident at 456-458 nm. The 
mitochondria treated with hypotonic medium had an additional band near 590 nm 
as a shoulder on the 601 nm maximum of cytochromes a + a  3. Succinate failed to 
reduce all of the cytochromes present in the isotonic mitochondrial preparations. 
The difference spectrum shown in Fig. 1B, obtained with NazS20 4 in the experi- 
mental cuvette and succinate in the reference, had absorbance maxima attributable 
to cytochromes b and/or c with only slight contributions from cytochromes a +  a 3. 
As shown in Fig. 1D, hypotonically treated mitochondria did not exhibit these absorp- 
tion bands under the same conditions, indicating that these pigments may be in the 
outer membrane or intermembrane space which would be removed by the hypoto- 
nic washing procedure. To avoid interference from these pigments, hypotonically 
treated mitochondria were used to obtain the rest of the spectra presented in this 
paper. 

The spectra of Fig. l indicate the difficulties inherent in the spectrophotometric 
resolution of the b and c cytochromes o f  C . fasc icu la ta .  The maxima of the R-bands were 
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Fig. I. Difference spectra obtained at 77°K with mitochondrial preparations before and after 
exposure to hypotonic conditions. (A) Isotonic mitochondrial suspension (Preparation 1 ; 11.7 mg 
protein/ml) reduced with 10 mM succinate minus oxygenated reference. (B) As in A but Na~SzO4- 
reduced minus reference reduced with 10 mM succinate. (C) Hypotonically treated mitochondrial 
suspension (Preparation 2; 6.6 mg protein/ml) reduced with 10 mM succinate minus oxygenated 
reference. (D) Hypotonically treated mitochondrial suspension (Preparation 1 ; 11.7 mg protein/ml) 
reduced with Na2S204 minus reference reduced with 10 mM succinate. (E) Oxidized minus oxidized 
base line of hypotonically treated mitochondria (Preparation 2; 6.6 mg protein/ml), obtained 
with the same instrument gain settings as were used to record the difference spectra in Figs 1, 2, 
4, 5 and 6. 

very close together and were not resolved, even at 77 °K. The cytochrome b compo- 
nent was resolved with the aid of antimycin A, as shown in Fig. 2A, and cytochrome 
c components were resolved as shown in Fig. 2B. The difference spectrum of Fig. 
2A was obtained with hypotonically treated mitochondria with succinate in the 
presence of antimycin A; both experimental and reference samples were oxygenated im- 
mediately before freezing. In Fig. 2A, prominent maxima at 427, 527, and 557 nm were 
observed. Essentially the same spectrum was obtained with cytochrome c-depleted 
mitochondria under similar conditions (Fig. 2C). The cytochrome difference spectrum 
of Fig. 2A can therefore be attributed to cytochrome b alone. In both cases, the 
antimycin inhibition was not complete as can be seen by the 444 nm shoulder and 
small 600 nm peak of cytochromes a-t-a 3. The incompletenes of the antimycin block 
permitted the recording of difference spectra of cytochromes situated on the electron 
transport pathway beyond the site of antimycin inhibition. This was done by allowing 
the experimental and reference samples to become anaerobic in the presence of 
both succinate and antimycin, followed by oxygenation of the reference sample 
just prior to freezing. The resulting spectrum obtained with hypotonically treated 
mitochondria may be seen in Fig. 2B. Absorption maxima at 439, 444, and 601 nm 
were ascribed to cytochromes a + a 3 ,  while those at 421,522 and 555 nm were attri- 
buted to c-type cytochromes. 
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Fig. 2. Difference spectra obtained at 77 °K in the presence of antimycin A. (A) Hypotonically 
treated mitochondrial suspension (Preparation 2; 6.6 mg protein/ml) reduced with 10 mM suc- 
cinate plus 10/~g/ml antimycin minus oxygenated reference. (B) As in A, but both cuvettes con- 
tained 10 mM succinate plus 10#g/ml antimycin; the experimental cuvette was permitted to 
become anaerobic while the reference cuvette was oxygenated immediately before freezing. 
(C) Cytochrome c-depleted mitochondria (Preparation 2; 7.2 mg protein/ml) reduced with 10 mM 
succinate plus 10/~g/ml antimycin minus oxygenated reference. 

