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ABSTRACT 

Cytochromes function in living cells to transfer electrons by 

alternatively becoming reduced and oxidized. The means by which the 

oxidation-reduction process proceeds in living cells has been the sub

ject of extensive research. The reactions of the bacterial cytochrome, 

Rhodospirillum rubrum cytochrome c^, and the algal cytochrome, Euglena 

gracilis cytochrome f, with nonphysiological reactants was investigated 

in this work. The characteristics and properties of both cytochromes 

offer particular advantages for the study of electron transfer. The 

kinetics of the reactions of the purified cytochrome and reactant in a 

reasonably well-defined reaction system was studied by stopped-flow and 

temperature-jump relaxation kinetic methods. 

The reactions of cytochrome with ferrocyanide, ferricyanide, 

ascorbate, dithionite, and two other oxidation-reduction proteins, 

Chromatium high-potential iron protein and Pseudomonas azurin, were in

vestigated as a function of ionic strength, pH, and temperature. The 

reactions of cytochrome J: with ferrocyanide, ferricyanide, ascorbate, 

dithionite, and Chromatium high-potential iron protein were investigated 

primarily as a function of ionic strength, and to a lesser extent, as a 

function of pH and temperature. 

The results indicated that the reaction of cytochrome c^ with 

ferrocyanide and ferricyanide proceeded by a complex mechanism, with two 

intermediate complexes formed during the course of the reaction. The 

xi 
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site of electron transfer for both oxidation and reduction of cytochrome 

c^ was demonstrated to be the same, and the front of the cytochrome 

molecule, near the heme crevice, was implicated as the site of electron 

transfer. Ionic interaction occurs between the lysine residues surround

ing the heme crevice and the anionic reactants. The results with cyto

chrome £ suggested that the mechanism of oxidation-reduction may be 

complex, similar to cytochrome c^, but that the particular amino acid 

residues involved and the mode of interaction between the cytochrome and 

reactant are different from cytochrome c^. 

The rate of electron transfer is proposed to proceed independent 

of the oxidation-reduction potentials of the reactants. Changes in 

ionic strength and pH affect only the binding of the reactant to the 

cytochrome and do not effect electron transfer after binding occurs. 

The results obtained with cytochrome c^ and cytochrome J are 

compared to available results for the more widely studied mammalian 

cytochrome c. The nonphysiological mechanism of electron transfer pro

posed in this dissertation is compared to mechanisms of physiological 

electron transfer proposed based upon structural and physiochemical 

evidence. 



CHAPTER 1 

INTRODUCTION 

Selective electron transfer is the biological function of c-type 

cytochromes (cytochromes in which the prosthetic heme group is covalently 

bound to the protein). The means by which the oxidation-reduction reac

tion proceeds has been the subject of extensive investigation. The 

tertiary structures of the oxidized forms of two c-type cytochromes, 

Rhodospirillum rubrum cytochrome and horse heart cytochrome c have 

been determined by high resolution X-ray diffraction (Salemme, Freer, 

Xuong, Alden and Kraut 1973; Dickerson et al. 1971) and possible mecha

nisms for the physiological oxidation-reduction proposed based upon 

structural and physiochemical evidence (Takano et al. 1973; Salemme, 

Kraut and Kamen 1973). 

An extensive amount of data has been collected on the biochemical 

properties of mammalian mitochondrial cytochrome £ (Margoliash and 

Schejter 1966) relative to limited studies conducted with cytochrome ££. 

Because of the substantial structural and sequence similarity (Dus, 

Sletten and Kamen 1968; Salemme, Kraut and Kamen 1973) between cytochrome 

c and cytochrome ccomparison of their respective oxidation-reduction 

reactions is of interest relative to the evolution of c-type cytochromes 

(Dickerson 1971). 

1 
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The oxidation-reduction reactions of cytochrome c with various 

nonphysiological reductants is studied in this work. By using the pure 

protein and reductant in a well-defined reaction system, a mechanism by 

which oxidation-reduction occurs is postulated and tested by varying 

parameters of the reaction system. In this manner, a workable mechanism 

is established and can be applied to the more complicated physiological 

systems. Results obtained for cytochrome are compared to available 

results with cytochrome c for possible correlation between oxidation-

reduction properties of the two cytochromes. 

To further extend these studies, the reactions of another c-type 

cytochrome, Euglena gracilis cytochrome J are pursued along the same 

lines of investigation. The primary sequence of cytochrome ^ is known, 

but the tertiary structure has not been determined (Pettigrew and Ambler 

1972). By comparison of the oxidation-reduction reactions of these 

three representative cytochromes, cytochrome c, cytochrome c^, and 

cytochrome £, features common to the reaction mechanism of c-type 

cytochromes are established and further elucidation of biological elec

tron transfer is achieved. Table 1 summarizes some comparative proper

ties of the three c-type cytochromes discussed. 

Rhodospirilium rubrum Cytochrome 

Rhodospirillum rubrum cytochrome was the first c-type 

cytochrome to be isolated from a bacterial source (Vernon and Kamen 1953). 

The purple non-sulfur bacterium, Rhodospirillum rubrum, is a facultative 

photoheterotroph. Although some of cytochrome is membrane bound, 

75 percent of the protein is found in the cytoplasm. Cytochrome c^ 



Table 1. Properties of £-Type Cytochromes. 

Horse Heart 
Cytochrome c 

Rhodospirillum rubrum 
Cytochrome c 

Euglena gracilis 
Cytochrome _f 

Molecular Weight 12,400 12,480 10,000 

Midpoint Potential 
pH 7.0 (mV.) 260 320 365 

Isoelectric Point 10.0 6.2 5.5 

Function Respiration Photosynthetic 
electron transport 

Photosynthetic 
electron transport 
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functions as the primary electron donor to bacteriochlorophyll in the 

photosynthetic electron transport chain (Taniguchi and Kamen 1965). 

Cytochrome cconsists of a single polypeptide chain of 112 

amino acid residues with a calculated molecular weight of 12,480. The 

predominant form of cytochrome c^ has an isoelectric point of 6.2, 

although isoelectric focusing has shown there to be eight different 

forms of cytochrome c^ whose isoelectric points range between pi 4.6 and 

9.3 (Bartsch et al. 1971). The absorption spectrum of reduced cytochrome 

Cg has maxima at 550, 521, 415, 316, and 272 nm. In the oxidized form 

the maxima are 525, 410, 357, and 275 nm. The absorption spectrum of 

cytochrome is insensitive to pH changes in the pH range 6-11 in both 

oxidized and reduced forms (Horio and Kamen 1960). The oxidation-

reduction potential of cytochrome c^ is 320 mV at pH 7.0. Kamen and 

Vernon (1955) have reported that the oxidation-reduction potential of 

cytochrome c^ steadily decreases from 380 mV at pH 5.0 to 300 mV at 

pH 8.0, where it remains constant to pH 9.0. 

Oxidized cytochrome c^ is a roughly ellipsoidal molecule, with 

dimensions of 25 x 33 x 40 A. The molecule is characterized by a large 

number of bonded interactions between the polypeptide chain and the heme 

which results in the hydrophobic edge of the heme being exposed to the 

solvent at the front of the molecule. The hydrophilic propionic acid 

chains are hydrogen bonded to several internal polar groups of the 

molecule. The heme iron is coordinated to the nitrogen of His 18 and 

the sulfur atom of Met 91 in the fifth and sixth positions. The sulfur-

iron bond appears to be bent and this is attributed to a charge-pair 
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interaction between the Tyr 70 hydroxyl oxygen, with a partial negative 

charge, and the Met 91 sulfur atom, with a partial positive charge. This 

interaction is proposed to stabilize the oxidized molecule (Salemme,Freer 

et al. 1973). The heme is covalently bound to the backbone through 

thio-ether linkages with cysteines 14 and 17. Surrounding the heme 

crevice are 11 lysine residues which form a positively charged region 

at the front of the molecule. The polypeptide chain has four segments 

of <y-helix, residues 2-10, 64-71, 75-80, and 96-110. The remainder of 

the chain conformation is governed by interactions with the heme. 

Another notable feature is the hydrogen bond network connecting Tyr 70, 

Tyr 52 and Ser 89 (Salemme, Freer et al. 1973). 

Although the X-ray structure of ferricytochrome has been re

ported and the cytochrome characterized for over 20 years, no work has 

been done on its oxidation-reduction reactions with nonphysiological 

reductants. The reactions of cytochrome c^ with the physiological 

oxidation-reduction systems of mammalian cytochrome c, however, have been 

studied in comparison with reactions of cytochrome c and other repre

sentative bacterial and algal cytochromes (Davis et al. 1972). The 

results showed comparative reactivity with mitochondrial reductase for 

cytochrome c^ and cytochrome c, which was inhibited by antimycin A, 

demonstrating similarity in the binding sites of these two cytochromes 

to the reductase. Both cytochromes c and c^ showed polylysine inhibition 

of the oxidation process suggesting that the binding of cytochrome to 

reactant is mediated by an ionic interaction between the lysine residues 

of the cytochromes and anionic groups of the reactant (Davis et al. 1972). 



6 

Euglena gracilis Cytochrome f 

Euglena gracilis cytochrome £552' cytoĉ rome J:, isolated from 

the photosynthetic algae, Euglena gracilis, is functionally similar to 

the cytochrome JE extractable by detergents as high molecular weight 

aggregates from green plants. Euglena cytochrome is functionally 

localized in the chloroplasts of the light-grown algae (Perini, Schiff 

and Kamen 1964) and appears to be an electron carrier between photo-

systems I and II (Katoh and San Pietro 1967). 

The absorption spectrum of cytochrome ̂  is similar to that of 

mammalian cytochrome c with absorption maxima in the reduced form at 

552, 522, 416, and 317 nm; in the oxidized form, the maxima are 525, 

410, 355-358, and 275 nm (Perini, Kamen and Schiff 1964). The midpoint 

potential of cytochrome £ is 370 mV at pH 7.0. The midpoint potential 

remains constant between pH 5.5 to 8.1 and decreases at higher pH values 

at the rate of 60 raV/pH unit (Perini, Kamen and Schiff 1964). The iso

electric point of the cytochrome is 5.5. The single polypeptide chain 

of 87 residues has a calculated molecular weight of 10,740 (Pettigrew 

and Ambler 1972). 

Although little structural or physiochemical work has been done 

with cytochrome t, the comparison of its oxidation-reduction reactions 

to cytochrome and cytochrome c is of interest because of its high 

oxidation-reduction potential and low isoelectric point compared to these 

other two c-type cytochromes. An understanding of the kinetic proper

ties of cytochrome f: allows'possible correlation of structural properties 



7 

relative to cytochrome c^ and cytochrome c, potentially affording an 

opportunity to extract structural information from kinetic data. 

Mammalian Cytochrome c  

Mammalian cytochrome c is found in the mitochondria of all 

aerobic organisms as part of the terminal oxidation chain for the con

version of substrates to carbon dioxide and water, coupled to oxidative 

phosphorylation. The iron atom alternates between a +2 and +3 oxida

tion state as it is alternatively reduced and oxidized by cytochrome 

reductase and cytochrome oxidase. Cytochrome c is a highly basic protein 

with an isoelectric point of 10.0 and a midpoint potential of 260 mV. 

The small heme protein is water soluble and easily isolated from a 

variety of sources. Because of its availability, cytochrome c has been 

the subject of extensive research. Therefore, its structural and kinetic 

properties are summarized below to provide a reasonable background for 

comparison to the results obtained with cytochrome c^ and cytochrome f 

in this work. 

Horse heart cytochrome c consists of a single polypeptide chain 

of 104 residues (MW = 12,400) characterized by 19 lysine residues, 2 

arginines and only 12 acidic residues, accounting for its basic iso

electric point. Both arginine residues and five of the lysines are 

totally invariant in all cytochromes of known amino acid sequence. In 

addition, other key groups are invariant throughout the approximately 

50 cytochrome c sequences known to date, such as the heme binding region, 

residues 70 to 80, and some aromatic groups. Other types of residues 

are highly conserved--glycines, serines and threonines. This structural 
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homology among c-type cytochromes has led to considerable speculation 

as to the evolutionary development of cytochrome c. 

The horse heart ferricytochrome c molecule is a prolate spheroid, 

with dimensions of 30 x 34 x 34 A (Dickerson et al. 1971). The single 

polypeptide chain contains one region of a-helix, residues 92 to 102, 

which extends over the top back of the molecule. The rest of the chain 

may be considered as consisting of two halves, residues 1 to 47, to the 

right of the heme crevice, and residues 48 to 91 to the left, whose con

formation is largely determined by interactions with the heme. On both 

the left and right sides, openings appear in the polypeptide chain which 

have been termed channels. Hydrophobic side chains surround the heme 

while the surface of the molecule is covered with charged residues. 

The heme group sits in the crevice between the two halves of the 

molecule with one edge exposed to the solvent. The heme is covalently 

bound to cysteines 14 and 17. The propionic acid side chains on the 

heme point toward the bottom to the crevice. One carboxyl oxygen is 

hydrogen bonded to Tyr 48 and the other is hydrogen bonded to Trp 59 and 

the main chain carbonyl of Thr 40. Four ligands to the iron are the 

pyrole nitrogens of the porphyrin ring itself, while His 18, to the right 

of the heme, and Met 80, to the left of the heme, provide the fifth and 

sixth ligands. 

The aromatic groups in cytochrome c are characterized by occurring 

in parallel pairs, which has led to speculation about the transfer of 

electrons by the overlap of aromatic TT electron clouds (Dickerson et al. 

1971). Tyrosine 74 and Trp 59, in the left hydrophobic channel, are 
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parallel and 6 A apart. Tyrosine 67, nearer the heme, is close to both 

Trp 59 and Tyr 74. At the front of the molecule, Phe 46 and Tyr 48 are 

parallel, while in the right channel, Phe 10 and Tyr 97 are parallel. 

The only aromatic residues not occurring in pairs or near other aromatics 

are Phe 36 and Phe 82. 

The X-ray structural analysis of ferrocytochrome c (Takano et al. 

1972), as well as NMR studies (Redfield and Gupta 1972), has determined 

that the sixth ligand of reduced cytochrome c is Met 80, the same as in 

oxidized cytochrome c. The fifth ligand, His 18, had previously been 

established from chemical evidence for both oxidation states. The X-ray 

data also indicated that the reduced molecule is far more closed to the 

solvent than the oxidized molecule. Of particular interest is the re

folding of residues 77-82 to the left of the heme and upward shift of 

residues 19-25 to block the right channel. The original X-ray analysis 

of the oxidized molecule positioned Phe 82 pointing into the solvent, 

leaving a hole or opening at the upper left of the heme crevice 

(Dickerson et al. 1971). In the reduced molecule, lie 81 is swung away 

from the molecule's surface and into the solvent, while Phe 82 is now 

directed into the heme crevice blocking accessibility. More recent 

crystallographic data indicates that in ferricytochrome c, Phe 82 is 

pointed into the crevice as in ferrocytochrome c and that the conforma

tional change predicted between the two oxidation states is not as great 

as previously reported (Dickerson 1974). 

Mammalian cytochrome c has been the subject of extensive investi

gation concentrating primarily on its static properties (Margoliash and 



Schejter 1966). The result--a well characterized protein about which 

the mechanism of electron transfer is still unknown. In an attempt to 

understand how electrons are transferred via the cytochrome an increasing 

amount of attention has been focused on the kinetic properties of cyto

chrome c. The first kinetic study with purified cytochrome £ was con

ducted in 1961, when the reaction of cytochrome c with potassium ferri-

cyanide was studied by the stopped-flow method, measuring the rate of 

oxidation to be 1.6 x 10^ M ^"sec ^ (Sutin and Christman 1961). Havsteen 

(1965) extended these studies using temperature-jump kinetics and 

measured the rate of oxidation as 1.2 x 10^ M ''"sec * and the rate of re-

4 -1 -1 
duction as 1.6 x 10 M sec , which gives a calculated equilibrium 

constant, K , of 750 compared to K equal to 430 calculated from the 
eq eq 

oxidation-reduction potentials of cytochrome c and the ferro-ferricyanide 

couple. The appearance of only one relaxation time and the relative 

agreement between the independent calculations of K suggested a single, 
eq 

reversible step between the oxidized and reduced protein and ferrocyanide 

and ferricyanide. These experiments also included measurements on the 

pH dependence of the rate of reduction, which showed a steady decrease 

in the rate of reduction from pH 4 to 10. 

The reduction of cytochrome c by ascorbate has also been studied 

and the rate of reduction at pH 7.0 measured as 28 M *sec * (Skov and 

Williams 1968). The rate of reduction was described as being dependent 

on pH, ionic strength and temperature. The temperature dependence was 

shown to be nonlinear, but actual data for ionic strength and pH de

pendence were not presented. 
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Ascorbate reduction (Greenwood and Palmer 1965), as well as 

ferrocyanide reduction and ferricyanide oxidation (Brandt et al. 1966), 

Wilson and Greenwood 1971, Czerlinski and Dar 1971), and dithionite re

duction (Lambeth et al. 1973), show marked pH dependence. At pH values 

above 8.0, the oxidation-reduction reaction becomes biphasic. The ini

tial fast phase is reductant or oxidant dependent and is followed by a 

slow phase which is independent of reductant or oxidant concentration. 

For ascorbate reduction this slow phase shows a linear temperature de

pendence (Greenwood and Palmer 1965). The appearance of this slow phase 

is attributed to the appearance of a different conformer of cytochrome c 

at alkaline pH. Also associated with increasing pH is the disappearance 

of the 695 nm band of cytochrome c (Theorell and Akesson 1941) which has 

been suggested as a sensitive marker for protein conformation (Schejter 

and George 1964). This band is also sensitive to temperature and pro

tein denaturants, disappearing with increased temperature or denaturant 

concentrations (Greenwood and Wilson 1971). By following the change in 

absorption at 695 nm, an apparent pKfl equal to 9.3 is obtained. The 

conformer of cytochrome c formed at alkaline pH is not reducible by 

ferrocyanide or ascorbate; however, it is reducible by dithionite 

(Lambeth et al. 1973). Lambeth et al. (1973) have proposed a scheme in 

which the conformer at alkaline pH is the conversion product formed when 

the Met 80 ligand to the heme is replaced by Lys 79. Protonation of the 

£-amino group of lysine 79 at neutral pH, therefore, probably stabilizes 

the Met 80 ligand to ferricytochrome c. 
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The mechanism of redaction of cytochrome c by sodium dithionite, 

an anionic reductant widely used in biochemistry, has been proposed to 

consist of a complex reaction dependent upon both the relative and abso

lute concentrations of the reactants (Lambeth and Palmer 1973). The 

most reactive species is the SO^ radical which is in rapid equilibrium 

with . The rate of reaction is dependent on the equilibrium 

constant between these two species and their relative concentrations to 

the oxidant, cytochrome c. In the presence of oxygen, SC>2 reacts with 

the residual oxygen, and any observed reduction is due to the reaction 

of cytochrome c and until the residual oxygen is removed. 

