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SUMMARY 

I. EPR and optical studies provide for differentiation of the c-type cytochromes 
examined into three groups with different heine contents. The three groups consist of : 
th~ mono-heme type, cytochrome c-553; cytochromes c 3 and c'~ containing at least 
two hemes per molecule; and cytochromes cc 3 and cc' 3 which contain at least four 
heroes per molecule. This division into three groups agrees with a previous similar 
grouping based on amino acid composition and/or sequence. 

2. EPR studies suggest that berne-berne interaction is manifest in the ferric 
state of cytochrome c 3. At about a half-reduced state, an EPR-detectable inter- 
mediate with a decreased degree of interaction between heroes is observed. 

3. Based on EPR and light absorption changes, cytochrome c 3 is extremely 
stable in 8 M urea in the ferric state. However, repeated reduction and reoxidation 
in the presence of 8 M urea results in the apparent conversion of the multi-heme system 
to a mono-heme system. 

4. These and other observations suggest a conformation change involving a 
possible reorientation of the multi-heme moieties in the partially or fully-reduced 
tare. Depending on the reactant(s) present this process may be reversible. 

INTRODUCTION 

For many years, following the discovery by POSTGATE 1 of cytochrome c3, the 
cytochrome system of the sulfate-reducing bacteria was thought to be quite simple. 
Cytochrome c3 is a unique hemoprotein differing from the mammalian type of cyto- 
chrome c in its redox potential (-210 mV), the presence of at least two hemes per mole 
(molecular weight, 13000 ) and its autoxidizability. Although its physiological role 
is not completely understood, it has been implicated in sulfite, thiosulfate and sulfate 
reduction 1-3. It is also a component of the multi-enzyme system which decomposes 
formate to C02 and H24,5. 

The complete amino-acid sequence of cytochrome c 3 from Desulfovibrio vulgaris, 
strain Hildenborough, has been established by AMBLER 6. Cytochrome c 3 is very dif- 
ferent from the other c-type cytochromes. Two symmetrical parts in the molecule 
are discernible, with each part featuring the characteristic sequence for the heme 
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attachment of all c-type cytochromes: Cys-A-B-Cys-His- .  But in addition there is 
a sequence of the type : -Cys-A-B-C D Cys His- which has not been observed in the 
other cytochromes. It  is also noteworthy that no direct relation appears between the 
sequence of c 3 and the sequences of "mammalian" c-type cytochromes. 

Cytochrome c' a from Desulfovibrio gigas has been isolated and purifiedL It was 
found to differ from cytochrome ca from D. vulgaris in its isoelectric point (5.2 instead 
of IO.5), a fact previously attributed to a difference in amino acid composition. The 
establishment of this composition s has confirmed this hypothesis: about 50 °o of the 
residues are different. However, in both cytochromes eight cysteine residues are con- 
served in the same positions. This is also true for all but one of the histidine residues 9. 

Another type of cytochrome has been found in D. vulgaris, strain Hilden- 
borough TM, and its chemical properties have been described 1'. This cytochrome, c-533, 
has a more positive redox potential than c'3, is autoxidizable and contains only one 
heine per molecule (molecular weight, 9000). The physiological function of this cvto- 
chrome is still unknown. It is also present in Desulfovibrio desulfuricans, strain EL 
Agheila Z, but has not been detected in D. gigas H. 

Still another c-type cytochrome has been found in the three species and strains 
of Desulfovibrio just mentioned 12. This new type of cytochrome has been tentatively 
named cc.~ by analogy with the cytochrome system of Rhodospirillum and Chro- 
mat ium ~3. Most of the investigations have been made on cytochrome cc'a from 
D. gigas. This cytochrome couples the reduction of thiosulfate by molecular hy- 
drogen in cell-free extracts of D. gigas and is several-fold more efficient than either 
cytochrome c 3 or c' 3. It contains 16 cysteine and 16 histidine residues per molecule 
with a molecular weight of 26 ooo and is also autoxidizable. It has been impossible to 
dissociate the molecule into subunits and its amino acid composition gives little evi- 
dence that cytochrome cc' 3 could be a dimer of cytochrome c' a. 

Recently, YAGI la has described a new cytochrome isolated from a D. vulgaris 
strain different from that of Hildenborough. The cytochrome, also named c-553, has 
a molecular weight of 65oo. It is reduced in the presence of formate by a preparation 
of formate dehydrogenase from the same organism. In contrast with cytochrome c 3 
from other D. vulgaris ~,5 strains, the cytochrome c3 extracted from this organism 
does not react with formate dehydrogenase. Another cytochrome (molecular weight, 
70000) is also present. 

