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SUMMARY 

I. Haem c was synthesized and purified. I t  was shown unequivocally that  the 
method gives a product with the cysteine residues on the ~-earbon atoms at the 2 and 4 
positions of the haem. 

2. Redox potentials of haem c in the presence of 2.5 M pyridine were deter- 
mined in the pH range 1.5-13; it was found necessary to add cetyl t r imethyl  am- 
monium bromide (CTAB} to prevent precipitation in the acid range below about 
pH 4. The Em v s  pH curve shows three slopes ( - d E / d p H )  of value, o.18, o.oi and 0.06 
with points of inflexion at pH 3.8 and lO.6. The potentials are intermediate between 
those of protohaem and mesohaem obtained under similar conditions. 

3. With constant haem c concentration (a) lO -4 M and (b) lO -5 M and varying 
pyridine concentration (o.12-5 M) it was found at pH 9.0 that  Em values increased as 
the pyridine concentration was increased and there was a tendency to reach a plateau 
value. The explanation appears to be that  pyridine binds more firmly to ferropor- 
phyrin c than to ferriporphyrin c. 

4. When the pyridine concentration was kept constant (2.5 M) and the haem c 
concentration was varied in the range 7" lO-4-7 . lO-6 M, it was found that  a decrease 
in haem c concentration brought about an increase in redox potential. The results are 
explained as being due to dimerization of the oxidized form. 

5. The results are discussed in comparison with a number of related haem 
systems. 

INTRODUCTION 

One of the distinguishing features of the c-type cytochromes is that  the haem 
is bound in thioether linkage to the protein moiety;  a binding which is in effect the 
addition of cysteine residues to the vinyl groups of protohaem. Due to the stability 
of this binding it is possible to bring about extensive changes in the protein moiety 
without loss of the haem and in this way to obtain important  information with regard 
to the influence of the environment on the redox potential  of the haem. Thus Harbury  
and Loach 1, 2 observed, with the undeca- and octapeptide haem c containing fragments, 
considerably lower potentials than those of native cytochrome c. They also observed 
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under certain conditions, potential vs pH relationships which were different from 
those of cytochrome c and of protohaem when liganded to simple nitrogenous bases. 
There stillremained, however, the question as to what effect, if any, the sulphur atoms 
themselves were having on the redox potential of the haem and this could not be 
answered by use of the relatively complex haem-peptide systems. Accordingly, 
haem c, the iron complex of porphyrin c (2,4-dicysteinyl-ethyl porphyrin), was 
synthesized and its redox potential when liganded to pyridine examined under 
conditions of varying concentration and pH. This paper presents the results of this 
s tudy and their interpretation in comparison with the redox potentials of a number of 
related haem systems. 

MATERIALS AND METHODS 

Reagents 
All reagents were analytical grade unless otherwise mentioned. 

Elementary analysis 
Oxygen and sulphur contents were determined by the Australian Microanalytical 

Service, C.S.I.R.O. and University of Melbourne. Iron was determined by the o- 
phenanthroline method described by Henderson and Rawlinson 3. 

S p ectr o p hotometm 
A Cary Model 14 recording spectrophotometer was used. 

Preparation and purification of porphyrin c 
Porphyrin c was prepared by the method of Neilands and Tuppy 4. The crude 

product was purified by the following procedure: IOO mg of crude porphyrin c was 
dissolved in 16 ml of 7 ° % (v/v) acetic acid ; this solution was then diluted to 70o ml 
with water and applied to a column (3 cm × 15 era) prepared from Ambellite CG-5o 
(acid form) suspended in water. The porphyrin formed a concise band at the top of 
tile column. After washing the column with 600 nil of distilled water, elution of the 
porphyrin was commenced using IM ammonium acetate solution (pH 8.5). Porphyrin c 
separated from a smaller band of unidentified slower moving brown material. The pH 
of the eluted porphyrin solution was adjusted to pH 4.7-4.8 with glacial acetic acid 
and was then applied to a fresh column (3 cm × 15 cm) of Amberlite CG-5o prepared in 
the same way as above. The porphyrin c again became bound to the resin. The column 
was washed with o~ (v/v) acetic acid until the eluate was free from NH4 ~ (by ,o 