Another interpretation of dithionite reduction has been reported 

which predicts that the reduction of cytochrome c proceeds by two 

parallel paths (Creutz and Sutin 1973). The primary path is a remote 

attack by dithionite, probably on the exposed porphyrin ring. The other 

path is ascribed to the rupture of the Met 80-iron bond leading to the 

opening of the heme crevice and the direct attack on the iron by di

thionite. This mechanism, however, does not account for the effect of 

oxygen on the reaction and it ignores any reduction of cytochrome c by 

the SO2 radical which is implicated to be the reducing species in 

dithionite solutions (Mayhew and Massey 1973). 

The rate of reduction of cytochrome c by $£0^ an̂  ̂ 2 *S 

decreased with increased ionic strength of the media consistent with the 

interaction of the reducing agent at a positively charged region of the 

molecule. Studies on various denatured forms of oxidized cytochrome c 

as 

suggest that reduction by involves interaction with the protein 
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moiety and that SC>2 may interact with the exposed edge of the heme in 

native cytochrome c (Miller 1973). 

The reduction of cytochrome c has been studied using chromium II 

as a reductant. The reduction of cytochrome c appears nonlinear at high 

concentrations of chromium (Yandell, Fay and Sutin 1973). These results 

indicated that chromium transfers an electron by adjacent attack on the 

iron atom with formation of a bridged complex through a bound anion. 

The rate of reduction is therefore limited by the formation of an inter

mediate caused by the rupture of the iron-sulfur bond. A rate limiting 

step is also consistent with the formation of a chromous-ferricytochrome 

complex in which the chromium is bound at a site remote from the iron, 

possibly the exposed edge of the heme ring. This interpretation is 

consistent with the data obtained by the addition of the anions iodide, 

azide, and thiocyanate which increase the rate of chromous reduction 

(Yandell, Fay and Sutin 1973). The above interpretation is inconsistent 

with previous results on the binding of the chromous ion to ferricyto-

chrome c (Kowalsky 1969). These results showed that the chromic ion 

bound to cytochrome c in the absence of an anion (CI ), indicating that 

no bridged complex between the chromous ion, chloride ion and iron was 

formed. The conclusion was reached that the chromium was tenaciously 

or covalently bound by the protein, suggesting that the protein itself 

(or the heme group) furnished a ligand to the metal during the electron 

transfer. These same studies showed that the chromium bound cytochrome 

could be reoxidized by chromic ion, but not reversably and completely 

reduced again by chromous ion suggesting that the paths for oxidation 
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and reduction are different and that the binding of chromic ion causes a 

perturbation in the tertiary structure of the oxidized protein. More 

recent work indicates that chromium III is bound to Tyr 67 and Asp 52 

in horse cytochrome c, suggesting a possible path of electron transfer 

involving overlapping TT clouds of the tyrosine and porphyrin (Fleischer 

1974). 

Temperature dependence studies on chromous reduction of cyto

chrome c indicate an enthalpy of activation of 17.4 kcal/mole (Dawson 

et al. 1972). This is similar to the AH^ value derived from studies on 

the rate of reduction of cytochrome c by hydrated electrons (Land and 

Swallow 1971). The rate of electron transfer between hydrated electrons 

and cytochrome c as studied by pulsed radiolysis is 2.0 x 10^ M ^"sec ^ 

at pH 7.0 (Lichtin, Shafferman and Stein 1973), compared to the rate of 

reduction by ferrocyanide and chromous ion of the order of 10^ M ^"sec 

With less reactive species than hydrated electrons, such as ferrocyanide 

and chromium, and in agreement with the similarity of the enthalpy of 

activation for the different systems, the possibility exists that a 

conformation change in the protein molecule is simultaneous with electron 

transfer (Dawson et al. 1972, Lichtin et al. 1973). 

Only a few preliminary investigations of the oxidation-reduction 

reactions of purified cytochrome c with other purified proteins have been 

conducted. The rate of oxidation for horse heart cytochrome c by 

4 -1 -1 
Pseudomonas cytochrome £5^ was measured as 1.6 x 10 M sec and was 

temperature dependent (G = 12 kcal/mole) and insensitive to ionic 
d 

strength (Morton, Overnell and Harbury 1970). The oxidation-reduction 
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reaction between purified cardiac cytochrome c^ and cytochrome c has 

been studied with the rate of cytochrome c reduction equal to 3.3 x 10^ 

M ^sec \ which was dependent on temperature and ionic strength (Yu, Yu 

and King 1973). The equilibrium constant, however, was independent of 

both temperature and ionic strength. 

The rate of electron transfer between the oxidized and reduced 

forms of cytochrome c has been measured by nuclear magnetic resonance 

4 -1 -1 
(NMR) as 10 M sec at pH 7.0 and an ionic strength of 1.0 M (Gupta 

1973). The electron transfer rate is sensitive to ionic strength. At 

low ionic strengths, the rate is probably affected by the electrostatic 

charge on the protein molecules (Gupta, Koenig and Redfield 1972). The 

rate of electron transfer between cytochrome c and ferrocyanide and 

ferricyanide has also been recently investigated by NMR (Stellwagen and 

Shulman 1973). By monitoring the line widths of several proton resonance 

of the protein as a function of ferricyanide and ferrocyanide concentra

tions, a mechanism has been proposed in which two intermediates are 

formed, a ferricytochrome c-ferrocyanide complex and a ferrocytochrome 

c-ferricyanide complex. Rates of reaction determined from the data are 

consistent with over-all rates of reduction and oxidation previously 

determined by stopped-flow measurements (Brandt et al. 1966). 

The above results demonstrate that an increasing effort is being 

devoted to examination of the kinetics of electron transfer for cyto

chrome c. As a result of these efforts, mechanisms for the reduction of 

cytochrome c by ferrocyanide and dithionite anions and the chromous ion 

have been proposed. These proposed mechanisms, as well as the other 
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data reviewed on the kinetic properties of cytochrome c provide a back

ground for the study of the oxidation-reduction mechanisms of other 

c-type cytochromes. 



CHAPTER 2 

MATERIALS AND METHODS 

Materials 

Rhodospirilium rubrum cytochrome c^ was isolated and purified 

as described by Bartsch et al. (1971). Euglena gracilis cytochrome j: 

was isolated and purified as described by Perini, Kamen and Schiff 

(1964) with the following modifications. Frozen cell paste was suspended 

in .10 M Tris buffer, pH 7.3 and stirred overnight. The cells were then 

o 
broken with a Sorvall-Ribi cell fractionator, 20,000 psi, at 20 . After 

both low speed (10 minutes at 30,000 g) and high speed (one hour at 

100,000 g) centrifugation, the progein was purified by repeated DEAE-

cellulose chromatography until an absorbance ratio, 280 nra to 416 nm, 

of .20 was obtained. Heme concentrations were determined by measuring 

the alkaline pyridine ferrohemochrome spectrum using a reduced milli-

molar extinction coefficient at 550 nm of 31.2. Chromatium vinosum 

high-potential iron protein, HiPIP (Cusanovich 1967), Pseudomonas 

aeruginosa azurin (Horio 1958a), and Rhodospirillum rubrum cytochrome 

c' (Bartsch et al. 1971) were isolated and purified as described in the 

indicated references. 

Horse heart cytochrome c, type VI, was purchased from Sigma 

Chemical Corporation and used without further purification. Sperm whale 

myoglobin was purchased from Worthington and purified by chromatography 

17 
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on DEAE-cellulose (Brown 1961). Potassium ferrocyanide (Mallinckrodt), 

potassium ferricyanide (Mallinckrodt), ascorbic acid (Mallinckrodt), and 

sodium dithionite (Hardman and Holden Limited) were reagent grade. All 

other chemicals used were reagent grade. Deionized water was used in 

the preparation of all solutions. 

Methods 

Stopped-flow kinetic experiments were conducted in a Durrum-

Gibson stopped-flow spectrophotometer with a mixing time of 3.5 msec. 

The driving syringe holders were modified to permit purging of the 

backside of the plungers with argon to reduce oxygen diffusion into the 

syringes. All stopped-flow experiments were done at 20°C unless other

wise specified. All kinetic data were obtained at least in duplicate. 

The reduction of cytochrome £with ferrocyanide, ascorbate, and 

dithionite was monitored at 418 nm. The oxidation of cytochrome with 

ferricyanide was monitored at 550 nm. The reduction of cytochrome f with 

ferrocyanide, ascorbate, and dithionite was monitored at 416 nm. The 
I 

oxidation of cytochrome jE with ferricyanide was monitored at 552 nm. 

For experiments with cytochrome c^-ferro-ferricyanide, cytochrome 

£2"dithionite and cytochrome J-dithionite, all solutions were exhaustive

ly deoxygenated by bubbling (0.75 to one hour) with water-saturated argon 

gas, purified by passage over a column of BASF R3-11 catalyst (Wyandotte 

Corporation) prior to use. Solid sodium dithionite, potassium ferro

cyanide, or potassium ferricyanide was added to the deoxygenated buffers 

via a side arm. Alternatively, ascorbic acid was added to the buffer, 

the pH adjusted, and then the solution was dearated. Anaerobic reservoir 
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vessels for the stopped-flow spectrophotometer, constructed according 

to the design of Fox and Schenkkan (1970), were used for the reaction 

of cytochrome c^ with cytochrome c1. Cytochrome c' was reduced directly 

in the vessel with hydrogen gas using platinum on asbestos as a catalyst 

and methyl viologen as a mediator. All other stopped-flow experiments 

were performed without any of the above precautions for establishing 

anaerobic conditions. 

Temperature-jump kinetic experiments were conducted in the 

temperature-jump apparatus constructed in the laboratory of Dr. Gordon 

Tollin of this department. Solutions of oxidized cytochrome and re-

ductant were prepared just prior to use in .02 M potassium phosphate 

buffer, pH 7.0, plus .10 M NaCl. Equilibrium concentrations were 

determined from the absorption spectra of the solutions following the 

experiment. Relaxation times were calculated from the slope of a semi-

logarithm plot of data versus time. Experiments were performed at 24°C 

with a 7 degree perturbation. Reactions with cytochrome £2 were moni

tored at 416 nm or 550 nm; reactions with cytochrome f were monitored 

at 418 nm or 552 nm. 

Oxidation-reduction titrations were performed anaerobically as 

described by Velick and Strittmater (1956) using an Instrumentation 

Laboratory model 205 pH meter equipped with an IL #15023 calomel elec

trode. Alternatively, for a range of oxidation-reduction potentials, 

as a function of ionic strength or pH, the oxidation-reduction potential 

in a particular buffer was measured and the ratio of oxidized to reduced 

cytochrome determined spectrophotometrically. The measured 
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oxidation-reduction potential was then corrected for 50 percent reduced 

protein. Oxidation-reduction potentials determined in this manner were 

within +5 mV of the potential determined from a complete titration, 

demonstrating that this faster method was adequate for measuring the 

oxidation-reduction potential of the cytochrome over a range of 

conditions. 

For experiments performed in Tris-cacodylate buffer, cytochrome 

Cg was electrodialyzed for three hours (20 volts/cm) with a constantly 

flowing .02 M Tris-cacodylate buffer, pH 7.0. Studies over a range of 

pH values were performed in Tris, sodium acetate, glycine, potassium 

phosphate (TAGP) buffer. 

Electron paramagnetic resonance (EPR) spectra were measured at 

room temperature with a Varian E-3 Spectrometer. To obtain EPR spectra 

at other than room temperature, warmed or cooled air was blown over the 

sample compartment. EPR spectra of aqueous sodium dithionite solutions 

were measured using a flat quartz cell with a path length of approximately 

0.1 mm. The cell was flushed and then filled with anaerobic sodium 

dithionite solutions (concentration = 10 mM). 

All absorption spectra were recorded on a Cary Model 118 

spe c trophotome te r. 



CHAPTER 3 

KINETIC RESULTS WITH RHODOSPIRILLUM RUBRUM 
CYTOCHROME C2 

The reduction of cytochrome with three anionic reductants, 

potassium ferrocyanide, sodium ascorbate, and sodium dithionite was 

studied as a function of ionic strength, pH, and temperature. The 

oxidation-reduction potentials of these three reductants vary 

considerably--415 mV, 52 mV, and -460 mV for ferrocyanide, ascorbate, 

and dithionite, respectively (O'Reilly 1973, Ball 1937, Latimer 1952). 

The reaction of cytochrome c^ and ferrocyanide offers a particularly 

advantageous system for studying electron transfer since the oxidation 

of cytochrome by ferricyanide can also be easily studied. Ferro-

ferricyanide and cytochrome are also relatively insensitive to oxygen, 

eliminating the necessity of observing strict anaerobic procedures as 

with dithionite and, to a lesser extent, ascorbate. The reactions of 

cytochrome c^ and other proteins capable of oxidation-reduction were 

also studied. The results of stopped-flow and temperature-jump relaxa

tion kinetic experiments are described below. 

Reaction with Ferrocyanide-Ferricyanide 

The reduction of cytochrome by ferrocyanide is a kinetically 

complex reaction which can be best represented by the mechanism below: 

21 
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lc lc k 
F + H v 

1 * FH OR v 
3 * 0 + R (1) 

k-l k-2 k-3 

In this equation, F represents ferrocyanide; H, ferricytochrome cFH, 

complex of ferrocyanide and ferricytochrome c^i OR, complex of ferri

cyanide and ferrocytochrome c0, ferricyanide; R, ferrocytochrome c^. 

When ferricytochrome is reduced with an excess of ferrocyanide, a 

first-order plot of AA versus time is linear for at least four half-times. 

The slope of this plot yields at a given ferrocyanide concentration. 

Linear pseudo first-order plots are also obtained for the oxidation of 

ferrocytochrome c^ with excess ferricyanide. Second-order plots of k 

versus ferrocyanide or ferricyanide concentration are linear at low 

concentrations of the iron hexacyanide, but at higher concentrations, 

the plots become nonlinear with a negative deviation. Figure 1 

illustrates this deviation for both ferrocyanide reduction and 

ferricyanide oxidation of cytochrome cThe initial slopes of the 

second-order plots for ferrocyanide reduction and ferricyanide oxidation 

yield second-order rate constants of 6.6 x 10^ M *sec * and 2.2 x 10^ 

M *sec \ respectively, in .02 M potassium phosphate buffer, pH 7.0, 

plus .10 M NaCl. The limiting rates estimated from the layover of the 

second-order plots under these same conditions were 250 sec * and 350 

sec ^ for reduction and oxidation of cytochrome c^, respectively. If 

the limiting rate is assumed to be the breakdown of either complex FH or 

OR into free cytochrome and iron hexacyanide, then the ratio of the 

rates for the conversion between the two complexes can be calculated 

from equation 2: 
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Figure 1. Nonlinear Second-Order Plots- for the Reaction of Cytochrome 
c^ with the Iron Hexacyanides. — Buffer = .02 M potassium 

phosphate, pH 7.0, plus .10 M NaCl; 0 reduction with 
ferrocyanide; | oxidation with ferricyanide (abscissa is 

x 10^). 
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Keq - K1K2K3 (2) 

In this equation, is equal to k^/k ^ = k^/k and = k^/k 

The over-all equilibrium constant, Keq> f°r equation 1 is calculated 

from the respective oxidation-reduction potentials of cytochrome c^ 

and the ferro-ferricyanide couple. Substituting the values for the rate 

constants given previously and calculating K = .026, from the 
eq 

oxidation-reduction potentials of cytochrome (320 mV) and ferro-

ferricyanide (415 mV) at an ionic strength of .135 M, is equal to 

1.2. It is not possible to kinetically determine if the rate limiting 

step is the breakdown of the complex or the conversion between the two 

complexes (see Appendix A). However, by assuming close to one and 

that the conversion between the two complexes is faster than the dis

sociation of the complexes, then equation 3 can be applied: 

k1 k1 
F + H i 1 ' FHOR ^===i 0 + R (3) 

k-l k-3 

In this equation FHOR is the sum of the complexes of both FH and OR; the 

first-order rate constants, k^ and k are the limiting rates for the 

reduction and oxidation of cytochrome by the iron hexacyanides. 

Assuming that k_^ is negligible with respect to k^ and in the presence 

of excess ferrocyanide, then 

k-l + k3 
k̂obs l/k3 + kjk.j[ ferrocyanide] 
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For the oxidation with ferricyanide (k^ negligible with respect to k ^), 

k_i + 
1/k . = 1/k . + xi : rr-n (5) 

obs -1 k jk ferricyanide] 

In this manner k^ and k ^ can be estimated in three ways,from the lay

over of the second-order plots, from the intercept of the data plotted 

according to either equations 4 or 5, and from the slope of data plotted 

according to either equations 5 or 4, respectively. Figure 2 is the 

reciprocal plot of data for ferrocyanide reduction and ferricyanide 

oxidation in .02 M potassium phosphate buffer, pH 7.0, plus .10 M NaCl. 

For the data presented in Figures 1 and 2, values of k^ equal to 

-1 -1 -1 
250 sec , 220 sec , and 200 sec are obtained. Similarly for k_^ 

values equal to 350 sec \ 330 sec \ and 280 sec ^ are obtained. In 

this manner, it is possible to estimate k^ and k_^ to within +20 percent. 

Using the method of analysis described above, the reduction of cytochrome 

c2 by ferrocyanide and oxidation by ferricyanide was investigated as a 

function of ionic strength, pH, and temperature. 