Identification of the latter was confirmed by obtaining the reduced minus 
oxidized difference spectrum of purified cytochrome c55 s at 77 °K. As may be seen 
in Fig. 3, essentially the same major peak positions were observed in both the mito- 
chondrial preparation and the sample of partially purified hemoprotein. The 0¢ maxi- 
mum of Crithidia cytochrome c555 was split at low temperature to give prominent 
aq and ~¢2 maxima as was the case with horse, pigeon and moth cytochromes c 22. 
Unlike the latter, however, the 0 h maximum of the Crithidia hemoprotein was not 
shifted to shorter wavelengths at low temperature; it remained at the same position 
observed at room temperature 2-4. In contrast, the cytochrome b absorption maxima 
were shifted from 431 and 561 nm observed at room temperature ~-3 to 427 and 557 nm 
respectively at 77 °K. This explains why cytochromes b and c555 were not spectrally 
resolved at low temperatures except for the 0¢ 2 absorbance of cytochrome c555 seen 
in Figs 1A and 1C as a shoulder at 549-550 nm. 

The use of ascorbate plus TMPD as reductant interacting with the mitochon- 
drial respiratory chain at the level of cytochrome c 23'24 yielded a reduced minus 
oxidized difference spectrum (Fig. 4A) which was quite similar to that obtained in 
Fig. 2B. However, two observations suggested that ascorbate plus TMPD also 
partly reduced cytochrome b: (1) the ratio of the difference absorbance AA555_5~5 ,m 
to the difference absorbance AA6oo_63on m w a s  greater in Fig. 4A than in Fig. 2B, 
and (2) the 0¢ 2 (550 nm) shoulder of cytochrome cs55 was displaced vertically from 
the ~ (555 nm) maximum to a greater extent in Fig. 4A than in Fig. 2B. With 
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Fig. 3. Difference spectrum obtained at 77 °K with partially purified cytochrome c555. The hemo- 
protein was dissolved in 0.3 M mannitol buffered with 10 mM MOPS, p/-[ 7.5, to a concentration 
of 1.1/~M. Reduced with Na2S204 minus oxidized. 

Fig. 4. Difference spectra obtained at 77°K with hypotonically treated mitochondria reduced 
with ascorbate and TMPD in the presence and absence of antimycin A. (A) Mitochondrial sus- 
pension (Preparation 2; 6.6 mg protein/ml) reduced with 5 mM ascorbate plus 0.5 mM TMPD 
minus oxygenated reference. (B) As in A, but both samples contained 10 mM succinate plus 
10/~g/ml antimycin. Ascorbate and TMPD were added to reduce the experimental sample; the 
reference sample was oxygenated before freezing. 

succinate and an t imycin  A a d d e d  at r o o m  tempera tu re  to  the mi toc hond r i a  to reduce  
cy tochrome  b, and  ascorba te  plus T M P D  added  to the exper imenta l  sample  and  0 2 
to the reference, the difference spec t rum seen in Fig.  4B was obta ined .  The  difference 
absorbance  AA555_570. m was lower relat ive t o  Z ] A 6 0 0 _ 6 3 0 n  m than  in the absence 
of  succinate  plus an t imycin  (Fig. 2A), and  the ~1 and 0~ 2 cy tochrome  c555 absorbance  
m a x i m a  were again  closer toge ther  as in Fig.  2B. A small  shou lder  a t  560 nm was 
observed in bo th  Figs  2B and 4B, but  not  in 4A and was thus cor re la ted  with the  
presence o f  succinate and an t imycin  A in bo th  the exper imenta l  and  reference 
samples.  This exper imenta l  condi t ion  ruled out  a red shift due to an t imycin  A 25 as 
the source of  this  band.  