test with Nessler's reagent) following which the porphyrin c was eluted with 7 ° 2; 
(v/v) acetic acid. This solution was evaporated to a small volume in a rotary evapor- 
ator at 4 ° °C and was finally taken to dryness over NaOH, under vacuum in a desicca- 
tor. (Found: O, 20.80.'; . S, 7.20%; porphyrin c diacetate (C44H56N6012S2) calcd: 
O, 2o.8 % S, 6.94% ). Absorption maxima, absorbance ratios and extinction co- 
efficients were close to those already reported 4, 5. 

('leavage of the thioether bonds of porphyrin c and identification of the products 
There are two possibilities for the addition of the sulphydryl group at each 

vinyl group of protoporphyrin. Whereas Sano et al. ~ using a different meth(,~d of 
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preparat ion had shown tha t  addition of the sulphydryl groups was to the s-carbon 
a toms by their procedure, Neilands and Tuppy 4 had not similarly examined their 
product. The material  prepared for the present study, essentially by the latter 
procedure, was therefore examined in the following way: 30 mg of porphyrin c 
was dissolved in 35 ml of o/ acid and was 3 ° /o  (v/v) acetic then stirred with 25 ml of 
0.32 % (w/v) Ag2SO 4 at 80 °C for 25 rain. The buff coloured precipitate which formed 
was separated and then suspended in 0.3 M HCI after which H2S gas was passed 
through the suspension for Io rain. The silver sulphide which formed was separated 
by centrifugation. The supernatant liquid was concentrated to a small volume and 
shown by paper chromatographic procedures to contain cysteine as its single 
constituent. The porphyrin left in the supernatant liquid following the Ag2SO 4 
t reatment  was extracted with ether, esterified with 20 % (w/v) HC1 in methanol and 
purified by  chromatography on an alumina column. The porphyrin was shown to be 
haematoporphyrin dimethyl ester by comparison of its chromatographic properties 
and its dehydration rate on heating with values found for authentic haematoporphy- 
rin dimethyl ester. Thus the addition of the cysteine residues was at the a-carbon 
a toms in the 2 and 4 positions of the haem. 

Preparation of haem c 
Iron was incorporated into porphyrin c free acid by the method of Warburg 

and Negelein 6. The haem was purified by the resin-column procedure described for 
porphyrin c except that  the haem was eluted from the second column using 60 % 
(v/v) acetic acid. The alkaline elution from the first column ensured the removal of all 
excess iron. (Found: Fe, 5.57 %; acetatoferriporphyrin c diacetate (C4eH57N6014S2Fe) 
caled : Fe, 5.40 %.) Absorption maxima, absorbance ratios and extinction coefficients 
of the haem in buffer solutions and when liganded with pyridine were in close agree- 
ment with published values 7. 

Oxidation-reduction potentials 
Redox potentials were determined by potentiometrie t i tration with the reduced 

sodium salt of anthraquinone-2-sulphonate in an atmosphere of purified N 2. The 
apparatus  and ti tration technique used were essentially that  described by  Henderson 
and Rawlinson a. The above t i t rant  was chosen because of its low redox potential 
(Era = -o .23)  9 relative to the system being investigated and its ease of preparation 
and storage in the reduced state. Em values were assessed by graphical analysis and in 
some cases by the rectification method of Reed and Berkson s. In all cases the Em 
values reported have been referred to the standard hydrogen electrode. 

RESULTS 

Rcdox potentials of the pyridine-haem c s~,stem 
Dependence on pH 
The ferri- and ferroporphyrin c system (haem concentration lO -4 M) in the 

presence of 2.5 M pyridine was found to be eleetromotivelv active without the addition 
of a mediator. Stable potentials were quickly obtained (1-2 rain) after each addition 
of ti trant.  In the pH range 5-I2.5 symmetrical  t i tration curves were obtained with n 
values close to I. A typical t i tration curve is shown in Fig. I. 
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Fig. I .  Eli US per cent  reduct ion curve for p y r i d i n e - h a e m  c system.  O, exper imental  points  obtained 
from reduct ive  t i trat ion  of lO . 4  M f e r r i p o r p h y r i n  c in the presence of 2. 5 M pyridine  at  p H  8 .21 .  
Solid line is for theoretical  curve where:  Ern = o.o76 V and n = I .  