Effect of Ionic Strength 

The effect of ionic strength on the reduction of cytochrome c^ 

with ferrocyanide was studied over a range of 1 M to 1 mM by varying 

either the concentration of the buffer or by the addition of NaCl. 

Table 2 shows the effect of ionic strength on k^, determined from the 

initial slope of the second-order plots of k ̂  versus concentration of 

ferrocyanide for at least a 10-fold concentration range of ferrocyanide. 

At low ionic strengths, the second-order plots consistently lay over. 
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Reciprocal Plots for the Reaction of Cytochrome cwith the 

Iron Hexacyanides. -- Buffer = .02 M potassium phosphate, 
pH 7.0, plus .10 M NaCl; # reduction with ferrocyanide; 
£ oxidation with ferricyanide (abscissa is x 10"^). 
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Table 2. Ionic Strength Effect on the Reduction of Ferricytochrome c^ 
by Ferrocyanide. 

Potassium Phosphate 
Buffer, pH 7.0 

— —  _ i  _ i  
(M) (M sec ) 

.02 M, plus .02 M NaCl .055 2.8 X 10 

.02 M, plus .05 M NaCl .085 1.3 X 105 

.02 M, plus .10 M NaCl .135 6.6 X 104 

.02 M, plus .20 M NaCl .235 1.5 X io4 

.02 M, plus .50 M NaCl .535 6.3 X 103 

.02 M, plus 1.00 M NaCl 1.035 1.5 X 103 

.02 M .035 7.0 X 105 

.10 M .176 5.0 X io4 

.50 M .880 4.0 X 103 

1.00 M 1.76 2.2 X io3 

.05 M .088 1.0 X io5 

.01 M .0176 1.0 X io6 

.001 M .00176 3.4 X io6 



At ionic strengths above .2 M, the limiting rate was not reached with 

the concentrations of ferrocyanide used in these experiments. The data 

presented in Table 2 have not been corrected for the contribution of 

ferrocyanide to the total ionic strength of the solution. To determine 

if the presence of the layover in the second-order plots could be 

attributed to the higher ionic strength of the solution at high concen

trations of ferrocyanide, an experiment was done in which the total ionic 

strength of the reaction mixture was kept constant at .135 M by the addi

tion of NaCl. The results are listed in Table 3 and the second-order 

plots of the data in Figure 3 demonstrate that the layover is still 

-3 present at ferrocyanide concentrations greater than 10 M for both 

experiments. 

The reverse reaction, the oxidation of cytochrome c^ by ferri-

cyanide, was studied over the same range of ionic strengths, as ferro

cyanide reduction, by varying the concentration of NaCl. The results are 

listed in Table 4. Since the initial concentration of ferricyanide was 

-3 
low, 10 M, its contribution to the total ionic strength was negligible. 

The limiting rate was not observed in only the case of the .02 M 

potassium phosphate buffer, pH 7.0, plus 1.0 M NaCl. 

Both ferrocyanide reduction and ferricyanide oxidation demon

strate a decrease in rate with increasing ionic strength. A theoretical 

relationship between the rate of a reaction and the ionic strength of 

the solution is given by equation 6 (Frost and Pearson 1961): 

log k = log k + 2Z Z oc/^T 
co 8 D 

(6) 
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Table 3. First-order Rate Constants for the Reduction of Ferricytochrome 
c,g with Ferrocyanide. 

"k "kik 
Ferrocyanide Concentration k . k , J , obs obs 

11 10 • <M> (sec"1) (sec'1) 

5.0 103 135 

2.5 78 93 

1.0 48 59 

0.50 35 31 

0.25 25 21 

0.10 14 16 

* .02 M potassium phosphate buffer, pH 7.0, plus .10 M NaCl; ionic 
strength equal to .135 M, neglecting ferrocyanide contribution. 

** .02 M potassium phosphate buffer, pH 7.0, plus NaCl to correct ionic 
strength of each solution for ferrocyanide contribution to ionic 
strength; total ionic strength of each solution is equal to .135 M. 
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Figure 3. Second-Order Plots for the Reduction of Cytochrome c2 with 

Ferrocyanide as a Function of Ionic Strength. -- # .02 M 
potassium phosphate buffer, pH 7.0, plus .10 M NaCl, (i, = 
.135 M neglecting contribution of ferrocyanide to total 
ionic strength; £ .02 M potassium phosphate buffer, pH 7.0, 
plus NaCl to correct ionic strength to .135 M including 
contribution of ferrocyanide. 
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Table 4. Ionic Strength Effect on the Oxidation of Ferrocytochrome £„ 
by Ferricyanide. 

Potassium Phosphate 
Buffer, pH 7.0 

V-
(M) 

k j x 10 ' 

(M *sec *) 

.02 M 

.02 M, plus .05 M NaCl 

.02 M, plus .10 M NaCl 

.02 M, plus .20 M NaCl 

.02 M, plus .50 M NaCl 

.02 M, plus 1.00 M NaCl 

.035 

.085 

.135 

.235 

.535 

1.035 

6 . 0  

3.6 

2 . 2  

1.5 

1 .1  

.50 

In this equation, k is the rate of the reaction at infinite dilution, 
00 

ZflZ^ is the product of the charges on the two reacting molecules, p is 

the ionic strength of the solution, and 2a is a constant which is approx

imately one for aqueous solutions at room temperature. The slope of a 

plot of log k versus yr{r indicates qualitatively the charges on the 

interacting molecules. Quantitative determination of Z and Z, from 
fl D 

equation 6 is only valid at low ionic strengths (< .01 M) and in the 

absence of complex formation between the ion reactant and an added ion 

of opposite charge. Equation 6 is therefore only useful for estimating 

the relative charges of cytochrome c^ and the various reactants. Figure 

4 is a plot of log k versus for both ferrocyanide reduction and 

ferricyanide oxidation of cytochrome cAt ionic strengths less than 



32 

O) 

o 

Figure 4. Plot of Log k versus Square Root of Ionic 
Strength for the Reaction of Cytochrome c^ 

with the Iron Hexacyanides. — 0 reduction 
with ferrocyanide; j| oxidation with ferri-
cyanide. 
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.10 M, the plots are linear with respective slopes for ferrocyanide 

reduction and ferricyanide oxidation of -5 and -2, indicating that both 

ferrocyanide (net charge, -4) and ferricyanide (net charge, -3) are 

interacting with a positive area or residue of the cytochrome molecule 

with a net effective charge on ferricytochrome c^ of +1.3 and a net 

effective charge on ferrocytochrome c^ of .7. At pH 7.0, the over-all 

net charge on cytochrome c^ is negative, since the isoelectric point of 

cytochrome c^ is 6.2, indicating that the interaction of the iron hexa

cyanide with cytochrome is at a specific site and that the observed 

ionic strength effect is not due to interaction of the iron hexacyanide 

with the total net charge of the protein molecule. The second-order 

6 - X ~ 1 7 
rate constants at infinite dilution are 5.0 x 10 M sec" and 1.3 x 10 

M ^"sec * for ferrocyanide reduction and ferricyanide oxidation, 

respectively. 

Table 5 is a summary of the ionic strength effect on the rate 

constants k^, k k^, k ̂  and on the oxidation-reduction potentials of 

cytochrome c^ and the ferro-ferricyanide couple. The first-order rate 

constant, k^, is independent of ionic strength and k ^ is only slightly 

dependent on ionic strength. The oxidation-reduction potential of 

cytochrome is independent of ionic strength; however, the oxidation-

reduction potential of the ferro-ferricyanide couple increases with 

increasing ionic strength. The equilibrium constant for the reaction of 

cytochrome with ferrocyanide and ferricyanide is calculated from both 

the oxidation-reduction potentials of the reactants and equation 2, 

assuming = 1. Within experimental error (+15% for k^ and k y +207. 



Table 5. Ionic Strength Effect on the Equilibrium Constant for the Reaction of Cytochrome Cg 
with Ferrocyanide and Ferricyanide. 

Potassium 
Phosphate 
Buffer, pH 7.0 

kl 

<m" 

-4 
x 10 

•1 -1, 
sec ) 

k_3 x 10'6 

(M sec ) 

k-l 

(sec ) 

k3 

/ _1\ (sec ) 

E * 
m 

(mV) 

E ** 
m 

(mV) 
k *** 
eq 

k **** 
eq 

.02 M 70. 6.0 450 250 410 322 .065 .032 

.02 M, plus 

.05 M NaCl 13. 3.6 400 250 412 322 .023 .031 

.02 M, plus 

.10 M NaCl 6.6 2.2 350 250 415 322 .021 .027 

.02 M, plus 

.20 M NaCl 1.5 1.5 300 250 423 322 .0083 .020 

.02 M, plus 

.50 M NaCl .63 1.1 260 250 440 322 .0055 .010 

.02 M, plus 
1.00 M NaCl .15 0.5 240 250 454 322 .0031 .0058 

* E^, pH 7.0 for ferrocyanide-ferricyanide. 

** E , pH 7.0 for cytochrome c0. 
m 2. 

*** K calculated from Equation 2 assuming K. = 1. 
eq 2 

**** calculated from the oxidation-reduction potentials of ferrocyanide-ferricyanide and 

cytochrome c 



for k„ and k ,), the agreement between K calculated from kinetic data 
3 - 1  e q  

and equilibrium data is sufficient to demonstrate that the assumption of 

~ 1 is valid. 

Table 6 presents the results of a series of experiments designed 

to determine if the rate of reduction of cytochrome ĉ  by ferrocyanide 

was sensitive to the buffer or anion present in solution. The data in 

Table 6 is not corrected for the contribution of ferrocyanide to the 

total ionic strength of the solution, but since k^ was determined from 

the initial slope of the second-order plots, the contribution of ferro

cyanide to the total ionic strength is negligible. These results sug

gest no specific anion effect on the rate of reduction of cytochrome 

by ferrocyanide. Differences in rate are due to differences in the ionic 

strength of the buffer. The one exception is with Tris-cacodylate, where 

the rate of reduction is greater (2 to 3 fold) than would be expected in 

comparison to the other anions or buffers on the basis of ionic strength. 

Barlow and Margoliash (1966) have shown by electrophoretic studies that 

with cytochrome c, Tris-cacodylate contains no ions that bind to ferri-

cytochrome c. If a buffer contains ions which bind at or near the site 

of interaction of ferrocyanide and cytochrome c^, then the rate of the 

reaction would be influenced by the presence of the bound ion. The 

results obtained for cytochrome c^ indicate that Tris-cacodylate is a 

nonbinding media with cytochrome similar to cytochrome c, and that 

the other buffers listed in Table 6 contain ions that bind to cytochrome 

c,2' From the results obtained, the rate of reduction is dependent only 

on whether or not the media is binding or nonbinding and independent of 

the nature of the bound anion. 
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Table 6. Buffer and Specific Anion Effect on the Reduction of 
Cytochrome £with Ferrocyanide. 

M- k, x 10"^ 
Buffer* 

i 

, -1 -1 
(M) (M sec ) 

.10 M potassium phosphate .176 5.0 

.10 M TAGP** .117 4.5 

.10 M Tris-chloride .092 5.1 

.10 M Tris-cacodylate .126 11.0 

.02 M Tris-cacodylate, plus 

.05 M Tris-cacodylate .088 30.0 

.05 M potassium chloride .075 16.0 

.05 M potassium phosphate .114 8.0 

.05 M potassium sulfate .175 8.0 

.05 M potassium citrate .295 3.0 

.50 M Tris-cacodylate .655 1.2 

.50 M potassium chloride .525 .29 

.50 M potassium phosphate .909 .23 

.50 M potassium sulfate 1.525 .28 

.50 M potassium citrate 2.727 .17 

* All solutions are pH 7.0 

** .025 M each Tris, sodium acetate, glycine, and potassium phosphate. 
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Effect of pH 

The pH dependence of both ferrocyanide reduction and ferricyanide 

oxidation of cytochrome c^ was studied over the pH range of 4 to 10. 

The results are listed in Table 7. The first-order rate constants, 

and k j, for the dissociation of the complex, are independent of pH. 

The second-order plots for ferrocyanide reduction and ferricyanide oxi

dation were nonlinear at high concentrations of both iron hexacyanides, 

except at high pH values for the ferrocyanide reduction of cytochrome c^, 

where the limiting rate was not reached over the range of ferrocyanide 

-3 -4 
concentrations used (5.0 x 10 M to 1,0 x 10 M). Figure 5 is a plot 

of the second-order rate constants, k^ and k versus pH. The rate of 

reduction of cytochrome c^ with ferrocyanide steadily decreases with 

increasing pH; the rate of oxidation of cytochrome c^ with ferricyanide 

has a pH optimum near pH 8. The solid lines in Figure 5 were calculated 

from equation 7 which was derived from the mechanism given by equations 

8-14. 

k „ W»l/["+>kcKalKa2/[H't3SK,lKa2Ka3/l:''+̂  (?) 

0t" l+K
al/[H+>KalKa2/tH+]2+KalKa2K,3/[,1+l? 

K 
[H, cyto. c»] [H, cyto. c ] + H (8) 

Ka2 + 
[H cyto. c ] = [H cyto. c,] + H (9) 

Ka3 + 
[H cyto. c_] = [cyto. c ] + H (10) 



Table 7. pH Dependence of the Reaction of Cytochrome c^ with the Iron Hexacyanides. 

k x 10"4 k x 10"6 k_ k E ** E *** 
pH* J " m K **** K ***** r eq eq 

(M *sec *) (M *sec *) (sec *) (sec *) (mV) (mV) 

10.0 .30 2.4 250 350 415 232 .0009 .0008 

9.0 2.2 3.0 250 350 415 285 .0052 .0062 

8.0 4.2 3.6 250 350 415 317 .0083 .022 

7.0 8.6 2.6 250 350 415 329 .026 .035 

6.0 14. 2.0 250 350 415 356 .050 .100 

4.0 32. 1.7 250 350 415 372 . 130 .190 

* .01 M TAGP (.0025 M each Tris, sodium acetate, glycine, and potassium phosphate), plus 
.10 M NaCl. 

** Midpoint potential for ferrocyanide-ferricyanide. 

*** Midpoint potential for cytochrome c^. 

**** calculated from equation 2 assuming K2 = 1. 

***** calculated from midpoint potentials of ferrocyanide-ferricyanide and cytochrome c^. 



Figure 5. Plot of Second-Order Rate Constants for Ferrocyanide 
Reduction and Ferricyanide Oxidation of Cytochrome c^ 

versus pH. -- 0 reduction with ferrocyanide; B 
oxidation with ferricyanide (the ordinate is x 10"^). 
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Figure 5. Plot of Second-Order Rate Constants for Ferrocyanide Reduction and Ferricyanide 
Oxidation of Cytochrome c^ versus pH. 
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(U)  

(12) 

(13) 

(14) 

For equations 8-14, R represents either ferrocyanide or ferricyanide, 

P represents the products of the reaction between cytochrome c^ and the 

iron hexacyanide and cyto. cis either the oxidized or reduced protein. 

Values for K^, and used in generating the solid curves in 

Figure 5 are 10 4 M, 10 M, and 10 ̂  M, respectively for ferrocyanide 

-3 -7 -9 
reduction and 10 M, 10 M, and 10 M, respectively, for ferricyanide 

oxidation. For ferrocyanide reduction, the rate constants used are 

kfl = 6.0 x 105 M_1sec"1, = 1.0 x 105 M'1sec"1, k£ = 2.0 x 104 M-1sec"1, 

3 -1 -1 6 
and k^ = 1.0 x 10 M sec ; for ferricyanide oxidation, k^ = 1.0 x 10 

M *sec *, k^ = 1.8 x 10^ M *sec \ k£ = 3.5 x 10^ M *sec *, and k^ = 

2.4 x 10^ M *sec These values were obtained from examination of the 

observed results and then adjusted to obtain a reasonable fit to the 

data in Figure 5. Although ferricyanide oxidation can be adequately 

fitted with only two pK values, 7 and 9, three are needed to fit the pH 
3 

dependence of ferrocyanide reduction and three equilibrium constants are 

needed for both oxidized and reduced cytochrome c^ to fit the observed 

pH dependence of the midpoint potential of cytochrome discussed below. 

H, cyto. c„ + R —-»• P 

H_ cyto. c + R * P 

H cyto. + R k P 

cyto. c + R * P 
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Included in Table 7 is the equilibrium constant calculated from 

the kinetic data and from the oxidation-reduction potentials of cyto

chrome £2 an̂  t̂ ie ferro-ferricyanide couple. The close agreement between 

the values of K again (as with the ionic strength data) demonstrates 
eq 

the validity of assuming ̂  = 1 in equation 2. Figure 6 is a plot of 

the midpoint potential of cytochrome c^ versus pH. Contrary to prev

iously reported results (Vernon and Kamen 1953), the midpoint potential 

of cytochrome c^ steadily decreases with increasing pH. Equation 15 

(derived from Clark and Cohen 1923) is the simplest relationship between 

the midpoint potential of cytochrome c^ and pH consistent with the data 

in Figure 6. 