We have undertaken a detailed examination of the oxidation-reduction prop- 
erties of these cytochromes by light absorption and EPR methods to clarify the 
relative relationships of the described cytochromes and to acquire a clearer under- 
standing for the functional role of the multi-berne systems. The results were also 
intended to shed some light on the nature of these cytochromes in relation to RPH- 
type eytochromes and other cytochromes containing at least two hemes per molecule. 

A second paper ~5 on EPR studies of cytochromes from sulfate-reducing bacteria 
deals with the possible biological significance of the interaction of various exogenous 
ligands with cytochrome c 3. 

MATERIALS AND METHODS 

Culture of the microorganisms 
D. gigas and D. vulgaris are cultivated in media previously describedL 
For the preparation of the cytochromes, the bacteria are cultivated in a 200-1 
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AMSCO fermenter. Cytochromes ca, c'3, c-553 and cc' 3 are prepared according to 
methods already describedT, 8,10,1~. 

Cytochrome cc 3 is prepared using the following method (all buffers are at pH 7.6). 
To ilOO g wet weight of cells were added 300 ml of IO mM Tris-HC1 buffer. The 
resulting suspension was treated in a French pressure cell and the extract obtained 
diluted with I 1 of the same buffer. 200 ml of Amberlite CG-5o, type II, prepared 
according to HORIO and KAMEN 16, w e r e  poured into the diluted extract and the mixture 
was stirred overnight. The Amberlite, to which the cytochrome c a was adsorbed, 
was removed by low speed centrifugation. The extract was then centrifuged at 
3oooo × g for I h in a Sorvall centrifuge, model RC-2. More of the cytoehrome c a 
was adsorbed by passing the cleared extract through an Amberlite column (4 cm 
× IO cm). 

After the removal of almost all the cytochrome Ca, cytochrome c-553 could 
be adsorbed on a silica-gel column (4 cm × IO cm) equilibrated with i mM Tris-HC1 
buffer, after dialysis of the extract against 2o 1 of the same buffer. The cytochrome 
was eluted from the column in a volume of 15o ml, using a I M potassium phosphate 
buffer containing i M NaC1. 

The proteins not adsorbed on silica gel were passed over a calcinated alumina 
column (4 cm × 2o cm) equilibrated with o.i M Tris HC1 buffer. The column was 
washed with the same buffer and the protein eluted with I M potassium phosphate 
buffer. 

The extract (15o ml) was passed through successive columns of Sephadex G-75 
and G-5o (each column 5 cm × IOO cm) and equilibrated with o.oi M Tris-HC1 buffer. 
Cytochrome cc a was separated from a green pigment with maxima at 4o 4 nm and 
589 nm. This latter spectrum is very similar to that of sulfite reductase isolated by 
ASADA et al. 1~ from spinach leaves. The possible enzymatic activity of this new heme- 
protein is being tested. 

The cc 3 fraction (250 ml) which contains some hydrogenase activity was reduced 
by hydrogen gas and placed on a DEAE cellulose column (4 cm × IO cm), equilibrated 
with o.oi M Tris-HC1 buffer containing o.5 % 2-mercaptoethanol. The reduced cyto- 
chrome was adsorbed on top of the column. The column was washed with Ioo ml 
of the same buffer but without 2-mercaptoethanol. The eluted cytochrome was ad- 
sorbed on CM-cellulose (4 cm × 15 cm), equilibrated with o.oi M Tris-HC1 buffer, 
and eluted with 0.3 M Tris HC1 buffer. After these steps the protein was judged to be 
more than 98 % pure based on its absorption spectrum and gel electrophoresis. 
However, cytochrome cc 3 still contained enough hydrogenase activity to be reduced 
by molecular hydrogen. After lyophilization, 45 mg (dry weight) of cytochrome ccz 

was obtained. 
Horse cytochrome c was obtained from Sigma Co. A molar absorptivity of 

28000 (a peak, ferrous form) was used for calculation of concentration. In the case 
of cytochromes c a and C'z, a molar absorptivity of 84000 and 76000, respectively, was 
used, based on the studies of DRUCKER et al. 18. The molar absorptivities for cyto- 
chromes c-553, ccz and cc' z were established by comparison with cytochromes c, c 3 
and c'3, respectively. Such a comparison is permissible as a first approximation since 
the amino-acid composition of cytochrome c-553 indicates only one heme per molecule 
(2 cysteine residues) where as cc 3 and cc' 3 each with 16 residues of cysteine may be 
considered to contain twice the concentration of heme of that present in c 3 and c'a. 
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The calculated molar absorptivities were: c-553, 36000; cc 3, 168000; cc'3, 152000. 
Absorption spectra were obtained with a Cary Model 15 recording spectrophoto- 

meter or a Unicam SP-8oo spectrophotometer.  Anaerobic measurenlents were made 
in Hellma spectrophotometric  Thunberg  cells of i-nil volume and I -cm light path. 
E P R  measurements were made as previously described ~9. Fur ther  experimental details 
regarding absorption and E P R  measurements are indicated in the figure legends. 