Kei l in  and  Har t ree  26 were able  to differentiate cy tochrome  cx f rom cy tochrome  c 
in spect ra  ob ta ined  at  l iquid air  tempera tures .  This  different ia t ion is difficult, how-  
ever, and  usual ly  the a b s o r b a n c e  bands  o f  the two cy tochromes  in the  reduced  fo rm 
have not  been resolved in low t empera tu re  difference spect ra  ob ta ined  with mi to-  
chondr ia  f rom m a m m a l i a n  27 and f rom p lan t  2a tissues. The spec t ropho tomet r i c  
charac te r iza t ion  o f  cy toch rome  cl is best  done  by  ex t rac t ion  o f  cy toch rome  c. C. 
fasciculata mi tochond r i a  depleted o f  cy toch rome  c555 respi red  with succinate at  a 
rate  one- ten th  tha t  o f  unext rac ted  mi tochondr ia .  The  succinate reduced minus 
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oxidized difference spectrum of such a preparation is shown in Fig. 5A. The efficacy 
of c extraction can be assessed by the observation that the cytochrome a + a  3 com- 
plement was only partially reduced by succinate after incubation at room temperature 
for 15 min, which was ample time to attain anaerobiosis. In hypotonically treated 
but unextracted mitochondria all of the cytochrome a +  a 3 was reduced in less than 
l min by succinate. The size of the ~-band of cytochrome a+a3 at 601 nm was com- 
parable to the band at 590 nm. There was one at 556 nm which included the cyto- 
chrome b and part  of cytochrome e~. In the reduced minus oxidized spectrum shown 
in Fig. 5B with dithionite as reductant, there was a larger band at 557 nm comprised 
of b and ca cytochromes. The cytochromes a + a  3, were also reduced under these 
conditions. With ascorbate plus T M P D  alone as substrate, some cytochrome b was 
also reduced in the cytochrome c-depleted mitochondria as shown by an absorbance 
peak at 426 nm seen in the spectrum of Fig. 6A. This cytochrome b contribution 
could be eliminated by prior reduction of both samples with succinate plus antimycin 
A. The experimental sample was then rendered anaerobic with ascorbate plus TMPD 
while the reference sample was oxygenated, and the difference spectrum seen in 
Fig. 6B was obtained. The ~-bands of cytochromes a + a  3 were readily apparent, 
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Fig. 5. Difference spectra obtained at 77°K with cytochrome c-depleted mitochondrial  prepa- 
rations. (A) Mitochondrial  suspension (Preparat ion 2; 7.2 mg protein/ml) reduced for 15 min 
with 10 m M  succinate minus oxygenated reference. (B) As in A but Na~S204 replaced succinate. 

Fig. 6. Difference spectra at 77 °K with cytochrome c-depleted mitochondria  reduced with as- 
corbate and T M P D  in the presence and absence of antimycin A. (A) Mitochondrial  suspension 
(Preparat ion 2; 7.2 mg protein/ml) reduced with 5 m M  ascorbate plus 0.5 m M  T M P D  minus 
oxygenated reference. (B) As in A, but both  samples contained 10 mM succinate plus 10/~g/ml 
antimycin. Ascorbate and T M P D  were added to reduce the experimental sample; the reference 
sample was oxygenated before freezing. (C) As in B, but 0.1 mM KsFe(CN)6 was added to 
the reference immediately before freezing. 
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but there was no significant absorption in the 550-560 nm region. If  ferricyanide 
was added to the reference sample just before freezing, the spectrum of Fig. 6C was 
obtained. The Soret band was at 420 nm, and there were three maxima in the ~ region 
at 551,556 and 560 nm. These spectra were obtained only when samples were frozen 
as soon as possible following addition of ferricyanide. When freezing was delayed 
by 1 min or more, the spectrum reverted to the type shown in Fig. 6B with no 
significant absorption in the 550-560 nm regions. This indicated that the pigment 
oxidized by ferricyanide was an active oxidation-reduction component since it 
could be reduced again by succinate through the antimycin A "leak" once the added 
ferricyanide had been completely reduced. This finding eliminated the possibility 
that the observed pigment might be a reduced hemoprotein present in the preparation 
but not intimately linked to the succinate respiratory chain. It also demonstrated 
that extraction of cytochrome c555 prevented the reoxidation of this cytochrome by 
cytochrome a, in accord with the results obtained by Wohlrab 19 with rat liver mito- 
chondria depleted of cytochrome c. In addition, pyridine hemochromogen difference 
spectra (Na/SzO4-reduced m i n u s  oxidized) of the cytochrome c-depleted mito- 
chondria, after extraction of noncovalently-bound heine by the acid-acetone ex- 
traction method of Falk 3°, exhibited an absorbance peak at 552-553 nm, consistent 
with the presence of a c-type cytochrome with a covalently bound heme group 3°. 
From these results, it seemed reasonable to conclude that the 551, 556-557 nm and 
560 nm absorbance maxima seen in Fig. 6C were due to C . f a s c i c u l a t a  cytochrome c~. 