DT 
E  =  E  + ^ l n z  ( 1 5 )  
m x nF v ' 

In this equation, E^ represents the observed midpoint potential, E^ 

represents the midpoint potential the system would have at pH 0 assum

ing no additional acid-base reactions and z represents: 

[H+]3 + K^CH*]2 + KrlKr2Kr3 

[hV + Ko,tH+]2 + Ko1Ko2[H+] + Ko1Ko2Ko3 

Krl* Kr2' Kr3 anc* Kol' Ko2' ̂ o3 are aPParent equilibrium constants 

for ferrocytochrome c^ and ferricytochrome c^ and are defined above by 

equations 8-10. The solid line in Figure 6 was generated upon assign

ment of the same dissociation constants used in fitting the pH dependence 

of the second-order rate constants described above with E = +.415 volt 
x 

(assuming a constant slope of .009 volt/pH unit from pH 4-0). 
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PH 

Figure 6. Oxidation-Reduction Potential of Cytochrane £2 as a Function of 

pH. -- Buffer = .01 M TAGP (.0025 M each Tris, sodium acetate, 
glycine, and potassium phosphate), plus .10 M NaCl, at indicated 
pH. 
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At alkaline pH, the reduction of cytochrome cwith ferrocyanide 

is biphasic. No biphasic nature was detected in the oxidation of cyto

chrome c^ with ferricyanide at high pH. Subtracting out the contribution 

of the second, slower phase to k , , by calculating the change in ab-
obs 

sorbance for the fast phase from the difference in absorbance at time 

zero for the total reaction and the extrapolated absorbance at time zero 

for the slow phase, gives the results for the second-order rate constant, 

k^, described above and given in Table 7 for the initial fast phase. The 

rate of the second, slower phase (k ~ .02 sec *) is independent of the 

ferrocyanide concentration and its contribution to the total observed 

reaction increases with increasing pH. As with cytochrome c, this slow 

phase may be attributed to the appearance of a different conformer of 

the cytochrome at high pH (Greenwood and Palmer 1965, Wilson and Greenwood 

1971, Lambeth et al. 1973). This high pH conformer is incapable of 

being reduced by ferrocyanide and the rate of the slow reaction is the 

rate of the conversion of the nonreactive conformer to the reactive 

conformer. The amount of each conformer present is determined by the 

contributions of the slow and fast reactions to the total observed re

action, which is directly proportional to the observed change in 

absorbance for each phase. Figure 7 is a plot of pH versus log acid/base, 

according to equation 16, where acid represents the amount of cytochrome 

Cj capable of reacting with ferrocyanide and base represents the amount 

of cytochrome c^ which cannot be reduced by ferrocyanide. 

pH = pK - log acid/base 
8 

(16) 
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Figure 7. Relationship between pH and Acidic and Basic Forms of Cytochrome c^. 
— Buffer = .01 M TAGP (.0025 M each Tris, sodium acetate, glycine, 
and potassium phosphate), plus .10 M NaCl, at indicated pH; 
0 kinetic data; Q 695 nm band titration data. 

•P-
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Equation 16 predicts that for a simple reaction the slope would be equal 

to one with the y-intercept at X = 0 equal to the pK . The slope of the 

line in Figure 7 is equal to 2 with a pK of 9.7. Also plotted in 
d 

Figure 7 is data obtained from the titration of the 695 nm band of oxi

dized cytochrome c^ as a function of pH. The log acid/base was calcu

lated according to equation 17: 

AAPHi - AAPR n*° 
. ,ox,695 ox,695 

log acid/base = 1 „ in ' (17) 
AApH I1'0 ox,695 

Above pH 11.0, there is no further decrease in the absorption at 695 nm 

of oxidized cytochrome c^, therefore AA^ 695^ *"s â sorption of the 

basic form of cytochrome cThe pKg from the 695 nm absorption data 

is 9.3, and as with the kinetic data, the slope is equal to 2. 

Effect of Temperature 

Both ferrocyanide reduction and ferricyanide oxidation of 

cytochrome c^ were studied as a function of temperature. Table 8 lists 

the results obtained for the effect of temperature on the individual 

rate constants. All four rate constants demonstrate linear Arrhenius 

behavior when plotted according to equation 18 (Figure 8). 

log k'/k = -E /2.303R(1/T' - 1/T) 
a 

(18) 
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Table 8. Temperature Dependence on the Reaction of Cytochrome c^ with 
Ferrocyanide and Ferricyanide.* 

Temperature kl 

1 O
 

i-H X k_3 x 10 6 k3 k-l 

(°K) (M" 
•1 -1, 
sec ) (M sec ) (sec ) (sec ) 

279. 2.0 2.8 95 36 

286.5 2.8 4.2 150 64 

293. 6.2 5.3 225 209 

300. 8.5 6.0 290 230 

307. 15. 8.5 340 385 

* Buffer = .10 M TAGP (.025 M each Tris, sodium acetate, glycine, and 
potassium phosphate), pH 7.0. 
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3.2 3.3 3.4 3.5 3.6 

1/T x 103 (cleg"^) 
Figure 8. Arrhenius Plots of Ferrocyanide Reduction and Ferricyanide 

Oxidation of Cytochrome c. -- Buffer = .02 M potassium 

phosphate, pH 7.0, plus .10 M NaCl. 0 k^, second-order rate 

of ferrocyanide reduction; | k_3> second-order rate of ferri

cyanide oxidation; ̂  k3 and + k^, first-order rates of 

complex dissociation. 
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From the slope of these plots, one obtains the energy of activation, E , 

for each step in the reaction mechanism. From equations 19-21 one can 

obtain the enthalpy of activation, AH*, the entropy of activation, AS*, 

and the free energy of activation at a given temperature, AG* (Bray and 

White 1966). 

AH* = E - RT (19) 
a 

In l^h/l^T = -AH*/RT + AS*/R (20) 

AG* = AH* - TAS* (21) 

In these equations, represents the reaction rate, h represents 

Planck's constant, and k^ represents Boltzmann's constant. Table 9 

summarizes the activation parameters for each reaction step characterized 

by the rate constants kj, k_3, k3> and k Summing the free energy of 

activation for the four reaction steps, with the ferrocyanide reduction 

of cytochrome assumed positive, ferricyanide oxidation assumed nega

tive, the over-all AG* for the reaction described is +2.5 kcal/mole. 

The free energy of activation can also be calculated from the equilibrium 

constant, determined from the oxidation-reduction potentials, according 

to equation 22: 

AG* = -RT In K 
eq 

(22) 
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Table 9. Activation Parameters for the Reaction of Cytochrome c^ 
with Ferrocyanide and Ferricyanide. 

Activation Reaction Step 
Parameter kl k-3 k3 k-l 

E (kcal/mole) 
a 

12.0 5.8 8.5 14.6 

AH*5 (kcal/mole) 11.4 5.2 7.9 14.0 

AS* (eu.) 1.8 -10.2 -21.4 - 1.3 

AG* (kcal/mole)* 10.9 8.2 14.2 14.4 

* Temperature = 293°K. 

For = .026, AG* =2.1 kcal/mole, which is in excellent agreement 

with the thermodynamic value. In similar fashion, the entropy and 

enthalpy of activation can be summed for the over-all reaction. The 

enthalpy of activation is close to zero and the total entropy of activa

tion is -8.1 eu. For the individual reaction steps, the contribution to 

the free energy of activation for and k is primarily enthalpic, 

while the contribution to k^ and k ̂  is primarily entropic. 

Temperature-Jump Results 

The reaction of cytochrome c^ with ferrocyanide was studied by 

temperature-jump relaxation kinetics. Figure 9 is a representation of 
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Figure 9. Typical Reaction Traces for Temperature-Jump Kinetics. --

Buffer = .02 M potassium phosphate, pH 7.0, plus .10 M 
NaCl; T = 24°C; \ , = 550 nm; heme concentration = 

-5 2 x 10 M; ferrocyanide concentration = 5 x 10 M (a), 
1 x 10"3 M (b), and 1 x 10-4 M (c) . 
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the observed relaxation for the reaction of the equilibrium solution 

when ferrocyanide was added to fully oxidized cytochrome c^. Only one 

relaxation time was observed. Equation 23 describes a single-step 

reversible reaction which would adequately describe a reaction with 

only one relaxation time. 

It 
+3 . „ +2 lv , +2 . „ +3 / 

cyto. c + Fe » cyto. c. + Fe (23) 
I t  
-1 

+2 +3 
In this equation, Fe and Fe represent ferrocyanide and ferricyanide 

respectively. Solving the rate expressions for this equation, one ob

tains the expression for the relaxation time, T, given in equation 24: 

T 1[cyto. c2+3 + Fe+̂ 3 1 = ^ + 2k_1[cyto. 

[cyto. £2+3 + Fe"1"2] (24) 

_1 1-3 
The bar represents equilibrium concentrations. If T [cyto. c^ 

—4*2 -I - 12 ^.3 | 2 
+ Fe ] is plotted versus [cyto. c^ ]/[cyto. c+ Fe ], the plot 

should be linear with a slope equal to 2k ^ and an intercept equal to k^. 

The data obtained for cytochrome cis listed in Table 10 and plotted 

according to equation 24 in Figure 10. The dashed line in Figure 10 is 

the theoretical curve calculated from equation 24. The lack of agreement 

between the theoretical and empirical curve clearly demonstrates that 

equation 23 is inadequate for describing the observed reaction of cyto

chrome an<* ferrocyanide. 



Table 10. Results of Temperature-Jump Experiments for Ferrocyanide Reduction of Cytochrome c^. 

Experiment 

Initial Ferrocyanide 
Concentration x 10^, (M) 50.0 10.0 1.00 50.0 10.0 1.00 10.0 

Total Cytochrome Concentration 
x 105, (M) 2.0 1.8 2.1 5.1 5.2 5.0 2.5 

T"1, (sec"1) 300. 240. 130. 590. 380. 260. 150. 

(cyto. c2+2 + Fe+3) x 105, (M) 2.6 2.0 .36 5.2 2.6 .64 2.4 

-1/ti +2 +3N-1 , n~5 T (Fe + cyto. ) x 10 , 

(sec'V1) .60 2.4 11. 1.2 3.8 17. 1.5 

(cyto. c2+2)/(Fe+2 + cyto. £2+3) 

x 102 .26 1.0 1.8 .52 1.3 2.1 1.2 

* Conditions for temperature-jump experiments were temperature = 24°C, XQ̂ s = 550 nm, buffer = 

.02 M potassium phosphate, pH 7.0, plus .10 M NaCl. 
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[cyto. £2*2 j Fe+2 + cyto. x 10 

Figure 10. Relationship of Relaxation Time to Equilibrium Concentra
tions for Ferrocyanide Reduction of Cytochrome c^. 
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Equation 1 predicts that the maximum number of relaxation times 

observable for the reaction of cytochrome c^ with ferrocyanide is three. 

One must now explain why only one relaxation time is observed for the 

complex reaction. 

Drawing upon the work of Czerlinski (1966), the derivation of 

the relaxation times can be approximated for equation 1. Solving the 

rate equations for equation 1, leads to a 3 x 3 determinant given below. 

(The notation of Czerlinski is employed.) 

all " b 

kr(F + H) - b 

21 

k_2 - kx(F + H) 

a 
12 

-k 
-1 

a„„ - b 
22 

k.j + k2 + 

-2  
- b 

13 

23 

- 2  

= 0 

31 32 a33 ' b 

k3 + k_3(OfR) 

- b 

This leads to a cubic equation in b, where the roots are equal to 

Rather than attempting to solve the cubic equation in b, approximations 

can be made which will simplify equation 1. For the rough quantitations 

4 -1 -1 
which follow, the following values are used, = 6.6 x 10 M sec , 
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k_^ = 350 sec = 250 sec k_^ = 2.2 x 10^ M *sec \ Kg = k^/k 

= 1, which are reasonable estimates for the reaction in .02 M potassium 

phosphate buffer, pH 7.0, plus .10 M NaCl, the conditions of the 

temperature-jump experiments. The total concentration of cytochrome c^ 

is 2.0 x 10 ̂  M. If k ̂  > k^[ferrocyanide] and k^ > k ^[ferricyanide], 

then the relative amounts of intermediates present are small compared to 

free ferrocytochrome c^ or ferricytochrome cSince neither FH or OR 

are spectrally distinguishable from F or R, at the observed wavelengths, 

the relaxation time for the conversion of FH and OR would not be 

distinguishable. Therefore, equation 1 is simplified to equation 3 as 

before. Equation 3 predicts two relaxation times; however, two relaxa

tion times would only be observable if T. « T. , or T. » T. ,. Solv-
1 l+l 1 l+l 

ing the rate expressions for equation 3, yields the determinant below to 

solve for or Tg* 

an - b 

k^(H + F) + k_x - b 

21 

12 

-1 

a22 " b 

k3 + k-3(° + R) " b 

= 0 

For the conditions « Ti+1 or a^ » a22 or a^ « a^, 

respectively. Using the rate constants assumed above with the relative 

concentrations of reactants employed in the experiments, a^ ~ a 

Therefore, ~ Tg> an<* observed relaxation time is not easily 
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resolvable. Since k ^ ~ k^, it was not possible to adjust the concen

trations of ferrocyanide and cytochrome to approach the condition of 

» a^2 an<* still have an observable signal. The observed relaxation 

time is a sum of both relaxations for the dissociation of the complex 

FHOR, and separation into the contribution of the individual relaxations 

is not achieved. Even though the observed relaxation time cannot be 

resolved to obtain any rate constants, the temperature-jump results as 

shown in Figure 10, demonstrate that the reaction of cytochrome c^ with 

ferrocyanide is more complex than that predicted in equation 23 for a 

single-step, reversible reaction. 

Reduction with Ascorbate 

The reduction of cytochrome cwith ascorbate was studied as a 

function of ionic strength, pH, and temperature. When ferricytochrome 

is reduced with an excess of ascorbate, the first-order plot of AA 

versus time is linear for at least four half-times. The slope of this 

plot yields kQ̂ g at a given ascorbate concentration. Second-order plots 

of k , versus ascorbate concentration are linear over the range of 
obs 

ascorbate concentrations used and under all experimental conditions 

employed. Figure 11 shows the second-order plots of kQ̂ s versus 

ascorbate concentration as a function of ionic strength. Unlike the 

second-order plots for the reduction of cytochrome c^ with ferrocyanide, 

there is no apparent layover. From the observed results, equation 25 is 

adequate for describing the reaction of cytochrome c^ with ascorbate. 

+3 , Nred +2 _ ,„cv 
cyto. £2 + ascorbate * cyto. c^ + P (25) 
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Figure 11. Second-Order Plots for the Reduction of Cytochrome c^ with 

Ascorbate as a Function of Ionic Strength. -- Buffer = 
.02 M potassium phosphate, pH 7.0, plus .10 M NaCl; heme 

concentration = 2 x 10 ̂  M; ionic strength is equal to 
.135 M (#), .535 M (#) , and .055 M (ft); (for | , 
abscissa is x 10). 
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In this equation, P represents the oxidation products of ascorbate and 

kre<j represents the second-order rate of reduction. The equilibrium 

constant for cytochrome c„ (E = 320 mV) and ascorbate (E = 58 mV) 
—2 m m 

g 
calculated from the respective oxidation-reduction potentials is 9 x 10 , 

therefore the reaction is essentially irreversible as evidenced from the 

zero intercept of the second-order plots of Figure 11. 

Effect of Ionic Strength 

Table 11 summarizes the results (including the data shown in 

Figure 11) for the reduction of cytochrome as a function of ionic 

strength. The ionic strengths of the ascorbate solutions were kept 

constant by the addition of NaCl to .02 M potassium phosphate buffer, 

pH 7.0 to obtain the ionic strength indicated in Table 11. As with the 

ferrocyanide data, the effect of ionic strength on the rate of reduction 

of cytochrome c_ by ascorbate can best be depicted by a plot of log k , 
-2. red 

versus the square root of the ionic strength according to equation 6 

(Figure 12). The slope of the line in Figure 12 is -2.0. Since 

ascorbate, at pH 7.0, has a negative one charge, the net effective charge 

on cytochrome c^ for the reaction with ascorbate is +2. The rate of 

ascorbate reduction of cytochrome c^ at infinite dilution is calculated 

from the y-intercept and is equal to 170 M *"sec 

Effect of pH 

The effect of pH on the reduction of cytochrome c^ with 

ascorbate was studied over the pH range 4 to 10. At alkaline pH, the 

reduction of cytochrome c^ with ferrocyanide. Subtracting out the 
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Table 11. Ionic Strength Effect on the Reduction of Ferricytochrome 
by Ascorbate. 

Potassium Phosphate ^ red 
Buffer, pH 7.0 . , , 

(M) (M sec ) 

.02 M, plus .50 M NaCl .535 10 

.02 M, plus .10 M NaCl .135 27 

.02 M, plus .05 M NaCl .085 47 

.02 M, plus .02 M NaCl .055 52 

.02 M, plus .01 M NaCl .045 68 
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Figure 12. Plot of Log k versus Square Root of Ionic 
Strength for the Reduction of Cytochrome c„ 
with Ascorbate. 
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slower phase gives linear plots of the change in absorbance versus time 

for at least three half-times. The second-order rate constants are 

listed in Table 12. Unlike ferrocyanide reduction of cytochrome 

slower phase is also dependent on the concentration of ascorbate with 

linear second-order plots. Figure 13 is a plot of the second-order rate 

constants versus pH for the data in Table 12. Both the fast and slow 

reduction of cytochrome with ascorbate have a pH optimum between 9.5 and 

10.5. The solid line in Figure 13 for the fast reduction of cytochrome 

£2 with ascorbate was calculated from equation 7 according to the 

mechanism described previously by equations 8-14. The equilibrium con-

-4 -9 
stants and the rate constants used were K = 10 M. K = 3 x 10 M, 

al ' a2 

= 10 ̂  M and kg = 200 M ^"sec \ k^ = 25 M ''"sec \ kc = 2.0 x 103 

-1 -1 -1 -1 
M sec . k, = 1.0 M sec . The curve drawn in Figure 13 for the slow 

d 

reduction of cytochrome by ascorbate was calculated from equation 26 

which was derived from the mechanism given by equations 27-31. 

ka + V.l'^ + 
k —— (^o; 

1 + k /[h ] + kalka2/[h+] 

[H cyto. c +3] 31 [H cyto. c +3] + H+ (27) 

[H cyto. £2+3] ===== [cyto. (28) 

H2cyto. c2+3 + R —2a p (29) 
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Table 12. pH Dependence on the Reduction of Ferricytochrome by 
Ascorbate. 

pH* 
k ,, fast phase 
red 

/«-l "1% (M sec ) 

kre<j, slow phase 

/«-1 (M sec ) 

4.0 92 -

6.0 20 -

7.0 33 -

8.0 200 

CM 

8.5 560 2.4 

9.0 1400 4.8 

9.5 1800 11. 

10.0 1300 

o
 

CM 

11.0 50 6.8 

* Buffer = .10 M TAGP (.025 M each Tris, sodium acetate, glycine, 
potassium phosphate). 