Fig. 2. Comparison of redox potent ia l  data obtained for the  p y r i d i n e - h a e m  c sys tem wi th  data  
from other systems.  ©, exper imental  points  obtained for h a e m  c in the  presence of 2.5  M pyridine  
at  various  p H  values ; A ,  exper imental  points  obtained for h a e m  c in the presence of 2.5 M pyridine  
w i th  CTAB added ; - . - , E m  vs  p H  curve for haem undecapept ide  from cytochrome c i n  the presence 
of o . i 2  M pyridine,  from the data  of Harbury  and L o a c h 2 ;  Q ,  some of the  experimental  points  
obtained by  H a r b u r y  and L o a c h 2 ;  - - - ,  dashed line drawn through  data  of Ha rb u ry  and L o a c h 2 ;  
- - - ,  E m  vs  p i t  curve for cytochrome c from data  of R o d k e y  and B a l l  14. 

Attempts  were made to carry out titrations under these conditions at pH 
values below 5 but precipitation of pyridine ferroporphyrin c commenced at about 
pH 4.5- It was found, however, that addition of cetyl trimethyl ammonium bromide 
(CTAB) (I mg/ml  of haem solution) prevented this precipitation. Check titrations 
in the presence and absence of CTAB at pH values at which precipitation did not 
occur, showed that there was no effect on the potentials due to the presence of 
CTAB and titrations were therefore carried out in its presence in the pH range 3.6 to 
1.5. The potentials so obtained were much less stable than those obtained in the higher 
pH range ; it was possible, however, to assess points of inflexion and hence to obtain 
Em values from the resultant curves but reliable assessment of 1, values was not 
possible. The Em vs pH relationship for the pyridine-haem c system in the pH range 
1.5-12.5 is included in Fig. 2. The curve shows three clearly defined slopes ( - dE/d pH) 
of o.18, o .o i  and o.o6 with points of inflexion at pH 3.8 and lO.6. 

Dependence on pyridine concentration 
This investigation was carried out at pH 9.0 as this value is sufficiently removed 

from the pH value of the point of inflexion in the Em v s  pH curve to ensure that only 
one molecular species was present. The redox potentials of pyridine-haem c deter- 
mined at pyridine concentrations in the range o.12-5 M and with haem concentra- 
tions maintained at (a) xo -~ M and (b) lO -5 M are graphed in Fig. 3. Unstable poten- 
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tials were obtained when the pyridine concentration was lowered below o.12 M. I t  
can be seen from Fig. 3 that  there is in general an increase in Em with increase in 
pyridine concentration and a tendency to form a plateau potential at high pyridine 
concentration. 

An explanation of the shape of the curves obtained can be made in terms of an 
equation derived by  Clark 9 which links Em with the dissociation constants Ko and Kr 
of the ferri- and ferroporphyrin ligand complexes and the ligand concentration: 

RT In ~ + RT K r + [L] q 
E m = E 1 + ~ ~ -  In Ko + [L] v 

p and q represent the number of ligand molecules (L) bound to the oxidant (0) and 
reductant (R), respectively. ILl is the concentration of free ligand and is approximate-  
ly equal to the total  concentration ESL] when [haem I = io -4- io  -s M, and ST, = 
o.I2-5 M. The increase in Em with pyridine concentration seen in Fig. 3 is predicted 
from this equation if Ko > Kr  and SL is significant compared to Kr. From the 
equation it can be seen that  when SL >> Ko and Kr, and q = p the third term is 
removed and the Em would reach a final plateau potential  defined by 

RT Ko 
E m = E 1 + ~ - - I n  K,  

However, it was impracticable to perform titrations with pyridine concentrations 
above 5 lV[ so it was not determined whether a true plateau could be reached. Thus an 
adequate explanation for dependence of the redox potential of this system on pyridine 
concentration is that  the more stable complex is formed between ferroporphyrin c 
and pyridine. This is predicted in complexes of this type, as ferrous iron complexes 
are stabilized by a greater degree of back donation with ~r bonding ligands such as 
pyridine, than are the ferric complexes 1°, 11 
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Fig. 3. Plots of Em vs pyridine concentration. ©, Ern values obtained when haem c (lO .5 M), 
p H  9.0; [],  Em values obtained when haem c (lO .4 M), p H  9.2. 