RESULTS 

Ferric forms: The optical spectra of cytochromes c-553, c'3 and cc'.~ are shown 
in Fig. I. Although the ferric states of each type of cytochrome appear to be qualita- 
t ively similar, there are small differences discernible, e.g. in the ratio of absotbance 
of the Soret maximum at 4o 9 nm as compared to the fl peak at 524 nm. This ratio 
is lO.9, 11. 9 and 12.5 for c-553, c'3 (or %) and cc'3, respectively. A maximum at 28o nm 
is observed with c-553 but  is absent in c a (or c'3) and cc'3. c-553 shows a maxinmnl  
at 363 nm while c' a (ca) shows maxima at 35o nm. A pronounced maximum (absent 
in %, c' 3 and cc'~) is observed at 695 nm with c-553. Fig. 2 represents the spectra of 
c3, c-553 and mammalian  cytochrome c in the 5oo-7oo nm region and clearly indicates 
a maximum at 695 nm for cytochrome c and c-553 which is, however, absent in %. 
The presence of this absorption maximum has been atrr ibuted to a possible heine 
charge transfer interaction with methionine liganded at position 6 e°, 2,. This absorption 
maximum appears to be sensitive to changes in conformational  states 2'2, 23 
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Fig. i. Absorpt ion spectra of the cytochromes in the ferric form;  IO InM potass ium phospha te  
buffer (pH 7.0). - - - ,  cytochrome cc'~ (1. 3/*M); - - - - - ,  cy tochrome c' 3 (2.4/iM); . . . . .  , 
cy tochrome c-553 (5/~M). 

Fig. z. Absorpt ion spectra of ferric forms of the cytochromes in the 500-800 nm region; To m3I 
potass ium phosphate  buffer (pH 7.0) - - ,  eytochrome c a (3 °/~M) ; -- ,  cytochrome c-553 
(53 #M) ; . . . . . .  , horse hear t  cytochrome c (6o/tM). 
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The E P R  spec t ra  of the  ferric forms are shown in Figs. 3 and 4 .There  are three  
d is t inc t  types  of E P R  spect ra  obta ined,  c-553 with  one heme per molecule exhibi ts  
a typ ica l  b road  low-spin spec t rum upper  t race  (Fig. 3), as has been repor ted  for 
m a m m a l i a n  cy tochrome c (ref. 24). The E P R  signal of cy tochrome c sharpens  g rea t ly  
at  ve ry  low t empera tu re s  25. c z and c' 3 with at  least  two heroes per  mole comprise a 
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Fig. 3. EPR absorption of ferric cytochrome c-553 (upper trace), 5 mg in 0.2 ml o.io M potassium 
phosphate buffer (pFI 7.2), and cytochrome cc'3, 5 mg in 0.2 ml 2 M Tris buffer (pH 8.0). EPR 
conditions: samples in quartz tubes of 5.o mm outer diameter; temperature, -i8o°C; modulation 
amplitude, 6 G; scanning rate, iooo O/min; time constant, o. 3 sec; microwave power, 35 mW. 

Fig. 4- EPR absorption of ferric cytochrome c 3 from D. vulgaris (lower trace) and cytochrome d 3 
from D. gigas. Concentrations and EPR conditions as in Fig. 3- 

second d is t inc t  group of E P R  spect ra  (Fig. 4) exhib i t ing  a low-spin t ype  absorp t ion  
with three  resolved g-values. The g-values observed are ident ical  for bo th  c 8 and 
c'~ and are g=2 .86 ,  2.29 and 1.62. The E P R  spec t ra  are s t r ic t ly  low spin in the  t em-  
pe ra tu re  range -2o  ° to -18o °. The  E P R  absorpt ion  of c' 3 reveals  a small  Mn ~+ E P R  
signal  which is e s t ima ted  to be less than  1 %  con taminan t  based on prote in  concentra-  
t ion.  The th i rd  type  of E P R  spec t rum (lower trace,  Fig. 3) is ob ta ined  with  cyto-  
chrome cc'a. A similar  spec t rum is observed for cytochrome cc 3. The main  g-values 
are at  2.97 and  2.0o and the spec t rum is also low-spin in the  t empera tu re  range,  
- 2 o  to -18o °. Fig. 5 shows the t empera tu re  dependence  of the  E P R  signals of cyto-  
chrome c% ind ica t ing  the low-spin charac te r  a t  the  t empera tu res  examined.  The cc" 3- 