Figure 13. Plot of Second-Order Rate Constants for Ascorbate 
Reduction of Cytochrome c- versus pH. -- Buffer = 
.10 M TAGP (.025 M each Tris, sodium acetate, 
glycine, and potassium phosphate); 0 fast reduc
tion phase (ordinate is x 10"^); f| slow reduction 
phase. 
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Figure 13. Plot of Second-Order Rate Constants for Ascorbate Reduction of Cytochrome c 
versus pH. 
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(30) 

(31) 

The values used for K , and K . were 2 x 10 ̂  M and 2 x 10 ̂  M: values 
al a2 

-1 -1 -1 -1 -1 -1 
of ka> k^, and k£ were 1.0 M sec , 25 M sec , and 1.0 M sec 

Similar to the ferrocyanide reduction of cytochrome cthe con

tribution of the second, slow phase of the ascorbate-cytochrome reac

tion increases with increasing pH. Applying the same analysis used for 

the ferrocyanide-cytochrome reaction, the influence of pH on the ratio 

of slow phase to fast phase may be compared as described by equation 16, 

by plotting pH versus log acid/base (Figure 14). The slope of the line 

in Figure 14 is -2 with a pK of 9.4, from the y-intercept at X = 0. 

The log acid/base represents the amount of cytochrome reacting rapidly 

with ascorbate and the amount of cytochrome reacting more slowly with 

ascorbate. The fact that the second, slow reaction of ascorbate is de

pendent upon the concentration of ascorbate indicates that ascorbate may 

be capable of reducing the ferrocyanide unreactive conformer of cyto

chrome c^, but at a slower rate than the reactive conformer. The complex 

oxidation products of ascorbate and complicated behavior of the 

oxidation-reduction potential of ascorbate at high pH could also account 

for the observed results (Ball 1937). 

Effect of Temperature 

The rate of reduction of cytochrome c^ by ascorbate increases 

with increasing temperature and, as shown in Figure 15, linear Arrhenius 

I o kv 
H cyto. c " + R * P 

+3 
cyto. c. + R —P 
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for Ascorbate Reduction. 
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Cytochrome c^. -- Buffer = .02 M potassium 

phosphate, pH 7.0, plus .10 M NaCl. 
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behavior is observed over the temperature range studied. From the slope 

of the line drawn in Figure 15, the energy of activation, E^, is calcu

lated to be 13.3 kcal/mole. The other activation parameters are 

calculated according to equations 19-21 yielding AH* = 13 kcal/mole, 

AS* = -7.8 eu., and AG* = 15 kcal/mole at 293°K. Similar to the ferro-

cyanide reduction of cytochrome c^, the primary contribution to the free 

energy of activation for the reduction of cytochrome c2 is enthalpic. 

Reduction with Dithionite 

The reduction of cytochrome c2 with sodium dithionite was studied 

as a function of ionic strength, pH, and temperature. The data presented 

here for the reduction of cytochrome c^ with sodium dithionite are con

sistent with the mechanism of sodium dithionite reduction of horse heart 

cytochrome c as described by equations 32-34 (Lambeth and Palmer 1973, 

Miller and Cusanovich 1974). 

K 
S 2 0 4  =  — 2 S 0 ~  ( 3 2 )  

cyto. c2+̂  + S204 = —^ cyto. + P (33) 

cyto. c2+̂  + S02 —^ cyto. + P' (34) 

In the above equations, P and P' represent oxidation products of S^ -̂

and S02 > respectively. The rate law for equations 32-34 is given by 

equation 35: 
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kobs " WO + k2Ke„%[VO% <35> 

= = k  
According to equation 35, a plot of kQ̂ s/[S2°4 ] versus l/fS^O^ ]' will 

yield and ^eq ecluat̂ on 35 can be evaluated by measuring 

the concentration of the SC>2 radical in equilibrium with a known amount 

of sodium dithionite by EPR (Lambeth and Palmer 1973). The equilibrium 

constants of dithionite dissociation for the conditions used in the ex

periments with cytochrome c? are listed in Table 13. Knowing K , k1 ~ 6(] 1 

and k^ can be determined after measurement of the pseudo first-order 

rate constant, k0bs> as a function of concentration. As with 

cytochrome c, the reduction of cytochrome c^ is characterized by the 

presence of a lag phase, due to the presence of oxygen, followed by the 

rapid pseudo first-order reaction described by equation 35. Some re

duction takes place during the lag phase and a semi-logarithm plot of 

the change in absorbance versus time yields pseudo first-order rate 

constants. These rate constants, when plotted versus the dithionite 

concentration yield second-order rate constants equal to k^ calculated 

from equation 35. The lag phase is then attributed to the reduction of 

the cytochrome by S20^ while SC^ scavenges the oxygen present, before 

reacting with the cytochrome (Miller and Cusanovich 1974). The results 

obtained for the reduction of cytochrome c^ with sodium dithionite were 

analyzed according to the mechanism described above. 
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Table 13. Equilibrium Constants for the Dissociation of Sodium 
Dithionite. 

Condition* 

.02 M potassium phosphate 5.2 

.02 M potassium phosphate, plus .02 M NaCl 4.2** 

.02 M potassium phosphate, plus .05 M NaCl 3.4** 

.02 M potassium phosphate, plus .10 M NaCl 3.2 

.02 M potassium phosphate, plus .50 M NaCl 2.3 

.02 M Tris-cacodylate, plus .05 M Tris-cacodylate 6.1 

.02 M Tris-cacodylate, plus .05 M potassium chloride 5.7 

.02 M Tris-cacodylate, plus .05 M potassium phosphate 6.0 

.02 M Tris-cacodylate, plus .05 M potassium citrate 4.6 

.02 M Tris-cacodylate, plus .05 M potassium sulfate 5.0 

.02 M Tris-cacodylate, plus .50 M Tris-cacodylate 3.8** 

.02 M Tris-cacodylate, plus .50 M potassium chloride 3.8 

.02 M Tris-cacodylate, plus .50 M potassium phosphate 3.2 

.02 M Tris-cacodylate, plus .50 M potassium citrate 2.9 

.02 M Tris-cacodylate, plus .50 M potassium sulfate 2.5 

.01 M TAGP,*** pH 6.0, plus .10 M NaCl 3.3 

.01 M TAGP, pH 7.0, plus .10 M NaCl 6.2 

.01 M TAGP, pH 8.0, plus .10 M NaCl 5.8** 

.01 M TAGP, pH 8.5, plus .10 M NaCl 5.4** 

.01 M TAGP, pH 9.0, plus .10 M NaCl 5.0 

.01 M TAGP, pH 9.5, plus .10 M NaCl 4.0** 

.01 M TAGP, pH 10.0, plus .10 M NaCl 3.0** 

.01 M TAGP, pH 10.5, plus .10 M NaCl 2.0 

.01 M TAGP, pH 11.5, plus .10 M NaCl 9.0 

.02 M potassium phosphate, plus .10 M NaCl, T = 37.0 C 6.8** 

.02 M potassium phosphate, plus .10 M NaCl, T = 33.2qC 5.8 

.02 M potassium phosphate, plus .10 M NaCl, T = 29.0 C 5.0** 

.02 M potassium phosphate, plus .10 M NaCl, T = 24.6°C 4.2 

.02 M potassium phosphate, plus .10 M NaCl, T = 20.0 C 3.2 

.02 M potassium phosphate, plus .10 M NaCl, T = 15.6°C 2.4** 

* Condition is pH 7.0 and temperature = 24.0°C unless otherwise 
specified. 

** Extrapolated form measured values. 

*** .0025 M each Tris, sodium acetate, glycine, and potassium phosphate. 
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Effect of Ionic Strength 

The results for the effect of ionic strength on the reduction of 

cytochrome c^ with dithionite are summarized in Table 14. The second-

order rate constants for the reduction of cytochrome c^ by both §20^ 

and SO^ decrease with increasing ionic strength. Plotting log k 

versus the square root of the ionic strength (Figure 16) according to 

equation 6, gives a straight line with a negative slope, indicating, as 

with ferrocyanide and ascorbate reduction, interaction of and 

SO2 with a positively charged area of the protein. The slope of Figure 

16A for SO2 reduction is -.67 yielding a net effective charge on cyto

chrome of ~.7. The slope of Figure 16B for S20^ reduction is -1.3 

yielding a net effective charge on cytochrome _c of ~.7. These results 

are consistent with both SC^ and $2®^ interacting at the same region 

of the protein or at regions with equal effective charges. The y-

intercept of Figure 16 yields the second-order rates of reduction at 

8 - 1 - 1  -  5  
infinite dilution--l.1 x 10 M sec for SO2 reduction and 2.5 x 10 

M *sec * for 820^ reduction. 

Table 14. Ionic Strength Effect on Reduction of Ferricytochrome c. by 
Sodium Dithionite. 

_ , . k, x 10 k_ x 10 
Potassium Phosphate (j, 1 2 
Buffer, pH 7.0 - - . . 

(M) (M sec ) (M sec ) 

.02 M, plus .50 M NaCl .530 1.6 3.6 

.02 M, plus .10 M NaCl .135 3.3 7.8 

.02 M, plus .05 M NaCl .085 5.7 8.3 

.02 M, plus .02 M NaCl .055 8.3 8.7 

.02 M .035 9.2 8.8 
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Figure 16. Plot of Log k versus Square Root of Ionic 
Strength for the Reduction of Cytochrome 

with Sodium Dithionite. — A. reduction with 
SC^"; B. reduction with S20^~. 
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The effect of specific ions on the reduction of cytochrome c^ 

with dithionite was studied with the results listed in Table 15. Similar 

to ferrocyanide reduction of cytochrome c^ there is no apparent effect 

on either second-order rate constant, or k^, as a function of added 

anion. The slight differences in rate constants are apparently due to 

differences in ionic strengths of the buffers. Figure 17 best il

lustrates this point with a linear dependence of log k versus the square 

root of the ionic strength. The slopes of the lines in Figure 17 are 

-.7 for SO2 reduction and -1.3 for $20^ reduction, similar to the 

values given above for changes in ionic strength (the anion remaining 

the same). Unlike ferrocyanide reduction, however, the rate of reduc

tion in Tris-cacodylate buffer is not significantly different than 

would be predicted on basis of ionic strength alone for either SO^ or 

reduction. This suggests that there is no anion binding at the 

site of SO2 or 5^0^ interaction with cytochrome c^, or that the 

affinity of cytochrome c^ for SOj and is significantly greater 

than for any of the tested anions. 

Effect of pH 

The effect of pH on the reduction of cytochrome with sodium 

dithionite was studied over the pH range 6 to 11.5. The results obtained 

for the second-order rate constants, k^ and are listed in Table 16. 

Figure 18 is a plot of the second-order rate constant versus pH. For 

the reduction of cytochrome c^ with S20^ , k^ steadily decreases with 

increasing pH. The rate of reduction of cytochrome with SOj , 

has an apparent pH optimum near pH 9 and appears to increase at the 
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Table 15. Specific Anion Effect on the Reduction of Cytochrome with 
Sodium Dithionite. 

-4 -7 
. j - u, k, x 10 k. x 10 

.02 M Tris-cacodylate p 1 2 
buffer, pH 7.0, plus , , 

(M) (M sec ) (M sec ) 

.05 M Tris-cacodylate .088 14. 8.7 

.05 M potassium chloride .075 14. 8.8 

.05 M potassium phosphate .114 7.2 7.5 

.05 M potassium citrate .295 6.2 6.7 

.05 M potassium sulfate .175 8.6 5.1 

.50 M Tris-cacodylate .655 2.7 5.0 

.50 M potassium chloride .525 2.8 3.5 

.50 M potassium phosphate .909 2.2 4.2 

.50 M potassium citrate 2.73 3.4 2.6 

.50 M potassium sulfate 1.53 2.8 5.4 
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Figure 17. Plot of Log k versus Square Root of Ionic 
Strength for the Reduction of Cytochrome c^ 

with Sodium Dithionite as a Function of Added 
Anion. -- A. reduction with SO^"; B. reduction 

with 
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Table 16. pH Dependence on the Reduction of Cytochrome c^ with Sodium 
Dithionite. 

pH* 
kx x 10"4 

/M-1 (M sec ) 

k2 x 10"7 

•M-1 (M sec ) 

6.0 7.0 11.1 

7.0 3.5 6.4 

8.0 1.9 7.5 

8.5 - 11.2 

9.0 1.2 13.0 

9.5 - 11.0 

10.0 0.8 10.5 

10.5 - 9.2 

11.5 0.7 5.7 

* Buffer = .01 M TAGP (.0025 M each Tris, sodium acetate, glycine, 
potassium phosphate), plus .10 M NaCl. 
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Figure 18. Plot of Second-Order Rate Constants for Sodium Dithionite Reduction 
of Cytochrome versus pH. -- Buffer = .01 M TAGP (.0025 M each 

Tris, sodium acetate, glycine, and potassium phosphate), plus .10 M 
NaCl, at indicated pH.^ SO2" reduction (abscissa is x 10"7). 

• S2°4 reduction (abscissa is x 10"^. ^4 
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lower pH values. The solid lines in Figure 18 were calculated from 

equation 7, as for ferrocyanide reduction of cytochrome c^, for the 

mechanism described by equations 8-14. For both SO2 and reduc

tion, values of â2» ant* ̂ a3 used in generating the solid lines are 

10 M, 3 x 10 %, and 10 ̂  M. For SO2 reduction, the rate constants 

used are kg = 5.0 x 10^ M *sec \ = 5.0 x 10^ M ^sec \ k^ = 

1.5 x 10^ M *sec \ and k, = 5.0 x 10^ M *sec for S„0. reduction, 
a I  4 

k = 2.0 x 10"* M ^"sec \ k, = 4.0 x 10^ M ^"sec \ k = 1.0 x 10^ M *sec \ 
a ' b ' c ' 

and k, = 5.0 x 10^ M ^"sec \ 
a 

Unlike the reduction of cytochrome jc with ferrocyanide and as-

corbate, there is no evidence for the appearance of an unreactive con-

former of cytochrome c^ when reduced with dithionite at alkaline pH. 

Pseudo first-order plots of the change in absorbance versus time were 

linear for at least four half-times at alkaline pH for the fast phase 

reduction with SO2 . No biphasic nature was detected in the first-order 

plots for the lag phase reduction with S20^ , although the possibility 

exists that a second, slower phase could be present, but is masked by 

the following fast phase in the reduction of cytochrome c^ by dithionite. 

If this were the situation, then one would predict that the unreactive 

conformer of cytochrome c^ detectable in the ferrocyanide reduction 

experiments is also incapable of being reduced by S20^~, but is reduced 

by S02 . 
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Effect of Temperature 

The rate of reduction of cytochrome by and S02" 

increases with increasing temperature and, as shown in Figure 19, linear 

Arrhenius behavior is observed over the temperature range studies. The 

energy of activation, E , is calculated from the slope of the lines in 
d 

Figure 19. For k,, S„0. reduction, E is equal to 16.7 kcal/mole: for 
l l. t a 

k , SO reduction, E is equal to 10.6 kcal/mole. The other activation 

parameters are calculated according to equations 19-21 as before yielding 

for k^, AH* = 16 kcal/mole, AS* = +8.9 eu., and AG* = 14 kcal/mole (at 

293°K); for k^, AH* = 10 kcal/mole, AS* = +5.6 eu., and AG* = 8.4 

kcal/mole (at 293°K). Similar to ferrocyanide and ascorbate reduction 

of cytochrome c^, the primary contribution to the free energy of activa

tion for the reduction of cytochrome c^ by both S^O^ and SO^ is 

enthalpic. 

Reaction with Other Proteins 

Cytochrome is rapidly reduced by a number of other proteins 

capable of oxidation-reduction. Horse heart cytochrome c, deoxymyoglobin, 

Chromatium high-potential iron protein (HiPIP), Pseudomonas azurin, and 

Rhodospirillum rubrum cytochrome c' demonstrated the ability to reduce 

cytochrome cThe reactions of cytochrome c^ with horse heart cyto

chrome c and deoxymyoglobin were followed spectrophotometrically and 

found to occur, although no reaction rates were determined. 

The rate of reduction was measured by stopped-flow kinetics for 

the reaction of cytochrome with cytochrome c*, azurin, and HiPIP 

with the results listed in Table 17. The reactions of cytochrome 
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Figure 19. Arrhenius Plot of Sodium Dithionite Reduction 
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Table 17. Second-order Rates for the Reduction of Cytochrome c with 
Other Proteins. 

Protein 

,a . 
E , pH 7.0 k x 10 K 
m eq 

(mV) (M_1sec_1) 

Cytochrome c' -8° 2.5 6.3 x 10"* 

Azurin 300d 2.5 2.2 

HiPIP 350® 3.3 .31 

Q 
Rate of reduction in .02 M potassium phosphate buffer, pH 7.0, plus 
.10 M NaCl. 

^Calculated Kg from midpoint potentials of cytochrome c^ and indicated 
protein. ec* 

Q 
Horio and Kamen 1961. 

dHorio 1958b. 

eBartsch 1963. 
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with HiPIP and azurin were studied in more detail because of the relative 

ease in monitoring the reactions and because both the reduction and oxi

dation of cytochrome c^ by the respective protein could be studied. 

The rate of reduction of cytochrome c^ with HiPIP was independent 

of the wavelength chosen to follow the reaction when monitored at 418, 

450, 504, or 550 nm. The optimum wavelength was 418 nm, since at this 

wavelength the change in total absorbance was maximum with both pro

teins showing an increase in absorbance for the reaction of oxidized 

cytochrome c^ and reduced HiPIP. The rate of reduction of cytochrome c^ 

with azurin was also independent of wavelength when followed at 418, 550, 

or 625 nm. Since azurin has no appreciable absorption between 550 and 

350 nm, there was no problem in selecting an optimum wavelength for moni

toring the reaction as with HiPIP and cytochrome c^. Therefore, 418 nm 

was used because the change in total absorbance for cytochrome c^ is 

maximum at this wavelength. Both reactions were performed aerobically. 

For the results presented below, was determined for at least five 

different concentrations of HiPIP or azurin with a five to fifty excess 

of the protein to cytochrome c^. Wider dilution ranges were not possible 

due to the large quantities of protein needed or to the large absorption 

of more concentrated solutions. 