Fig. 4. Oxidat ion-reduct ion potentials of pyridine haem c plotted against  - - log haem concentrat ion 
(S -- haem concentrat ion (M)). Era values obtained from t i t rat ion curves when haem c concen- 
t ra t ion was varied between 7' I°-4-7" IO-S iV[ and with a cons tant  pyridine concentrat ion of 2.5 M. 
Smooth  curve, line o( best fit to the data, slope o.o 3. 

Biochim. Biophys. Acta, 267 (1972) 485-492 



49 ° T . C .  MORTON, R. W. HENDERSON 

Dependence  on h a e m  c concentrat ion 

Redox  po ten t ia l s  were de t e rmined  as the  haem c concent ra t ion  was var ied  in 
the  range 7 " I ° - 4 - 7  ' IO-6 M while the  pyr id ine  concen t ra t ion  was kep t  cons tant  a t  
2.5 M. Fig. 4 shows a plot  of the  Em values  so ob ta ined  agains t  values  of - l o g  S, 
where S is the  haem concentra t ion.  T i t r a t ions  were a t t e m p t e d  at  lower haem con- 
cen t ra t ions  bu t  the  po ten t ia l s  were uns tab le  and rel iable  Em values could not  be 
obta ined .  At  haem concent ra t ions  of IO -~ M and higher,  values of n were found to be 
close to I ; as the  haem concent ra t ions  were decreased below IO -4 M, however,  ,z values 
of < I were ob ta ined  unt i l  a t  the  lowest  concent ra t ion  t e s ted  (7" I°-6  M) a value of 
o.6 was obta ined.  

As can be seen from Fig. 4, a decrease in haem c concent ra t ion  brings about  an 
increase in redox potent ia l .  Such a re la t ionship  in haem sys tems  is f requent ly  due to a 
change in the  s t a t e  of aggregat ion  of the  ox idant .  An equa t ion  was der ived  by  
Clark 9 which re la tes  E m  to  t i le concen t ra t ion  of the  haem for the  case in which there 
is d imer  fo rmat ion  in the  oxidant .  Where  one electron is involved  in the  conversion of 
ox idan t  to r educ tan t  and  when Kao (the fo rmat ion  cons tan t  for a d imer  of the  oxidant)  
is > IO 6 and  S (the haem concentra t ion)  is in the  range IO-a - Io  -5 M, th is  equa t ion  
can be simplif ied to:  

Em E' RT RT 
= - 2.303 ~ f f  log gdo  -- 2.303 ~ff- log S 

In Fig. 4 Em was p lo t t ed  vs - -  log S. A line of slope 2 . 3 o 3 R T / 2 F  or o.o3 at  25 °C has  
been drawn as a l ine of bes t  fit th rough  the points .  Al though  there  is some sca t te r  in 
the poin ts  the  t r end  in the  d a t a  c lear ly  follows this  line. Thus the  s imples t  exp lana t ion  
of the  concent ra t ion  dependence  of the  redox po ten t i a l  is t ha t  the  pyr id ine  ferri-  
po rphyr in  c forms a dimer.  Shack and Clark 12 found a concen t ra t ion  dependence  for 
the  pyr id ine  p ro tohaem sys tem at  p H  i i  which along wi th  o ther  d a t a  showed t h a t  
pyr id ine  fe r r ip ro toporphyr in  was dimer ic  at  p H  values above the inflexion in the  Em 
vs p H  curve at  p H  9 bu t  monomer ic  at  lower p H  values.  The pyr id ine  fe r r iporphyr in  
c sys tem is different in th is  respect  as i t  appears  to be d imer ic  at  p H  9 which is well 
below the  inflexion at  p H  Io.6 in the  Em vs p H  curve. 