DISCUSSION 

C y t o c h r o m e  a + a 3 

Reduced m i n u s  oxidized difference spectra of isotonically and hypotonically 
treated mitochondria at 77 °K showed that cytochrome a + a  3 had two Sorer maxima 
at 438 and 444 nm. Split Soret maxima with identical positions have been reported 
previously for both rat liver 2°'21 and plant cytochrome a + a  3 (refs 17, 18). Whereas 
the 600 nm band of Cri th id ia  cytochrome oxidase was usually found as a symmetrical 
peak in isotonically treated mitochondria, hypotonically treated preparations usually 
exhibited an additional 59Dnm shoulder adjacent to the 600 nm peak. Such shoulders 
have also been reported in low temperature difference spectra of plant 31 and rat liver 
mitochondria 1°'21, but only in the presence of KCN or CO. Neither of these sub- 
stances were present in our preparations. The possibility that mitochondrial suspen- 
sions might have absorbed traces of CO was ruled out by bubbling pure O2 for 5 min 
through mitochondrial suspensions illuminated with bright light from a tungsten 
source; there was no effect on the presence or relative size of the 590 nm shoulder. 
Since isotonically treated mitochondria lacked this absorption band while hypotonic- 
ally treated mitochondria showed it, the possibilities exist that: 

(1) the 590 nm shoulder was produced by some alteration of native cyto- 
chrome a +  a 3 by exposure to hypotonic conditions; or 

(2) that it was unmasked by removal of other pigments during hypotonic treat- 
ment. 

The first possibility was placed in doubt by the lack of change in the Soret 
bands of cytochrome a + a  3 in the hypotonically treated mitochondria, and by the 
greater prominence of the 590 nm band in the reduced m i n u s  oxidized difference 
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spectra of cytochrome c-depleted mitochondria reduced with succinate compared 
to dithionite (Fig. 5). The second possibility, namely that the shoulder was rendered 
visible upon removal of interfering pigments during hypotonic shock, would be a 
reasonable explanation for its appearance, provided that one assumes that the 
difference spectrum of Fig. 5A shows the true ~ region spectrum of a 3 alone, which 
then would have two ~ bands at 590 nm and 601 nm, while the difference spectrum 
of Fig. 5B shows cytochrome a + a 3. Under the conditions of  cytochrome c depletion, 
cytochrome a 3 of more positive midpoint potential 32 would be expected to become 
reduced in preference to cytochrome a. We tentatively suggest that the 590 nm band 
may be attributable to one of two ~ bands of cytochrome a 3 in these mitochondria. 

Cytochrome b 
There seemed to be but one spectrophotometrically detectable cytochrome b 

in mitochondria from C. fasciculata, as seen in the spectra of  Figs 2A and 2C. A 
single, sharp maximum at 557 nm was observed, corresponding to a 4 nm shift to 
shorter wavelengths from the maximum observed at room temperature ~. With 
succinate plus antimycin, no shoulder was seen at shorter wavelengths comparable 
to the one seen under similar conditions with yeast 33, plant 34, mammalian 35 and 
avian 36 mitochondria. Such a shoulder is diagnostic of reduced cytochrome b v in 
vertebrate mitochondria which with cytochrome b561 or bK Comprises the dual b cyto- 
chrome components of these mitochondria. Based on the spectral evidence, therefore, 
mitochondria from C..fasciculata would seem to have but a single cytochrome b. 
Potentiometric measurements are required to confirm or deny this supposition and 
these are being undertaken. For the present, this cytochrome has been designated 
cytochrome b561, the subscript corresponding to the ~ maximum observed at room 
temperature. 