Reaction with HiPIP 

Figure 20 is a second-order plot for the reduction of oxidized 

cytochrome c^ with reduced HiPIP and the oxidation of reduced cytochrome 

£2 with oxidized HiPIP. Over the concentration range of reduced HiPIP 

used, the second-order plot was linear, while the second-order plot for 
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the oxidation of cytochrome c^ laid over at high concentrations of 

oxidized HiPIP. The buffer was .02 M potassium phosphate, pH 7.0, plus 

4 -1 -1 .10 M NaCl and the second-order rates were 3.3 x 10 M sec and 

5 - 1  - 1  
3.3 x 10 M sec for reduction and oxidation of cytochrome c^, 

respectively. Assuming a one-step reversible mechanism described in 

equation 36, one calculates an equilibrium constant, k ,/k = .10, 
red ox 

compared to K = .31 from the respective midpoint potentials of the two 

proteins (Table 17). 

kred 
oxidized cyto. c + reduced HiPIP ^ % reduced cyto. c 

1 k 2 
ox 

+ oxidized HiPIP (36) 

The presence of the layover in Figure 20 for the oxidation of cytochrome 

£2 suggests that the mechanism may be more complicated than equation 36 

describes. The data in Figure 20 can be plotted according to an equation 

similar to equation 3 in which a complex is formed between cytochrome c^ 

and HiPIP. Figure 21 is a plot of versus l/[oxidized HiPIP] to 

yield the rates of dissociation for the complex. The rate of dissocia

tion of the proposed cytochrome c^-HiPIP complex into oxidized cytochrome 

£2 and reduced HiPIP is calculated from the y-intercept of the straight 

line in Figure 21 and is equal to 20 sec Since this value is just 

greater than the maximum measured for the reduction of cytochrome 

with reduced HiPIP, it is not surprising that a layover was not detected 

in the second-order plot for this reaction. If it had been feasible to 

increase the concentration of reduced HiPIP sufficiently, the proposed 
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limiting rate possibly could have been detected. The rate of dissocia

tion of the cytochrome complex into reduced cytochrome c^ and 

oxidized HiPIP is calculated from the slope of the line in Figure 21 and 

is equal to 10 sec \ which is within the range of k , measured for the 
obs 

oxidation of cytochrome c with oxidized HiPIP; therefore, a limiting 

rate was detectable for this reaction. 

Further evidence for complex formation in the reaction of cyto

chrome ̂ 2 and HiPIP was gained from temperature-jump kinetic studies of 

the two proteins. Reduced HiPIP was added to oxidized cytochrome in 

.02 M potassium phosphate buffer, pH 7.0, plus .10 M NaCl and the re

action monitored at 418 or 550 nm. Only one relaxation time was observed. 

The data obtained, Table 18, were plotted according to equation 24, 

assuming the one-step reversible mechanism described by equation 36. 

Figure 22 includes the actual data and a theoretical plot of expected 

results for the concentrations of reduced HiPIP and oxidized cytochrome 

£2 used in the experiments. The equilibrium concentrations of cytochrome 

£2 and HiPIP were calculated from the absorption spectra of the reaction 

mixture at equilibrium and when fully reduced with Na2S?0^ and fully 

oxidized with K„Fe(CN),. The following extinction coefficients were 
J o 

used to calculate equilibrium concentrations and total protein: 

reduced cyto. c 
£ =32 
mM , 550 

oxidized cyto. c„ 
£  = 1 0  
mM , 550 
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Table 18. Results of Temperature-Jump Experiments for the Reaction of 
Cytochrome £and HiPIP. 

[oxidized cyto. c ] [reduced HiPIPJ [reduced cyto. c ]* -1 
2 2 j 

x 105, (M) x 105, (M) x 105, (M) (sec-1) 

.90 1.34 .36 13 

.57 4.34 .72 25 

.42 6.37 .90 38 

.27 10.2 .95 41 

.02 25.1 1.19 107 

* [reduced cyto. c^] = [oxidized HiPIP]. Buffer is .02 M potassium 

phosphate, pH 7.0, plus .10 M NaCl. 
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oxidized cyto. c 
e = 10.5 
mM, 525 

reduced HiPIP 
C = 3.2 
mM, 550 

oxidized HiPIP 
e = 8.5 
mM, 550 

oxidized HiPIP 
t =10.9 
mM, 525 

Figure 22 is Qualitatively similar to temperature-jump results for the 

reaction of cytochrome _c with ferrocyanide (Figure 10), and demonstrates 

that the reaction of cytochrome c^ and HiPIP is more complex than the 

mechanism described by equation 36. In the absence of any evidence 

against a mechanism qualitatively similar to equation 1, the reaction of 

cytochrome c^ and HiPIP could logically proceed by the formation of two 

complexes--oxidized cytochrome c^-reduced HiPIP and reduced cytochrome 

^-oxidized HiPIP. 

The reaction of cytochrome c^ and HiPIP was studied as a function 

of ionic strength. The results are listed in Table 19. Both the rates 

of reduction and oxidation of cytochrome with oxidized or reduced 

HiPIP increase with decreasing ionic strength similar to the rates of 

reaction of cytochrome with ferrocyanide and ferricyanide. Calculat

ing the product of the interacting charges on cytochrome c^ and HiPIP 
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Table 19. Ionic Strength Effect on the Reaction of Cytochrome c with 
HiPIP, 

Potassium Phosphate 
Buffer, pH 7.0 

(M) 

-4 
k , x 10 
red 

( y , -  1 "lv (M sec ) 

k x 10"5 
ox 

(M ^sec 

.02 M 

.02 M, plus .02 M NaCl 

.02 M, plus .05 M NaCl 

.02 M, plus .10 M NaCl 

.035 

,055 

.085 

.135 

7.5 

6.5 

5.0 

3.3 

4.4 

3.3 

according to equation 6, yields -2.3 and -.6 for the reduction and oxida

tion of cytochrome Cg, respectively. Quantitative interpretation of 

these results are complicated because of the lack of information concern

ing the effective charge on the HiPIP molecule. One can only suggest 

that a positive region of the cytochrome molecule is interacting with a 

negative region of the HiPIP molecule, based on the ionic strength 

results obtained with cytochrome and the inorganic reductants discussed 

previously. Since the isoelectric point of HiPIP is 5.2, one could 

possibly predict that the cytochrome molecule is interacting with the 

over-all negative charge on the HiPIP molecule and not a specific region 

of the molecule. 
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Reaction with Azurin 

The reaction of azurin with cytochrome c^ is of interest since 

previous temperature-jump investigations of azurin and cytochrome 

from Pseudomonas have shown the presence of multiple relaxations (Pecht 

and Rosen 1973; Brunori, Greenwood and Wilson 1974). The results were 

interpreted to indicate complex formation similar to that suggested for 

cytochrome and ferro-ferricyanide and cytochrome c^ and HiPIP. 

The reduction of oxidized cytochrome c^ by reduced azurin and the 

oxidation of reduced cytochrome by oxidized azurin was studied as a 

function of ionic strength with the results listed in Table 20. Similar 

to the cytochrome j^'HiPIP reaction, both the rate of reduction and 

oxidation increased with decreasing ionic strength. However, the product 

of the interacting charges on cytochrome c^ and azurin is much greater 

for the oxidation of cytochrome -7, than for the reduction of 

cytochrome c^, -.9. This is qualitatively dissimilar from the ionic 

strength results with HiPIP-cytochrome c^ and ferro-ferricyanide-

cytochrome reactions in which the product of the interacting charges 

was greater for the reduction of cytochrome c 

There was no evidence of complex formation between cytochrome 

c2 a°d azurin from the stopped-flow experiments. The second-order plots 

of k , versus the concentration of azurin were linear over the concen-
obs 

tration range used (5 x 10 M to 2 x 10 ̂  M, cytochrome ~ 10 ̂  M). 

Under these conditions, the maximum measured was approximately 

3 sec which is much less than an expected limiting rate would be based 

upon the cytochrome ̂ "HiPIP reaction. Comparison of the equilibrium 
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Table 20. Ionic Strength Effect on the Reaction of Cytochrome 
with Azurin. 

Potassium Phosphate 
Buffer, pH 7.0 

-4 

(M) 

k . x 10 
red 

a,"1 
(M sec ) 

-4 
k x 10 
ox 

(M ^"sec *) 

.001 M .0018 4.1 -

.02 M .035 3.6 9.2 

.02 M, plus .02 M NaCl .055 3.3 -

.02 M, plus .05 M NaCl .085 2.7 -

.02 M, plus .10 M NaCl .135 2.5 

00 • 

constants from Table 20, calculated for K = k ,/k (K = 5.2 in 
eq red ox eq 

.02 M potassium phosphate buffer, pH 7.0, plus .10 M NaCl; = .39 in 

.02 M potassium phosphate buffer, pH 7.0) and from Table 17 for 

calculated from the midpoint potentials of cytochrome and azurin 

(K = 2.2) suggests that a simple single-step reversible mechanism 
eq 

similar to equation 36 above is possibly adequate for describing the 

reaction of cytochrome c^ and azurin. 

Temperature-jump experiments were attempted to test whether or 

not the results would support a single-step reversible mechanism when 

analyzed according to equations 23 and 24. No relaxation time was 

detected. However, if one calculates the expected relaxation times 

using the rates of reduction and oxidation listed in Table 20 (.02 M 
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potassium phosphate buffer, pH 7.0, plus .10 M NaCl) and equilibrium 

concentrations calculated from K = 2.2. the relaxation times calculated 
eq 

are greater than one second. Relaxation times beyond one second exceed 

the detectable limits of time ranges for present instrumentation due to 

convection effects (Hammes 1968). These results are inconclusive, there

fore, and further experiments are necessary to define this interaction. 

Electron transfer does occur between cytochrome c^ and the pro

teins HiPIP and azurin. Results presented here suggest that the reac

tion mechanism may be complex, similar to the reaction of cytochrome 

and ferro-ferricyanide. Ionic strength results indicate that a posi

tively charged region of the cytochrome molecule is interacting with 

a negatively charged region of the other protein. Both the cytochrome 

c^-HiPIP and the cytochrome c^-azurin reactions offer a system amiable 

for further studies on electron transfer between two proteins. 



CHAPTER 4 

KINETIC RESULTS WITH EUGLENA GRACILIS CYTOCHROME F 

The reactions of Euglena gracilis cytochrome f with ferrocyanide 

and ferricyanide, ascorbate, dithionite, and HiPIP were investigated in 

fashion similar to the investigations of the reactions of cytochrome c^ 

and the listed compounds. Particular emphasis was directed toward the 

effect of ionic strength on the reaction studied in hopes of implicating 

specific regions or residues of the cytochrome _f molecule interacting 

with the reactant. More detailed studies were done with the reaction 

of cytochrome J and ferro-ferricyanide, since a reaction mechanism for 

the cytochrome c^-ferro-ferricyanide system has been proposed (equation 

1). The results of these experiments are given below. 

Reaction with Ferrocyanide-Ferricyanide 

When oxidized cytochrome _£ is reduced with an excess of ferro

cyanide, a first-order plot of £A versus time is linear for at least 

four half-times. Pseudo first-order plots are also obtained for the 

oxidation of reduced cytochrome J with ferricyanide. The slopes of these 

plots yield k jjS at a given ferrocyanide or ferricyanide concentration. 

Second-order plots of k0ks versus the concentration of iron hexacyanide 

are linear over the range of concentrations studied. Figure 23 is a 

representative second-order plot for both ferrocyanide reduction and 

93 
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[iron hexacyanidelxlO^, (M) 

Figure 23. Second-Order Plots for the Reaction of Cytochrome j: with 
the Iron Hexacyanides. -- Buffer = .02 M potassium phosphate, 
pH 7.0, plus .10 M NaCl; ® ferrocyanide reduction; Q| ferri-
cyanide oxidation (ordinate is x 10"1). 
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ferricyanide oxidation of cytochrome f. The slopes of the lines in 

3 - 1  - 1  
Figure 23 yield second-order rate constants of 3.6 x 10 M sec and 

4 - 1  - 1  
3.2 x 10 M sec for the reduction and oxidation of cytochrome f, 

respectively. Unlike the reaction of cytochrome and ferro-

ferricyanide, there is no evidence for complex formation in the reaction 

of cytochrome £ with the iron hexacyanides and the reaction mechanism 

given by equation 37 is the simplest mechanism that can explain the 

observed results. 

cyto. f+3 + Fe+2 cyto. f+2 + Fe+3 (37) 

k-l 

+2 +3 
In this equation, Fe and Fe represent ferrocyanide and ferricyanide 

respectively. The equilibrium constant, is equal to k^/k and 

for the data in Figure 23, K = .11. The equilibrium constant calcu-
eq 

lated from the oxidation-reduction potentials of cytochrome £ and 

ferro-ferricyanide is .19. 

Effect of Ionic Strength 

The effect of ionic strength on both ferrocyanide reduction and 

ferricyanide oxidation of cytochrome ̂  was studied with the results given 

in Table 21. Both the rates of reduction and oxidation increase with 

increasing ionic strength, unlike the effect of ionic strength on the 

cytochrome jC2~ferro~ferr*-cyanide reaction. The results in Table 21 are 

plotted according to equation 6 in Figure 24. From the y-intercepts of 

the lines in Figure 24, the rates at infinite dilution are calculated 
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Table 21. Ionic Strength Effect on the Reaction of Cytochrome i  with 
the Iron Hexacyanides. 

Potassium Phosphate 
Buffer, pH 7.0 

kl 

(M" 

x 10"3 

•1 -L 
sec ) 

k_l x 10"4 

/M"1 -K (M sec ) 

K * 
eq 

K -k-k 
eq 

.002 M 1.5 .67 .22 .24 

.02 M 2.3 1.4 .16 .20 

.02 M, plus .02 M NaCl 2.7 2.0 .14 .20 

.02 M, plus .05 M NaCl 3.3 2.6 .13 .19 

.02 M, plus .10 M NaCl 3.6 3.2 .11 .19 

.02 M, plus .50 M NaCl 5.8 5.8 .10 .12 

* K = k-/k -. 
e q  1 - 1  

** K calculated from midpoint potentials of cytochrome f and ferro-
eq 
cyanide and ferricyanide. 
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Figure 24. Plot of Log k versus Square Root of Ionic 
Strength for the Reaction of Cytochrome _f with 
the Iron Hexacyanides. -- 0 ferrocyanide 
reduction; Bferricyanide oxidation. 
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3 - 1 - 1  3  - 1  - 1  
to be 1.2 x 10 M sec and 5.9 x 10 M sec for reduction and oxida

tion of cytochrome J, respectively. The slopes of the lines are +1.5 

and +2.0, yielding a net effective charge of -.4 on oxidized cytochrome 

_f and -.7 on reduced cytochrome f. 

The two values of K in Table 21 for each ionic strength are in 
eq 

reasonably close agreement. The midpoint potentials of the ferro-

ferricyanide couple in the different buffers are the same as given in 

Table 5. The midpoint potential of cytochrome f, 365 mV, is independent 

of ionic strength over the ionic strength range studied. 

Effect of pH 

The pH dependence of both ferrocyanide reduction and ferricyanide 

oxidation of cytochrome ̂  was studied over the pH range of 4 to 10. The 

results are listed in Table 22. Table 22 also compares K calculated 

from k^/k ^ and from the oxidation-reduction potentials of cytochrome f 

(discussed below) and ferro-ferricyanide. There is reasonably close 

agreement between the two values at the different pH's, further demon

strating the applicability of equation 37 in describing the reaction of 

cytochrome £ and ferro-ferricyanide. The effect of pH on the second-

order rate constants, k^ and k is presented graphically in Figure 25. 

The pH behavior for both rate constants is complex and qualitatively 

similar, exhibiting a rapid rise in rate with decreasing pH. A minimum 

of three pK ' s are required to fit the observed results. The lines 
8L 

drawn in Figure 25 were calculated from equation 7 for a mechanism 

similar to that of the reaction of cytochrome c^-ferro-ferricyanide 

described by equations 8-14. Values of K K and K _ used in 
d 1 flZ d <3 
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Table 22. pH Dependence of the Reaction of Cytochrome f: with the Iron 
Hexacyanides. 

pH* 
k^ x 10 ̂  

/v,"1 (M sec ) 

-4 
k_i x 10 

(M sec ) 

K ** 
eq 

K *** 
eq 

10.0 .15 2.7 .006 .030 

9.0 .90 - - -

8.0 

V 

3.4 2.8 .12 .18 

7.0 6.9 4.0 .17 .18 

6.0 7.2 4.2 .17 .20 

4.0 1200. 550. .22 .47 

* Buffer = .10 M TAGP (.025 M each Tris, sodium acetate, glycine, and 
potassium phosphate). 

** K = k./k .. 
e q  1 - 1  

*** K calculated from midpoint potentials of cytochrome f and 
eq -

ferrocyanide and ferricyanide. 
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Figure 25. Plot of Second-Order Rate Constants for Ferro-
cyanide Reduction and Ferricyanide Oxidation of 
Cytochrome f versus pH. — Buffer = .10 M TAGP 
(.025 M each Tris, sodium acetate, glycine, and 
potassium phosphate); 0 ferrocyanide reduction; 
H ferricyanide oxidation (ordinate is x 10"^). 
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-3 -5 -8 
generating the curves in Figure 25 are 10 M, 10 M, and 10 M for 

both ferrocyanide reduction and ferricyanide oxidation. For ferrocyanide 

6 X •• X 
reduction, the rate constants used are kg = 2.0 x 10 M sec , k^ = 

1.0 x 10^ M *sec \ k = 7.0 x 10^ M ^sec \ and k = 1.0 x 10^ M ^"sec 
C U 

6 *• X •• 1 5 
for ferricyanide oxidation, kg = 6.0 x 10 M sec , k^ = 1.0 x 10 

M *"sec k = 4.0 x 10^ M ^"sec \ and k, = 2.5 x 10^ M ^sec 
c d 

The complicated pH behavior of cytochrome _f is further demon

strated by the observed pH dependence of the midpoint potential of 

cytochrome f (Figure 26). Unlike the pH-midpoint potential behavior of 

cytochrome c„, which was adequately fitted with six pK values accord-
Z 3 

ing to equation 15, the observed data could not be adequately described 

with as many as eight pK values, four for the oxidized form and four 
3 

for the reduced form. From Figure 26, the slope of E versus pH is .06 
m 

at high pH. According to Clark (1960), equation 38 should generate a 

reasonable potential versus pH curve compatible with the observed results, 

provided the proper values of KQn and Krn are chosen. 

r r nr1 ["+]'M"Hl[1,+f+KrlKr2[,,+]lt"1---«rlKr2-"Krn)CH+] 
E = E + .061og ; •: 

" ° C" ^ +KolKo2tH — (KolKo2"' "Kon> 

(38) 

In this equation, x represents the number of apparent equilibrium con

stants, Kr> for the reduced form of the molecule, and y represents the 

number of apparent equilibrium constants, Kq, for the oxidized form of 

the molecule. Eq represents the midpoint potential the system would have 
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Figure 26. Oxidation-Reduction Potential of Cytochrome 
as a Function of pH. -- 9 buffer is .10 M 
TAGP (,025 M'each Tris, sodium acetate, glycine, 
and potassium phosphate), at indicated pH; 
H from Perini, Kamen and Schiff (1964). 
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at pH 0. The number of inflection points in Figure 26 suggests only two 

~ 8  - 6  
pK^ values, K = 10 and = 10 , but the non-integral slope at 

low pH implies the necessity of additional equilibrium constants in this 

range. Data presently available are insufficient to derive a reasonable 

quantitative description of the effect of pH on the oxidation-reduction 

potential of cytochrome i and correlation of the observed kinetic pKg 

values described above. 