t ype  cy tochrome is spar ing ly  soluble in phospha te  buffer and  therefore  has been 
examined  in 2 M Tris buffer, p H  8, or as a mix ture  of crys ta ls  in suspension. In  bo th  
ins tances  ident ica l  E P R  spec t ra  were obta ined .  

F e r r o u s  f o r m s :  The absorpt ion  spec t ra  of c-553, c'3 and  cc' 3 after  reduct ion  
wi th  d i th ioni te  are shown in Fig. 6. Typica l  reduced c-type spec t ra  are observed.  
As with  the  absorp t ion  spec t ra  of the  ferric forms, there  are differences observed 
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between the three types  of cytochromes.  For  example  the  Soret m a x i m u m  for c-553 
is shif ted 2 nm to the  near  u l t rav io le t  as compared  to c' 3 and cc' a which have s imilar  
Soret  maxima.  There are addi t ional  differing detai ls  in the  u l t rav io le t  and near  
u l t rav io le t  regions. In  this  ins tance borohydr ide  is the  chemical  r educ tan t  of choice 
since it has no absorpt ion  in these spectr ial  regions. 
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Fig .  5. EPt)" a b s o r p t i o n  of fer r ic  c y t o c h r o m e  cc 3 as  a f u n c t i o n  of t e m p e r a t u r e .  C o n c e n t r a t i o n  a n d  
E P R  c o n d i t i o n s  as  in Fig.  3. 

F ig .  6. A b s o r p t i o n  s p e c t r a  of t he  c y t o e h r o m e s  r e d u c e d  w i t h  d i t h i o n i t e ;  i o  m M  p o t a s s i u m  p h o s -  
p h a t e  buffer  ( pH  7.o). - - - ,  c y t o c h r o m e  cc" a (I.  3 / /M);  . . . . . . .  , c y t o c h r o m e  c-553 (5 p M ) ;  
- .  . , c y t o c h r o m e  c' a (2. 4 / , M ) .  

Fig. 7 shows the differences observed when cytochrome c s is compared  to cyto-  
chrome c which is used here as a prote in  analogous to c-553. No absorpt ion  is observed 
in the  27o-28o nm region in the oxidized s ta te  of cy tochrome c 3. On reduct ion a d i s t inc t  
m a x i m u m  at 277 nm emerges (e band).  Also on reduct ion the m a x i m u m  at 35o nm 
((5 band)  is shif ted to 325 nm as in the case of the  aggregate  heme undecapep t ide  
(rom cytochrome c (ref. 26). On reoxida t ion  the peak  at  277 nm disappears  and  the  
opt ical  and  E P R  absorpt ion  of the  ferric form are obtained.  Similarly,  a reduced 
spec t rum of cy tochrome cc, was obta ined  by  reduct ion with t races of hyd togenase  
under  an a tmosphere  of hydrogen (Fig. 8). This reduced form also has a m a x i m u m  
at  277 nm and the m a x i m u m  at 366 nm is shif ted to 325 nm. The reversible appea rance  
of absorbance  with a m a x i m u m  at 277 nm obta ined  on reduct ion of cy tochrome c 3 
or cc 3 is a t t r i bu tab le  to a reduced heine absorpt ion  since the  aggregate  heine un- 
decapept ide ,  der ived from mammal i an  cytochrome c (ref. 26), lacks a romat ic  a inino 
acids absorbing in the  27o 28o nm region but  also shows the reversible  increase of a 
absorp t ion  on reduct ion.  In  contrast ,  cytochrome c which shows a m a x i m u m  at  
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280 nm in the  ferric s ta te  reveals  on reduct ion  a shift  of this  m a x i m u m  to 275 nm 
which fur ther  increases in absorbance  while the  m a x i m u m  at 363 nm is shif ted to  

315 nm. 
I t  is no tewor thy  also t ha t  the  ra t io  of absorbance  of the  b band  to the  e b a n d  