Cytochromes c and cl 
The most striking spectral property of  cytochrome css 5 found in this study 

was the failure of  the cq maximum to shift to shorter wavelengths, while the cyto- 
chrome b ~ maximum shifted 4 nm closer to the cytochrome c maximum. Previous 
investigation indicated that Crithidia cytochrome c55 ~ has an unusual ~ maximum 
at 553 nm for the reduced pyridine hemochromogen 9'1°. Recently, Pettigrew and 
Meyer 11 have obtained evidence that this may be due to the presence of but a single 
thioester linkage of the heme to the protein moiety. This alone, however, seems 
insufficient to account for the lack of a spectral shift at 77 °K since Euglena cyto- 
chrome c558, which also has a 553 nm maximum for the pyridine hemochromogen 
and was also suggested to contain a single thioester heme-protein linkage, is shifted 
to 555.6 nm at low temperatures 37. It  was noted that at low temperatures the wave- 
length maxima of the complex fl-band substructure of the Euglena and Crithidia 
hemoproteins were virtually identical. (In this regard, it should be noted that euglenids 
were suggested to have been progenitors of  the Trypanosomatidae38.) Since the lack 
of a shift was also observed in the purified solubilized cytochrome, the membrane 
environment cannot be held responsible for this spectral property. The reasons for 
the stability of  this maximum remain obscure at present. 

The reduced minus oxidized difference spectrum of cytochrome cl seen in 
Fig. 6C was complex, but no more so than the spectrum of cytochrome cl purified 
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from beef heart by Yu et aL 39. The oxidized cytochrome from beef heart was relatively 
featureless in the spectrum obtained at 77 °K, but the reduced cytochrome had 
three maxima at 549, 550, and 552.5 nm so identified by Yu et aL 39 and a shoulder 
on the long wavelength side not identified as to wavelength. This makes more plausible 
the idea that the three maxima at 551, 556 and 560 nm are all attributable to cyto- 
chrome c I in C. fasciculata. The ~t maximum of this component is observed at 
560 nm at 77 °K, a 7.5 nm shift to the red compared to the ~ maximum of mammalian 
cytochrome cl. A similar shift of 7 nm is observed for the ~1 maximum of 555 nm 
at 77 °K for the cytochrome c555 of this organism compared to that mammalian 
cytochrome c at 548 nm ~2. 

The results of this study indicate that mitochondria of C. fasciculata have a 
respiratory chain remarkably similar in its cytochrome components to the respiratory 
chain of the higher animals. The sequence: 

Succinate~---~ b561-+ cu---~ c555--+ a-+ a3----~ 0 2 

was deduced from these results as well as previous work with respiratory inhibitors ~-4. 
In particular, the role of the readily solubilized cytochrome c555 in equilibrating the 
redox state of cytochromes c 1 and a, as shown for mammalian cytochrome c by 
Wohlrab, was evident from the experiment in Fig. 5A. The previous identification 
of two coupling sites in this region 14 was in accord with the results obtained with 
animal mitochondria, and indicates that mitochondria from this protozoan strongly 
resemble those from metazoa. 

ACKNOWLEDGEMENTS 

The authors are greatly indebted to Dr Maria Erecinska and Dr David Wilson 
for stimulating discussioas and advice, and to Mrs Dorothy Rivers for enthusiastic 
and skillful technical assistance. This research was supported by National Science 
Foundation Grant NSF-GB-23063 and United States Public Health Service Grant 
GM-12202, and was carried out during the tenure of Career Development Award 
K3-GM-7311, to B.T.S. 

REFERENCES 

1 Kusel, J. P. and Weber, M. M. (1968) Bact. Proc. 68, 139 
2 Kusel, J. P. (1970) Ph.D. Dissertation, St. Louis University 
3 Kusel, J. P. and Weber, M. M. (1973) Arch. Biochem. Biophys., in the press 
4 Hill, G. C. and White, D. C. (1968) J. Bacteriol. 95, 2151-2157 
5 Baernstein, H. D. (1963) J. Parasitol. 49, 12-21 
6 yon Brand, T. (1966) Biochemistry of  Parasites, Academic Press, New York 
7 Newton, B. A. (1968) Annu. Rev. Microbiol. 22, 109-130 
8 Hill, G. C. and Anderson, W. (1970) Exp. Parasitol. 28, 356-380 
9 Kusel, J. P., Suriano, J. R. and Weber, M. M. (1969) Arch. Biochem. Biophys. 133, 293-304 