At alkaline pH, the reduction of cytochrome Jf with ferrocyanide 

is biphasic. No biphasic nature was detected in the oxidation of 

cytochrome £ with ferricyanide at high pH. The second, slower phase 

was independent of ferrocyanide concentration with a first-order rate 

constant of 1 sec These results are similar to those obtained with 

cytochrome c^ and those reported for cytochrome c (Greenwood and Palmer 

1965, Wilson and Greenwood 1971, Lambeth et al. 1973). Also similar to 

the results with cytochrome and cytochrome c is the titration of the 

695 run band of cytochrome which disappears at alkaline pH. Figure 27 

is a plot of pH versus log acid/base for the 695 nm band titration of 

cytochrome J. Unlike the results with cytochrome c^ (Figure 7), however 

the line in Figure 27 is nonlinear as would be predicted from equation 

16. These results, as with those for the pH-midpoint potential behavior, 

indicate that the effect of pH on cytochrome ̂  is complex and not ex

plainable with available data. 

Effect of Temperature 

Both ferrocyanide reduction and ferricyanide oxidation of 

cytochrome J was studied as a function of temperature. Table 23 lists 
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Figure 27. Relationship between pH and Acidic and Basic Forms of Cytochrome _f. 
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Table 23. Temperature Dependence of the Reaction of Cytochrome J with 
Ferrocyanide and Ferricyanide.* 

Temperature kx x 10"3 k_j x 10"4 

(°c) /m"1 _1\ (M sec ) (M *sec *) 

5.5 3.9 3.9 

9.0 4.7 4.1 

13.0 5.1 4.8 

18.5 7.5 3.9 

23.0 7.8 4.0 

28.0 8.7 4.6 

* Buffer is .10 M TAGP (.025 M each Tris, sodium acetate, glycine, and 
potassium phosphate), pH 7.0 

the results obtained for the effect of temperature on the individual rate 

constants. The reduction of cytochrome ̂  with ferrocyanide demonstrates 

linear Arrhenius behavior, Figure 28, with an enthalpy of activation 

equal to 5.2 kcal/mole, calculated from the slope of the line in Figure 

28. The rate of ferricyanide oxidation appears to be independent of 

temperature yielding an enthalpy of activation of approximately zero. 

Calculating AS* and AG* according to equations 20 and 21 yields AS* = 

-21 eu. and AG* = 12 kcal/mole (at 20°C) for ferrocyanide reduction, 

4 IL O 
and AS = -37 eu. and AG = 11 kcal/mole (at 20 C) for ferricyanide 

oxidation. Summing the free energy of activation for reduction and 
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Figure 28. Arrhenius Plot of Ferrocyanide Reduction of 

Cytochrome _f. -- Buffer = .10 M TAGP (.025 M 
each Tris, sodium acetate, glycine, and potas
sium phosphate), pH 7.0. 
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oxidation yields a net AG = 1 kcal/mole. The free energy of activation 

calculated from the equilibrium constant of the reaction determined from 

the oxidation-reduction potentials of cytochrome f and ferro-ferricyanide 

is 1.0 kcal/mole. The agreement of this value with the thermodynamic 

value of AG* supports the mechanism described by equation 37 for a single-

step, reversible mechanism for the reaction of cytochrome i with ferro-

cyanide and ferricyanide. Similar to the second-order rate of oxidation 

of cytochrome cwith ferricyanide, the contribution to the free energy 

of activation for k ^ is primarily entropic; while the contribution to 

AG* for kj is equally enthalpic and entropic. Unlike the reaction of 

cytochrome c^ with ferrocyanide and ferricyanide, the net entropy of 

activation of +16 eu. favors the reduced cytochrome. This large entropic 

term, however, is compensated by a net enthalpic term of approximately 

+5 kcal/mole. 

Temperature-Jump Results 

Temperature-jump experiments were attempted to test whether or 

not the results would support the single-step reversible mechanism 

proposed in equation 37. There appeared to be a very fast relaxation 

time (< 1 ̂ sec), although evaluation of this signal was not possible. 

This time range is at the upper limits of detection for the temperature-

jump apparatus due to the rapidity of heating (Hammes 1968). Calculating 

the expected relaxation times from the rates of reduction and oxidation 

in .02 M potassium phosphate buffer, pH 7.0, plus .10 M NaCl (Table 21), 

and the equilibrium concentrations calculated from = .19, yields 

relaxation times greater than one second. As discussed previously, 



108 

these times exceed the lower detectable limits of the time range for 

present instrumentation due to convection effects. Obviously, the 

temperature-jump results for cytochrome £ and ferrocyanide offer no 

definite proof or disproof for the validity of equation 37. One can 

only suggest that the indication of a rapid relaxation time with an 

expected t of < 10 ̂  sec indicates a more complex reaction than equation 

37. 

Reduction with Ascorbate 

The reduction of cytochrome _f by ascorbate was studied as a 

function of ionic strength and temperature. Pseudo first-order plots 

of AA versus time were linear for at least four half-times. The values 

of k0bs> calculated from the slopes of these plots, plotted versus 

ascorbate concentration were linear over the range of ascorbate concen-

-2 -4 
trations used (5.0 x 10 M to 5.0 x 10 M). Figure 29 is a plot of 

log k versus the square root of ionic strength. The buffer used was 

.02 M potassium phosphate, pH 7.0 to which NaCl was added to vary the 

ionic strength. From the y-intercept of the line in Figure 29, the 

second-order rate of ascorbate reduction at infinite dilution is 14 

M *"sec \ The slope of the line yields the product of the interacting 

charges, which is equal to +.5. Since ascorbate has a net charge of -1, 

the net effective charge on the oxidized cytochrome JE molecule is -.5, 

compared to -.4 derived from the ionic strength effect for ferrocyanide 

reduction of cytochrome 

The rate of ascorbate reduction of cytochrome ̂  increases with 

increasing temperature. Figure 30 shows the linear Arrhenius behavior 



109 

1 i i 

1-6  - ^ -

14  . -

CD 
O £ 

1-2  -

1 1 1 l_ 
•4  6  

~\T~fL 

• 8 

Figure 29. Plot of Log k versus Square Root of Ionic 
Strength for the Reduction of Cytochrome f. 
-- Buffer = .02 M potassium phosphate, pH 7.0, 
plus varying concentrations of NaCl. 
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of the rate of reduction. The enthalpy of activation, calculated from 

the slope of the line in Figure 30, is equal to 6.3 kcal/mole, compared 

to 5.2 kcal/mole for ferrocyanide reduction. The entropy of activation 

for ascorbate reduction is -26 eu. and the free energy of activation at 

20°C is 14 kcal/mole. Similar to ferrocyanide reduction of cytochrome 

the enthalpic and entropic contributions to AG* are approximately 

equal. 

Reduction with Dithionite 

The reaction of cytochrome £ and dithionite is qualitatively 

similar to the reaction of cytochrome c and cytochrome c^ with dithionite 

discussed previously. The mechanism of dithionite reduction was de

scribed by equations 32-34. The cytochrome j[-dithionite reaction data 

were analyzed by using the rate law given by equation 35. The rate of 

reduction of cytochrome _f with sodium dithionite was measured over a 

range of ionic strengths by varying the concentration of NaCl in potas

sium phosphate buffer, pH 7.0. The results are listed in Table 24. 

As with both ferrocyanide and ascorbate reduction of cytochrome j:, the 

rates of reduction, k^, and SO^ reduction, k^, increase with 

increasing ionic strength. A plot of log k versus the square root of 

ionic strength for both $2©^ and SO2 reduction is given in Figure 31. 

The rates of reduction at infinite dilution are 3.1 x 10^ M ^sec * and 

3 - 1 - 1  -  =  
9.9 x 10 M sec for SO2 and S20^ , respectively. The products of 

the interacting charges are +1.8 and +2.5 for SO2 and reduction, 

respectively, yielding a charge on the cytochrome £ molecule of -1.8 and 

-1.3. This averages to approximately -1.5 for the net effective charge 
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Table 24. Ionic Strength Effect on the Reduction of Cytochrome £ with 
Sodium Dithionite. 

-4 -7 
Potassium Phosphate p, k1 x 10 k„ x 10 
Buffer, pH 7.0 

(M) (M *sec S (M ^"sec *) 

.02 M, plus .50 M NaCl .535 14. 17. 

.02 M, plus .10 M NaCl .135 7.0 12. 

.02 M, plus .05 M NaCl .085 6.0 11. 

.02 M, plus .02 M NaCl .055 4.3 9.3 

.02 M .035 3.2 7.5 

.01 M .018 1.8 4.4 
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Figure 31. Plot of Log k versus Square Root of Ionic 
Strength for the Reduction of Cytochrome f_ 
with Sodium Dithionite. -- A. SC^ reduction; 

S^O^ reduction. 
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on the protein, as compared to a net effective charge of -.5 from the 

ionic strength experiments with ferrocyanide and ascorbate reduction of 

cytochrome f. 

Reaction with HiPIP 

Cytochrome J is reversably reduced and oxidized by HiPIP. Pseudo 

first-order plots for the reduction of oxidized cytochrome _f with re

duced HiPIP and the oxidation of reduced cytochrome f with oxidized 

HiPIP are linear for at least four half-times. The reaction of cytochrome 

f and HiPIP was monitored at 416 nm and k . was determined for at 
— obs 

least six concentrations of reduced or oxidized HiPIP (~ 5 x 10 ^ M to 

""6 -6 
~ 5 x 10 M) with a cytochrome concentration of ~ 1,5 x 10 M. Second-

order plots of versus HiPIP concentration are linear over the range 

of HiPIP concentrations used. Equation 39 adequately describes the ob

served reaction. 

+3 ^1 +2 
cyto. _f + reduced HiPIP v cyto. j: + oxidized HiPIP 

^-1 
(39) 

The reaction of cytochrome _f and HiPIP was studied as a function 

of ionic strength with the results listed in Table 25. The values of 

K given in Table 25 are slightly higher than K calculated from the 

midpoint potentials of cytochrome f (E , = 365 mV) and HiPIP (E _ = 
— m,/ m,7 

350 raV), K = 1.8. Both the rate of reduction, k^, and oxidation, 

k increase with increasing ionic strength. Linear plots of log k 

versus the square root of ionic strength were obtained, Figure 32, from 
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Table 25. Ionic Strength Effect on the Reaction of Cytochrome _f with 
HiPIP. 

Potassium Phosphate 
Buffer, pH 7.0 

M-

(M) 

k x 10"6 

(M '"sec *") 

k_l x 10"6 

(M_1sec"1) 

K * 
eq 

.02 M, tplus . 10 M NaCl .135 5.8 3.0 1.9 

.02 M, plus .05 M NaCl .085 4.6 1.4 3.3 

.02 M, plus .02 M NaCl .055 3.9 1.2 3.2 

.02 M .035 2.8 

o
 

00 

3.5 

.01 M .018 1.7 .65 2.6 
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Figure 32. Plot of Log k versus Square Root of Ionic 
Strength for the Reaction of Cytochrome f^ and 
HiPIP. -- 9 reduction of cytochrome ̂  with 
reduced HiPIP;Q oxidation of cytochrome _f with 
oxidized HiPIP. 
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which the rates at infinite dilution and the product of the interacting 

charges are calculated. The rate at infinite dilution for the reduction 

of cytochrome £ is 8.7 x 10"* M ^"sec for the oxidation of cytochrome 

3.0 x 10"* M *sec The product of the interacting charges for both 

reduction and oxidation of cytochrome J is +2.3. Results with cytochrome 

J and the other reactants discussed previously suggest a negative 

oxidation-reduction site of interaction on the cytochrome molecule. 

Results with cytochrome and HiPIP suggest a negative site of inter

action on HiPIP. Since both the isoelectric points of cytochrome f_ and 

HiPIP are less than 7.0, 5.5 and 5.2, respectively; both proteins have 

a net negative charge at pH 7.0. One could reasonably suggest that the 

interaction of cytochrome f and HiPIP is non-specific, and that implica

tion of a specific site or region of interaction is premature at this 

point. 

The reaction of cytochrome _f and HiPIP was also studied by 

temperature-jump kinetics. Table 26 lists the observed T values obtained 

for different ratios of reduced HiPIP to oxidized cytochrome J. 

Included in Table 26 are the expected t values for the mechanism 

described by equation 39 (see also equation 24), calculated from the 

listed equilibrium concentrations and k^ = 5.8 x 10^ M *sec * and k ^ = 

3.0 x 10^ M *sec * (Table 25). The observed relaxation times are much 

greater than expected. Only one relaxation time was observed for a given 

mixture of oxidized cytochrome J and reduced HiPIP. These temperature-

jump results suggest that the reaction of cytochrome ̂  and HiPIP is more 

complex than the stopped-flow kinetics indicate. This is consistent 
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Table 26. Results of Temperature-Jump Experiments for the Reaction of 
Cytochrome f^ and HiPIP." 

[oxidized 
cyto. f ]  

x 10^,(M) 

[reduced 
HiPIP] 

x 106,(M) 

[reduced 
cyto f ] * *  

x 106,(M) 

- 1  -4 
T X 10 *** 

(sec ) / _1\ (sec ) 

1.6 6.8 2.8 1.0 66 

.70 8.5 3.4 1.4 74 

.70 10.0 2.9 1.7 80 

.20 26.0 1.5 4.6 163 

* Buffer is .02 M potassium phosphate, pH 7.0, plus .10 M NaCl. 

** [reduced cyto. ̂ ] = [oxidized HiPIP]. 

*** t ^ observed. 

**** T ^ calculated for a single-step reversible mechanism where 

k^ = 5.8 x 10^ M *sec * and k ^ = 3.0 x 10^ M *sec 
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with the cytochrome ̂ -ferrocyanide reaction in which the temperature-

jump results also indicated a more complex mechanism than the stopped-

flow kinetics. 



CHAPTER 5 

DISCUSSION 

Eruation 1 (rewritten in a more general format below) describes 

a mechanism for the reaction of cytochrome c with ferro-ferricyanide 

+3 1 
cyto. + reductant • ' 

k 
+3 2 +2 

reductant ^ % cyto. cyto. 
k 
-1 

oxidant ^ cyto.^ + oxidant 

Implicit in the mechanism is the formation of two complexes—oxidized 

electron transfer occurring between the two complexes. The second-order 

rate constants for the formation of the respective complexes are actually 

measure. From the kinetic data presented, assignment of the observed 

rate limiting steps to either k^ or k^ and k ̂  or k ^ is not possible. 

However, as long as k^/k or k^/k ^ is approximately equal to 

one, then the analysis described in Chapter 3 is valid (see Appendix A). 

Recent pulsed radiolysis studies on the reduction of ferricytochrome jc 

by hydrated electrons establish that the rate of reduction is nearly 

diffusion controlled at pH 7 (Land and Swallow 1971, Pecht and Faraggi 

1972, Lichtin et al. 1973). Therefore, it is not unreasonable to specu

late that the rate of electron transfer between the two complexes is 

cytochrome c -ferrocyanide and reduced cytochrome c -ferricyanide--with 

120 
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rapid, Assuming Kg = 1, then the dissociation of the complex is rate 

limiting if it is less than the product of the second-order rate con

stant for the formation of the complex and the concentration of the 

reductant or oxidant, as in the reaction of cytochrome £with ferro-

cyanide and ferricyanide. Describing the mechanism in this manner, 

allows one to apply equation 1 in interpreting the results of cytochrome 

c^ with sodium ascorbate and sodium dithionite and cytochrome _f with 

ferro-ferricyanide, ascorbate and dithionite. Although no rate limiting 

step was kinetically observed in these reactions, suggesting complex 

formation, one could justifiably assume that the rate of dissociation 

of the complex was much greater than the measured first-order rates of 

association for the complex. Assuming this complex mechanism could 

account for the complicated temperature-jump results observed with 

cytochrome J and ferrocyanide. 

The rates of dissociation and association of the complexes are 

dependent upon ionic strength, pH, and temperature. The oxidation-

reduction potentials of the reactants determine the over-all equilibrium 

constant for equation 1. Assuming the ratio of the rates of electron 

transfer is equal to one, the equilibrium constant for equation 1 is 

independent of the rates of electron transfer between the two complexes. 

Ferro-Ferricyanide Reaction 

The reaction of cytochrome with ferro-ferricyanide can be 

qualitatively and quantitatively compared to the recent results obtained 

with cytochrome c and ferro-ferricyanide (Stellwagen and Shulman 1973, 

Miller and Cusanovich 1974). Early investigations of the reaction of 
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cytochrome c  with the iron hexacyanides reported evidence for only a 

single-step reversible mechanism (Havsteen 1965, Brandt et al. 1966). 