(which varies  only between 1.8 and 2.0) is quite s imilar  in reduced cytochromes  ca, 
cc 3 and the heme undecapept ide  from cytochrome c. This same ra t io  is equal to I in 
na t ive  m a m m a l i a n  cytochrome c (Figs. 7 and 8). 
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Fig. 7. Absorp t ion  spec t ra  of horse -hear t  cy t och rome  c and  of c y t o c h r o m e  c 3 in the  u l t rav io le t  
region;  io m M  p o t a s s i u m  p h o s p h a t e  buffer  (pH 7.o); r e d u c t a n t :  s o d i u m  borohydr ide .  - -  
cy toch rome  c, ferric fo rm (17 ~M); . . . . . . .  , cy t och rome  c, ferrous  fo rm;  . . . .  , cy tochronle  ca, 
ferric fo rm (7.3/~M) ; . . . . . .  , c y t o c h r o m e  c3, ferrous form.  

Fig. 8. Optical  s p e c t r u m  of cy t och rome  cc 3 in the  u l t rav io le t  region;  the  c y t o c h r o m e  (7 I~M) was 
in io mM p o t a s s i u m  p h o s p h a t e  buffer  (pH 7.o). R educ t i on  by  h y d r o g e n  in a T h u n b e r g  c u v e t t e  of 
t -cnl  l ight  pa th .  

The ra t io  of absorbance of the  Soret band  in the  oxidized versus the  reduced 
s ta tes  for cytochromes c-553, c 3, c' a, cc 3 and cc' 3 are quite similar.  

The E P R  absorpt ion  of all these cytochromes in the  ferric s ta te  d isappears  
on reduct ion to the  ferrous low-spin (diamagnetic)  form, and reappears  on reoxida t ion  
with sufficient t ime. In  the  case of cc' a the  complete  d i sappearance  of E P R  resonance 
on reduc t ion  required several  minutes .  

Since the  amounts  of c-553, cc3, cc'3 and c' a were r a the r  l imited,  the  remainder  
of this  paper  deals  p r imar i ly  with proper t ies  of c 3 from D.  vulgar is .  

A l k a l i n e  F o r m  o f  c 3 : At  a p H  of lO.5, a different  low-spin form of c 3 was observed 
b y  E P R  spectroscopy.  This low-spin form in which hydrox ide  is p re sumab ly  l iganded 
at  the  s ix th  coordinate  posi t ion ( identical  to t ha t  for c'3) was found to have g-values 
of 2.72 , 2.26 and  1.75 (Fig. 9). No significant opt ical  differences were observed for 
this  low-spin compound in both  the  oxidized and reduced states.  Fig. IO shows the  
effect of p H  on the E P R  absorpt ion  of cy tochrome c' 3 and the g radua l  d i sappearance  
of Mn ~+ absorpt ion  on conversion to the  alkal ine low-spin form. 
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Reaction of CO with ca: No react ion of CO was observed with cy tochrome c 3 
in the  ferric s ta te  bu t  on reduct ion a new spectra l  species was observed with m a x i m a  
at  413 n m  and 531 nm and  a shoulder  at  561 nm. No E P R  absorpt ion  was observed 
with this  CO complex in the  reduced state ,  in agreement  with o ther  studies in which 
E P R  absorp t ion  was absent  for the  CO-compounds of var ious  hemoproteins ,  e.g. 

my°globin and hem°gl°bin, (cf" ref" 27)" o.2j;'2219 "7 r 

g=271 2.~28 1"76 

. . . . .  . . . .  

Fig. 9. E P R  absorpt ion of ferric cytochrome c' 3 (upper trace) and c 3, in o. io l'Vl po tass ium phospha te  
buffer, carefully adjusted to pI-~ ~o. 5. Concentrat ions and E P R  condit ions as in Fig. 3. 

Fig. to. E P R  absorpt ion  of ferric cytochrome c' 3 on stepwise addition of 5 M K O H  and conversion 
to the hydroxide low-spin form, Upper  trace, p H  7,2; successively lower traces, p i t  8.4, p H  9.5 
and p H  lO. 5 (lower trace). Concentrat ion and E P R  conditions as in Fig. 3- 

EPR spectrum of a half-reduced intermediate of cytochrome c 3. The reoxida t ion  
of c 3, reduced with e i ther  d i th ion i te  or borohydride ,  leads to the  detec t ion  of a dis- 
t i nc t ly  different E P R  spec t rum at  app rox ima te ly  a half-reduced s ta te  with a signal 
i n t ens i ty  abou t  half  t ha t  of the  oxidized ferric s ta te .  Al though s imi la r  g-values were 
ob ta ined  (Fig. I I ) ,  there  was a d is t inc t  nar rowing of gx and gz*. This half - reduced 

* gx, gy, g; correspond to the end minimum, midpoint  crossing and end maximum,  respec- 
tively, in the first derivative absorpt ion.  