F rac t iona l  n values are not  unusual  in haem sys tems  and can somet imes  be 
exp la ined  in t e rms  of aggregat ion  effects 9. In the  present  case, however,  it  is difficult 
to expla in  the  appa ren t  increase of the  effect, i.e. a reduc t ion  of n values  as the d i lu t ion 
is increased.  

DISCUSSION 

Tile po ten t ia l s  of the  pyr id ine  haem c sys tem can be seen (Fig. 2) to be inter-  
media te  between those of the py r id ine -p r  o tohaem 12 and p y r i d i n e - m e s o h a e m  sys tems 13. 
This  can be most  s imply  expla ined  as being due to an induct ive  effect of the su lphur  
a toms  on the, 'z electron sys tem of ti le haem which resul ts  in an electron wi thdrawal  
from the iron a tom;  tile effect being less than  t ha t  b rought  about  by  the v inyl  groups 
of p ro tohaem.  

The p y r i d i n e - h a e m  system has, in common with all of the  sys tems shown in 
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Fig. 2, two well defined sections to the Em v s  pH curve in the pH range 7 (or less in 
some cases) to about 13. Thele is considerable variation in the positions of the in- 
flexions but after these, as the pH ,value increases, there is in each case a o.o6 slope. 
Such a slope can be due to the addition of a hydroxyl oi the removal of a proton from 
the oxidized form so that there is a direct effect on the iron atom. As the pK value 
for the dissociation of the pyridinium ion is 5.2, there is no question of the involvement 
of proton in this pH range with the simple systems pyridine-protohaem and pyfidine- 
mesohaem. This means that interaction with hydroxyl ion must be responsible for 
the o.o6 slope in these cases. We obtained no spectral evidence for the liganding 
of the primary amino groups of the cysteine residues of haem c with the haem iron 
(either F~ 2+ or Fe 3+) at either pH 7 or II.5. This in conjunction with the demonstrated 
dependence of the potential of this system on the pyridine concentration and the 
finding of Nanzyo and Sano 7 that more of the ferri form but not of the ferro form of the 
pyridine-haem c system exists in the highspin state as the pH increases after about 
pH 8 leads us to the conclusion that the o.06 slope with this system is also due to the 
replacement of pyridine by hydroxyl. 

It should be pointed out that this simple explanation cannot be extrapolated 
to the more complex pyridine-haem c undecapeptide 2 and cytochrome c la, 15 systems 
where the spectral data at high pH are at variance with replacement of an iron ligand 
directly by hydroxyl. 

The mid-part of the pyridine-haem c curve (Fig. 2) has the unusual slope of 
o.oi. It is interesting that a line of best fit drawn through the data of Harbnry and 
Loach ~ also shows a o.oi slope which, as in the above case, inflects as the pH is 
increased and becomes a o.o6 slope. In the equation derived by these workers to 
describe the curve for the pyridine-haem c undecapeptide system it was "found 
necessary to include for this part of the curve, two dissociation constants in the 
oxidized form and one in the reduced form. The latter and one of the former were 
postulated as being e-amino groups of lysine. We derived a similar equation for the 
pyridine-haem c system. The fit was not as good as desired, however, and there was 
also the difficulty of giving a physical meaning to the dissociation constants in view 
of the absence of amino acid residues other than the cysteines which were found not 
to ligand to haem c either in the ferro or ferri forms. Furthermore Nanzyo and Sano 7 
showed that pyridine was the most firmly bound to both felro- and ferri-haem c of all 
the nitrogenous bases examined. An explanation for the o.oi slope of the pyridine- 
haem c system is therefore probably best sought in the demonstrated aggregation of 
the oxidized form (Fig. 4) which it might be expected would vary with pH. 

The increase in slope of the pyridine-haem c curve (Fig. 2) at pH values below 
3.8 is indicative of a protonation of the oxidized component of the system 9 and almost 
certainly involves the pyridine molecules liganded to each haem c molecule. Addition 
of more than one proton is indicated by a slope value (o.18) which is in excess of that 
required for a one proton addition (o.o6) 9. 
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