10 Hill, G. C., Chan, S. K. and Smith, L. (1971) Biochim. Biophys. Acta 253, 78-87 
11 Pettigrew, G. and Meyer, T. (1971) Biochem. J. 125, 46P 
12 Lehninger, A. L. (1964) The Mitochondrion, pp. 87-105, W. A. Benjamin Inc., New York 
13 Toner, J. J. and Weber, M. M. (1967) Biochem. Biophys. Res. Commun. 28, 821-826 
14 Kusel, J. P. and Storey, B. T. (1972) Biochem. Biophys. Res. Commun. 46, 501-507 
15 Toner, J. J. and Weber, M. M. (1972) Biochem. Biophys. Res. Commun. 46, 652-660 



580 J. P. KUSEL, B.T. STOREY 

16 Estabrook, R. W. (1961) in Haematin Enzymes, I.U.B. Symposium (Falk, .I.E., Lemberg, R. 
and Morton, R. K., eds), Vol. 19, pp. 436-460, Pergamon Press, New York 

17 Bonner, W. D. (1961) in Haematin Enzymes, 1.U.B. Symposium (Falk, J. E., Lemberg, R. and 
Morton, R. K., eds), Vol. 19, pp. 479-500, Pergamon Press, New York 

18 Jacobs, E. E. and Sanadi, D. R. (1960) J. Biol. Chem. 235, 531-534 
19 Miller, G. L. (1959) Anal. Chem. 31,964-968 
20 Wilson, D. F. and Gilmour, M. V. (1967) Bioehim. Biophys. Aeta 143, 52-61 
21 Gilmour, M. V., Wilson, D. F. and Lemberg, R. (1967) Bioehim. Biophys. Acta 143,487-499 
22 Estabrook, R. W. (1966) in Hemes and Hemoproteins (Chance, B., Estabrook, R. W. and 

Yonetani, T., eds), pp. 405-409, Academic Press, New York 
23 Jacobs, E. E. (1960) Biochem. Biophys. Res. Commun. 3, 536-539 
24 Tyler, D. D., Estabrook, R. W. and Sanadi, D. R. (1966) Arch. Bioehem. Biophys. 114, 239-251 
25 Pumphrey, A. M. (1962) J. Biol. Chem. 237, 2384-2390 
26 Keilen, 19. and Hartree, E. F. (1949) Nature 164, 254-259 
27 Sato, N., Wilson, D. F. and Chance, B. (1971) Bioehim. Biophys. Aeta 253, 88-97 
28 Lance, C. and Bonner, W. D. (1968) Plant Physiol. 43, 756-766 
29 Wohlrab, H. (1970) Biochemistry 9, 474-479 
30 Falk, J. E. (1964) Porphyrins and Metalloporphyrins, Bioehim. Biophys. Aeta Library, Vol. 2, 

p. 266, Elsevier, Amsterdam 
31 Bendall, D. S. and Bonnet, W. D. (1966) in Hemes and Hemoproteins (Chance, B., Estabrook, 

R. W. and Yonetani, T., eds), pp. 485-488, Academic Press, New York 
32 Wilson, D. F. and Dutton, P. L. (1970) Arch. Biochem. Biophys. 136, 583-834 
33 Sato, N., Ohnishi, T. and Chance, B. (1972) Biochim. Biophys. Aeta 275, 288-297 
34 Bonner, W. D. (1965) in Plant Biochemistry (Bonner, J. and Varner, J. E., eds), p. 116, Aca- 

demic Press, New York 
35 Wilson, D. F. and 19utton, P. L. (1970) Bioehem. Biophys. Res. Commun. 39, 59-64 
36 Sato, N., Wilson, D. F. and Chance, B. (1971) FEBSLet t .  15, 209-212 
37 Meyer, T. E. and Cusanovich, M. A. (1972) Bioehim. Biophys. Aeta 267, 383-387 
38 Bovee, E. C. (1971) J. Protozool. 18 (suppl.), 14 
39 Yu, C. A., Yu, L. and King, T. E. (1972) J. Biol. Chem. 247, 1012-1019 