B{ochim. Biophys. Acta, 234 (r971) 499-512 
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state may be important in the biological reactions catalyzed by this cytochrome 
(cj. ref. 15). The unusual properties of this half-reduced intermediate suggest a 
berne-heine interaction in the oxidized state which on half-reduction results in a 
lessening of the interaction*. 

Another observation which supports a possible berne-heine interaction in this 
multi-heine protein involves the effect of ammonia on the reduction and reoxidation 
of c 3 as monitored by EPR. Cytochrome c a in the ferric state shows no changes in the 
EPR spectrum for several minutes after addition of a Io-fold molar excess of ammonia. 
On reduction EPR absorption disappears (Fig. 12) and reoxidation leads to the ap- 

g- 6:10 2.86 2-29202 1-62 

1 1 1 [  1 

g- 6:10 2-86 2.29 202 1.,62 
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Fig. I I. E P R  absorp t ion  of cy toch rome  c 3 in an anaerobic  qua r t z  E P R  tube ,  as descr ibed in ref. 19, 
af ter  r educ t ion  wi th  sod ium d i th ion i t e  under  he l ium (uppermos t  trace), fol lowed by  s tepwise  air  
r eox ida t ion .  Lowes t  t race,  ful ly  reoxidized and comparab le  to  in i t ia l  ferric E P I l  spec t rum.  
Concen t ra t ion  and  E P R  cond i t ions  as in Fig. 3. 

Fig. 12. E P R  abso rp t ion  of ferric cy toch rome  c a (5 mg  in o. I M p o t a s s i u m  p h o s p h a t e  buffer, p H  7.2, 
con t a in ing  20 mM (NH4)C] a f te r  12 min  a t  25 ° ( t race A) ; a f te r  r educ t ion  w i t h  d i th ion i t e  (trace B) ; 
on s tepwise  r eox ida t ion  (traces C-E),  where  E is ful ly  reoxid ized  and  is v i r t u a l l y  iden t ica l  to  t race  
A. E P R  cond i t ions  as in Figs. 3 and  I I .  

* A s imi la r  i n t e r m e d i a t e  a t  a ha l f - reduced s t a t e  has  been repor t ed  by  McDoIN'ALD et al. 2s 
by h igh- reso lu t ion  NMR. 
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pearance of a half-reduced intermediate attributable to a new low-spin species 
presumably with ammonia as the ligand coordinated at the 6th position (cf. ref. 24). 
This intermediate differs from the previously described half-reduced intermediate by 
virtue of an approximately 52-G shift in gz to high field although gx and gy are similar. 
Complete reoxidation to the ferric state of c a results in the normal low-spin ferric 
signal. 

Effect of  urea on the oxidation-reduction states of c a. No reaction is observed with 
8 M urea in the ferric state of c a as monitored by optical or EPR spectroscopy when 
measured after 7 days at 25 °. No EPR absorption is observed in the reduced state. 
Although the urea-treated sample of cytochronle c a shows a typical ferric optical 
spectrum, reduction results in a definitely altered optical spectrum (Fig. 13). Tile 
ratio of absorbance at the Soret maximum (reduced minus  oxidized) declined from 
1.56 to 1.o 9 and the ratio of absorbance of the a to/5 peaks declined from 1.94 (un- 
treated) to 1.35 in the urea-treated sample. Reoxidation of the urea-treated protein 
led to a return of the oxidized optical spectrum and almost complete EPR absorption. 
When the urea-treated enzyme (either reoxidized in the presence of 8 M urea or freshly 
diluted in 8 M urea) was diluted with o.o25 M potassium phosphate buffer (pH 7.5), 
the oxidized absorption spectrum appeared to be unaltered. However, on reduction 
this sample showed a slightly altered reduced absorption spectrum of c a (Fig. 14). 
Because this phosphate-diluted sample was not sufficiently concentrated for EPR 
spectroscopy, it was passed through a Sephadex G-25 column and reconcentrated. 
This sample then revealed the same typical ferric low-spin EPR spectrum as the 
untreated cytochrome although the intensity was not fully comparable to the starting 
material. Some denaturation was observable primarily in the appearance of a small 
g=4-3 EPR signal attributable to non-heme high-spin ferric iron. The gel-excluded 
sample after dilution in phosphate buffer revealed a normal oxidized but also slightly 
altered reduced optical spectrum. 
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Fig.  1 3 -  A b s o r p t i o n  s p e c t r a  of u r e a - t r e a t e d  c y t o c h r o m e  c a in 8 M urea .  R e d u c i n g  a g e n t ,  d i t h i o n i t e ;  
c o n c e n t r a t i o n  of c y t o c h r o m e ,  3.5 pM.  - - ,  fer r ic  f o r m ;  . . . . . . .  , f e r rous  fo rm.  

Fig. 14. A b s o r p t i o n  s p e c t r a  of u r e a - t r e a t e d  c y t o c h r o m e  Ca, (3.5 pM) in 25 mM p o t a s s i u m  p h o s -  
p h a t e  buf fer  (pH 7-5) ; r e d u c i n g  a g e n t ,  d i t l l i o n i t e .  - - - - ,  fer r ic  fo rm ; . . . . . . .  , f e r rous  fo rm.  
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Repeated reduction with dithionite and reoxidation in the presence of urea 
resulted in an irreversible loss of absorption features of the oxidized and reduced 
states of cytochrome c 3 as well as a gradual conversion of the low-spin ferric EPR 
absorption to a very broad low-spin ferric spectrum (Fig. 15) suggesting monomeric 
cytochrome c or c-553. These results suggest that under reducing conditions in the 
presence of urea a gradual unfolding of protein occurs during which a disorientation 
of the hemes relative to each other is evident. A mono-heme type of EPR absorption 
is then observed. Because of the extremely broad spectrum observed, multiple heme 
species present under this absorption can not be excluded. In this process an increase 
in EPR absorption at g = 6  and g = 4  is noted. VAN C-ELDER AND BEINERT 29 have 
reported that under denaturing conditions cytochrome oxidase revealed an increase 
in the g = 6  high-spin ferric heme absorption. Since this signal was also observed in 
cytochrome oxidase under partially reduced conditions 29, they suggested that in the 
denaturation process reducing groups became available which led in turn to increased 
g--6  absorption. A similar argument may be applicable in the case of cytochrome c a 

"7 'T 

Fig. 15. E P R  absorpt ion of ferric cytochrome c 3 (concentration as in Fig. 3 bu t  containing 8 M 
urea):  after a single cycle of reduction with dithionite and complete air reoxidation (trace A); 
traces B - D  correspond to a 2nd, 3rd and 4th cycle of reduction and reoxidation, respectively. 
The higher amplifications required in traces B and C are due to changes in the autoxidizability of 
cytochrome c 3. On prolonged exposure to 8 M urea during redox cycling, autoxidizabil i ty de- 
clines. Trace D is therefore obtained after  air exposure for 2 4 h at  o °. E P R  conditions as in Figs. 3 
and 1 I. 
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since during reduct ion with  borohydr ide  in the  presence of 8 M urea,  free thiol  groups  
are l iberated*.  The d is tor ted  t ype  of g = 6  signal observed in cytochrome c a has been 
repor ted  by  PEISACH el al.  a° in o ther  heme prote ins  to represent  a change from axia l  
to rhombic  s y m m e t r y .  

DISCUSSION 

These studies clearly indicate  t ha t  the  c- type cytochromes descr ibed in this  
s t u d y  can be classified into three groups based on their  heine contents ,  as well as 
absorpt ion  and E P R  response in both oxidized and reduced states.  The number  of 
heme groups per  molecule are then clearly reflected in both  opt ical  and E P R  spectra .  
The first group consists of the  mono-heme type  (cytochrome c-553) ; the  second group 
consists of cytochromes c a and  c' a containing at  least  two hemes per molecule and the 
th i rd  group is composed of cytochromes cc a and cc'  a which contain  at  least  four henles 
per  molecule. In  the  la t te r  two groups ind iv idua l  members  are v i r tua l ly  ident ical  in 
opt ical  and  E P R  propert ies .  These resul ts  confirm the recent  classification of Desulfo- 
vibrio cytochromes main ly  based on amino-acid  composi t ion and  primary'  structure3L 

The l ight absorpt ion  spec t ra  of cytochrome c a in the  oxidized and reduced 
s ta tes  have been repor ted  elsewherO, a2. The circular  dichroism (CD) spectruin of 
cy tochrome ca in the reduced s ta te  indicates  a Soret  band  spl i t t ing which has been 
a t t r i bu t ed  by  DRUCKER el al .  a2 and earl ier  by  URRY aa in his s tudies on the heme 
undecapept ide  of cytochrome c to exci ton coupling between hemes, in  this  regard  
it is in teres t ing to note tha t  as with cytochrome ca, cytochrome c-552 from C h r o m a -  

t i u m  a~ and m a m m a l i a n  cytochrome oxidase aS, each of which also conta in  at  least two 
hemes per molecule, have been repor ted  to exhibi t  s imilar  Soret  sp l i t t ing  in the  CD 
spect ra  in one or more oxida t ion  reduct ion states.  A similar Soret  band  spl i t t ing  in 
the  CD spect ra  was observed,  as ment ioned  above, with the  autoxid izable  aggregate  
lleme undecapept ide .  I t  is in teres t ing to note tha t  the E P R  spect rum of the ferri 
heine undecapep t ide  aggregate  is s t r ik ingly  s imilar  TM to t ha t  observed for cvtoclwome 
c a as well as cytochrome c-552 and cytochrome oxidase,  indica t ing  tha t  hen le -heme 
in terac t ion  is reflected in the  E P R  as well as the  CD spectrum.  

Certain similari t ies  are noted  between cytochrome c-553 and cytochrome c 
pa r t i cu la r ly  in terms of the  absorpt ion  m a x i m u m  at  695 nm. This band  is present  
in both cytochromes bu t  is more intense in cy tochrome c-553. Indi rec t  chemical  
s tudies  (@ ref. 36) as well as definit ive high-resolut ion NMR studies a7 indicate  tha t  
methionine  is l iganded at  the  6th coordinate  posi t ion of the  heine iron moie ty  of 
cy tochrome c. Evidence  has been presented  by  other  workers  2°,2a t ha t  the  695-nm 
band  is due to an in terac t ion  of methionine  with heme iron. I t  is assumed then b y  
analogy tha t  methionine  is p robab ly  the same l igand in cytochrome c-553. In  cont ras t  
cy tochrome c a lacks the 695 band  and NMR studies 2a indicate  t ha t  methionine  is not  
the  l igand at  the  6th coordinat ive  position. 

" I n  t h e  f e r r i c  s t a t e  c y t o c h r o m e  c a r e v e a l s  n o  f r ee  t h i o l  g r o u p s .  O n  r e d u c t i o n  w i t h  b o r o -  
h y d r i d e  in  t h e  p r e s e n c e  of  8 M u r e a ,  f o u r  s u c h  g r o u p s  a r c  l i b e r a t e d  8. B e c a u s e  a l e n g t h y  t i m e  is 
r e q u i r e d  f o r  t h e i r  a p p e a r a n c e ,  i t  is n o t  c l e a r  w h e t h e r  t h i s  r e s u l t  i n d i c a t e s  t h e  p r e s e n c e  of  d i su l f i de  
b r i d g e s  o r  t h a t  t h e  p r o t e i n  is p a r t i a l l y  d e s t r o y e d  b y  t h e  t r e a t m e n t .  T h i s  l a t t e r  h y p o t h e s i s  is 
s u p p o r t e d  b y  t h e  f a c t  t h a t  t h e  S o r e t  b a n d  of  d i l u t e d  s o l u t i o n s  of  c y t o c h r o m e  c a d i s a p p e a r s  s l o w l y  
in t h e  p r e s e n c e  o f  b o r o h y d r i d e  a n d  8 M u r e a .  
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The EPR absorption of ferricytochrome c 3 differs considerably from that observ- 
ed by EHRENBERG AND KAMEN 3s with the RHP-type cytochromes which contain two 
heroes per molecule. These authors observed a considerably broadened high-spin 
ferric heme signal at g = 6  which broadening was attributed to heme-heme interac- 
tion or mixed spin-state interaction. 

The following observations with cytochrome c 3 suggest a possible disorientation 
of heroes or conformational change at the half-reduced or fully-reduced states: 
(i) narrowing of gx and gy in the EPR intermediate observed at half-reoxidation 
(2) reversible formation only at the half-reduced state of an ammonia low-spin EPR 
detectable intermediate and (3) reaction of CO or NO* only in the half-reduced or 
fully reduced state (cf. refs. 34, 39). 

An irreversible unfolding of protein in cytochrome c a as a function of repeated 
oxidation-reduction in the presence of 8 M urea is indicated by an irreversible loss of 
initial optical and EPR spectra, leading eventually to a quite broad low-spin EPR 
spectrum suggestive of monomeric cytochrome c. As indicated, the ferric state of 
cytochrome c a is extremely stable even to 8 M urea for several days in air at room 
temperature. 
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