Miller and Cusanovich (1974) have shown that similar to cytochrome c^, 

the second-order plots of apparent first-order rate constants versus 

ferrocyanide concentrations are characterized by the presence of a lay

over, attributable to complex formation. For the reaction mechanism 

described by equation 1, the limiting rates for ferrocyanide reduction 

and ferricyanide oxidation of cytochrome c were calculated to be 123 

sec * and ^ sec \ respectively. Similar to cytochrome c,these 

first-order rates were essentially independent of both ionic strength 

and pH. 

Further support for a complex mechanism in the cytochrome c-

ferro-ferricyanide reaction has been gained from nuclear magnetic 

resonance (NMR) studies (Stellwagen and Shulman 1973). The mechanism 

proposed from this NMR work is identical to equation 1. By monitoring 

line widths of two heme methyl proton resonances as a function of 

ferrocyanide, ferricyanide, or salt concentration, evidence was obtained 

which suggested that the complex formation was principally ionic, that 

ferrocyanide and ferricyanide compete for a common site, and that com

plex formation occurs on the protein surface. All these conclusions are 

consistent with the results for cytochrome £2* The authors also assigned 

the following values to the rate constants (as defined in equation 1): 

k^/k_^ = k^/k_j = 4 x 10^ M k^ = 208 sec k^ = 2.08 x 10^ sec *. 

These assigned rates are consistent with the over-all rates of reduction 

and oxidation previously determined from stopped-flow measurements 
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(Havsteen 1965, Brandt et al. 1966). The primary difference between the 

interpretation of the results for cytochrome and cytochrome c is the 

assignment of the individual rate constants. Essentially, and k^ are 

interchanged, with the electron transfer rate, k^, assumed fast for cyto

chrome £2- For cytochrome c, k^ is assigned a value greater than k^. 

As is discussed in Appendix A, distinction between k^ and k^ or k ^ a°d 

k ^ cannot be kinetically determined. 

Effect of Ionic Strength, pH, and 
Temperature on the Reactions of 

Cytochrome c^ 

The effect of ionic strength on both reduction and oxidation of 

cytochrome clearly demonstrates the interaction of a positively 

charged region of cytochrome c^ with each of the reactants studied. 

One proposed physiological mechanism of electron transfer in cytochrome 

c (discussed in more detail below) suggests that electron transfer 

occurs directly between the heme and the reductase or oxidase (Salemme, 

Kraut and Kamen 1973; Davis et al. 1972). The other proposed mechanism 

suggests that the reductase binds at the left side of the cytochrome c 

molecule and an electron is transferred from the reductase to the heme 

through overlapping rr-electron clouds on aromatic amino acid residues 

(Takano et al. 1973, Smith et al. 1973, Margoliash et al. 1973). Eleven 

of the 17 lysine residues of cytochrome c^ surround the heme crevice 

creating a positive charged cluster (Salemme,Freer et al. 1973). Of these 

eleven, six are structurally homologous with lysines residues in horse 

heart cytochrome c which surround the heme crevice. The remaining six 

lysine residues of cytochrome £ which do not surround the heme crevice 
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are located such that they do not appear to interfere with possible 

access of the iron hexacyanides to the heme. Lysine 43 is at the right 

bottom, lysines 56, 58, and 81 are at the left bottom, and lysines 109 

and 112 are at the rear of the molecule. Of these six, lysines 56, 58, 

and 109 are structurally homologous with horse cytochrome c and only Lys 

109 appears near an aromatic amino acid (Tyr 107), whose homologue in 

cytochrome c is Tyr 97. Therefore, the lysine cluster near the heme 

crevice seems most likely to be the site of both oxidation and reduction 

of cytochrome c^. 

Table 27 summarizes the apparent effective charge on the cyto

chrome c2 molecule for each of the reactants studied. It is interesting 

to note that the apparent effective charge with ferrocyanide is greater 

than with ferricyanide suggesting partial interaction of the reductant 

with the +1 charge on the oxidized heme. However, the listed apparent 

effective charges are only minimum estimates, useful only for relative 

comparison, and in no way can they be interpreted as a quantitative 

representation of the actual effective charge on the cytochrome molecule. 

Table 27 also summarizes the apparent pKfl values needed to fit 

the observed kinetic results for the reactions of cytochrome studied. 

In each case listed, three pK values are required (3-5, 7-8.5, 9-10) 
3 

with the particular value dependent on the oxidation state of the protein. 

The listed pKg values are the minimum number required to fit the kinetic 

pH rate profiles. The variation in ionization constants with the oxida

tion state of the protein indicates that the amino acid residues involved 

have different relative environments in the oxidized and reduced proteins. 



Table 27. Comparative Parameters for the Reactions of Cytochrome c 

Reactant 
* 

z 
a 

** 
k 

CO 

-1A (M sec ) 

"kick 
E 
a 

(kcal/ 
mo le) 

AH* 

(kcal/ 
mole) 

AS* 

(eu.) 

AG* 

(kcal/ 
mole) 

pKal PKa2 pKa3 

Ferrocyanide +1.3 5.0 x io6 12.0 11.4 +1.8 11. 4.0 8.0 10. 

Ferricyanide + .7 1.3 x 107 5.8 5.2 -10. 8.2 3.0 7.0 9.0 

Ascorbate +2. 170. 14. 13.4 -7.8 15. 4.0 8.5 10. 

S2°4= + .7 2.5 x 105 17. 16.4 +8.9 14. 5.0 8.5 10. 

so2~ + .7 1.1 X 108 11. 10.4 +5.6 8.4 5.0 8.5 10. 

* Z = apparent effective charge on cytochrome c . 
a z 

** k = rate of reaction at infinite dilution from equation 6. 
00 

*** Thermodynamic parameter for second-order rate of reaction for cytochrome and indicated 
reactant. 

**** Calculated dissociation constants that best fit observed results. 
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This is also accounted for in the midpoint behavior of cytochrome as 

a function of pH, which requires six pK values, three for the oxidized 
3 

protein end three for the reduced protein. These closely agree with the 

pK values from the kinetic data. r a 

The data presented in Table 7 for ferrocyanide reduction and 

ferricyanide oxidation demonstrate that only the second-order rate 

constants are dependent on pH, suggesting that the rate of electron 

transfer is independent of pH. Therefore, the pH affects only the bind

ing of the reactant to the cytochrome. 

It is significant to note the close agreement in the three pK 
3 

values calculated from the kinetic data for each of the four reductants 

--ferrocyanide, ascorbate, S£0^ , and SC^ . The only disparity is for 

the lowest pK for dithionite reduction, which is probably due to the 
Sl 

instability of dithionite solutions at low pH. 

The assignment of the three apparent pK values to individual 
d 

amino acid residues is mostly speculative. In the discussion that 

follows, emphasis is given to the location of the specified residue in 

relation to accessibility and proximity to the heme or aromatic residues. 

Only two amino acids have an apparent pK near 4, aspartic and glutamic 
€L 

acid (Nozaki and Tanford 1967). Of the 15 acidic residues, none are in 

the close proximity of the heme crevice and only one, Glu 64, blocks 

access to an aromatic, Phe 36. Asp 21, Glu 50, Glu 64, Glu 90, and Glu 

92 are the only acidic residues with structural homologs in cytochrome 

c. It seems unlikely then that any of these acidic amino acid residues 

could account for the low pK value of four, if the site of interaction 

is at the heme crevice. Two other possibilities could account for a 
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pK near four, protonation of the carboxyl terminus, at the rear of the 
a 

protein, or protonation of a heme propionate. The rear heme propionate 

is hydrogen bonded to Tyr 48 and Trp 62. The front heme propionate is 

hydrogen bonded to Tyr 46 and Ser 49. On the basis of proximity to the 

heme crevice, protonation of a heme propionate is most likely to affect 

electron transfer. 

Histidine is the only amino acid with a pK near 7-8. Of the 
3 

two histidine residues in cytochrome c^> one, His 18, forms the fifth 

heme ligand and the other, His 42, is at right rear exterior of the 

molecule, 8.5 A from the heme. The N-terminus of cytochrome c^ 

(pK ~ 7.6) is at the upper rear of the molecule. Neither of these would 

appear likely to account for the pK ~ 7-8. It might be possible to 
3 

account for this apparent pK value due to an altered pK value of a 
3 3 

buried amino acid residue. However, present data does not implicate 

which specific residue may be involved if this were the case. 

Both tyrosine and lysine residues have apparent pK values near 
3 

10. The relative positions of the lysines residues were described 

previously. Tyrosines 52, 70, and 107 are in the interior of the heme 

crevice. Tyrosines 46 and 48 are located near the front of the heme 

crevice, both hydrogen bonded to a heme propionate. Any of the lysine 

residues surrounding the heme crevice could account for the pK ~ 10. 
3 

Tyrosine 70 is also a reasonable possibility since it has been impli

cated in the mechanism of electron transport discussed below. 

The kinetic and 695 nm band behavior of cytochrome £,at alkaline 

pH also implicates an amino acid residue with a pK of approximately 9.5 
3 
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as being involved in the oxidation-reduction reaction of cytochrome c 

With ferrocyanide and ascorbate reduction of cytochrome cthis involve

ment is manifest in the appearance of a second, slower kinetic phase at 

alkaline pH. The 695 nm band of cytochrome c^ steadily decreases with 

increasing pH. Lambeth et al. (1973) have proposed a mechanism for 

cytochrome c in which the Met 80 ligand to the heme is displaced by the 

deprotonated Lys 79 in the oxidized molecule at high pH. The Met 80 

ligand is stabilized at neutral pH due to protonation of Lys 79. In 

ferrocytochrome c the coordinate bond between Met 80 and the reduced 

heme is approximately 100 times stronger than in the oxidized heme 

(Harbury et al. 1965), therefore the sixth ligand is assumed to still be 

Met 80 in ferrocytochrome c at alkaline pH (Gupta and Koenig 1971). 

Analogous to cytochrome c, in cytochrome the Met 91 ligand would 

conceivably be replaced by a lysine residue (Lys 90 is structurally 

homologous with Lys 79) at alkaline pH, accounting for the observed 

results with cytochrome at high pH. However, the slope of 2 in 

Figures 7 and 14 suggests that the changes occurring in the ferricyto-

chrome molecule at alkaline pH are more complicated than just de-

protonation of a lysine residue. Since ferricyanide oxidation of 

cytochrome c^ shows no biphasic behavior similar to ferrocyanide reduc

tion, one can reasonably suggest that, as in ferrocytochrome c, the 

sixth ligand, at alkaline pH, to ferrocytochrome c^ remains Met 91. 

Also included in Table 27 are the thermodynamic parameters ob

tained from the different reactions of cytochrome studied. For the 

second-order rates of reduction by ferrocyanide, ascorbate, , and 
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SC>2 , the primary contribution to the free energy of activation is 

enthalpic. For ferricyanide oxidation the enthalpic and entropic 

contributions are approximately equal. Both chemical and structural 

studies have indicated that the cytochrome c molecule changes conforma

tion upon reduction or oxidation, and that the reduced form has a more 

compact structure than does the oxidized (Yamanaka et al. 1959, Kowalsky 

1965, Wuthrich 1969, Stellwagen 1964, Takano et al. 1973). The apparent 

differences in the entropic contributions for reduction and oxidation of 

cytochrome c^ can be accounted for on the basis of steric factors. If 

the reactant did bind at or near the heme crevice and the heme crevice 

assumed a more open configuration in the oxidized cytochrome molecule, 

similar to cytochrome c, then the entropic contribution would be ex

pected to be more negative for reduction of cytochrome c^, than for 

oxidation. Ionic strength results suggested a greater apparent effective 

charge on the oxidized molecule than on the reduced molecule of cyto

chrome c2 which could also account for the increase in AS*. However, if 

the differences in AS* were to be accounted for solely on the basis of 

ionic interactions, then the energy of activation, E for oxidation 
d 

would be expected to be more than for reduction. The opposite is however 

true, since E for reduction with ferrocyanide is approximately twice 
d 

that for oxidation of cytochrome c^ with ferricyanide. Therefore, the 

more unfavorable entropic term for oxidation of cytochrome c^ is compen

sated by the favorable enthalpic term. In the case of the ferro-

ferricyanide reaction with cytochrome c^, where the thermodynamic 

parameters were determined for each reaction step, the total entropy of 

activation was approximately -8 eu. favoring the oxidized molecule, 
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compared to an enthalpy of activation close to zero. This further sug

gest that the oxidized molecule of cytochrome c^ is in a more thermo-

dynamically favorable conformation than the reduced molecule. An 

entropy term of 8 eu. is, however, small and if it is explainable on 

steric factors, conformation changes would be expected to be small. 

These results are consistent with the pH effects in that the assigned 

pK values for the oxidized and reduced molecules are slightly different, 
d 

indicating different environments of the amino acid residues. 

For the reduction of cytochrome c^ with the four reductants 

listed in Table 27, the differences in AS can be accounted for in the 

second-order rates of reduction. The equation used for the calculation 

of AS* (equation 20) was derived from the collision theory; therefore, 

the faster the rate, the more positive is AS*, corresponding to the more 

likely formation of an activated complex. From the AS* values, the 

second-order rates of reduction would be expected to have the order 

> SO2 > ferrocyanide > ascorbate. From the actual kinetic data 

the order is SO£ > ferrocyanide > S20^ > ascorbate. The discrepancy 

with S^O^ is not explainable at this time. 

Effect of Ionic Strength. pH, and Temperature on 
the Reactions of Cytochrome J 

Table 28 summarizes some of the comparative parameters determined 

from the effect of ionic strength, pH, and temperature on the reactions 

of cytochrome i. From the effect of ionic strength on both the reduc

tion and oxidation of cytochrome f by the listed reactants, the site of 

interaction on cytochrome j| must be negative. From the results obtained, 



Table 28. Comparative Pax'meters for the Reactions of Cytochrome J. 

Reactant 
* 
Z 
a 

** 
k 
CO 

(M ^sec *) 

*** 
E 
a 

(kcal/ 
mole) 

AH* 

(kcal/ 
mole) 

AS* 

(eu.) 

AG* 

(kcal/ 
mole) 

**** 
pKal 

pK 0 
* a2 pKa3 

Ferrocyanlde - .4 1.2 x 103 5.8 5.2 -21. 8.2 3.0 5.0 8.0 

Ferricyanide - .7 5.9 x 103 0 0 -37. 11. 3.0 5.0 8.0 

Ascorbate - .5 14. 7.0 6.4 -26. 14. - - -

S2°4= -1.3 9.9 x 103 - - - - - - -

s°2- -1.8 3.1 x 107 - - - - - - -

* • apparent effective charge on cytochrome 

** • rate of reaction at infinite dilution from equation 6. 

*** Thermodynamic parameter for second-order rate of reaction for cytochrome _f and indicated 
reactant. 

-**** Calculated dissociation constants that best fit observed results. 
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it is not possible to determine if the site of interaction is specific 

or if the apparent effective charge is due to the net negative charge of 

the molecule at pH 7.0. Similar to the interaction of cytochrome 

with the iron hexacyanides, the apparent effective charge on the oxi

dized cytochrome £ molecule is more positive than on the reduced mole

cule, suggesting partial participation of the +1 charge on the oxidized 

heme. 

A minimum of three pK values were needed to describe the effect 
a 

of pH on the kinetics of ferrocyanide reduction and ferricyanide oxida

tion of cytochrome Two, pK = 3 and 5, may be attributed to any of 
3 

the 13 aspartic and glutamic acid residues of cytochrome £. The pK at 

8 is more difficult to assign since the only histidine residue in 

cytochrome f, His 13, is probably the fifth ligand to the heme. Assign

ment of any of the pKa values is purely speculative at this point. The 

complicated pH behavior of cytochrome is also demonstrated in the mid

point versus pH curve (Figure 26). The non-integral slope at low pH 

indicates the presence of at least two or more titrable amino acid 

residues, as implicated from the kinetic data. 

Cytochrome _f also exhibits the same biphasic kinetics at alkaline 

pH when reduced with ferrocyanide as cytochrome c and cytochrome c^. The 

presence of a non-reducible conformer at alkaline pH, which accounts for 

the biphasic kinetics, may be attributed to displacement of the methionine 

ligand to the heme at the sixth position by a lysine residue (see above). 

Therefore, it is possible that the sixth ligand of cytochrome J is also 

methionine and its replacement by a lysine residue explains the observed 
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results. The only methionine in the cytochrome _f sequence is Met 56 and 

the nearest (sequentially) lysine residue to Met 56 is Lys 53. The 

other three lysine residues are at positions 25, 29, and 42. The 695 

band of ferricytochrome J also disappears at alkaline pH similar to 

results with cytochrome c and cytochrome c„. The apparent pK of this 
2. a 

titration is 9+1 which is a reasonable pKg for a lysine residue. How

ever, the non-linear slope of Figure 27 suggests more complicated 

changes occurring in the ferricytochrome J molecule at alkaline pH. 

Both reduction and oxidation of cytochrome J is characterized 

by a large unfavorable entropy of activation, compared to cytochrome c^> 

attributable to the interaction of two like-charged molecules. Similar 

to the results with cytochrome c^, the contribution of the entropic 

term to the free energy of activation is greater for the oxidation re

action than for the reduction reactions. However, unlike cytochrome c^, 

the enthalpic and entropic contributions are approximately equal for the 

reduction of cytochrome J, while the enthalpic contribution is negligible 

for oxidation. It is not surprising that the enthalpic contribution is 

less for the interaction of like-charged ions than for unlike-charged 

ions. The number of effective collisions occurring with increased 

temperature is more likely to be less for like-charged ions than unlike-

charged ions because it is less probable that a negative ion will find 

itself close to another negative ion rather than a positive ion. The 

total entropy of activation for the ferro-ferricyanide reaction with 

cytochrome J: favors the reduced molecule, which is unlike the results 

obtained for cytochrome c^. However, the total entropy of activation 
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calculated for the cytochrome £reaction included contributions for the 

dissociation of the complexes predicted in equation 1. 

Mechanisms of Electron Transfer 

Essentially two mechanisms of electron transfer for cytochrome c 

have been proposed. One involves the reduction and oxidation of cyto

chrome c by the physiological reductase and oxidase at different sites 

on the cytochrome molecule (Takano et al. 1973, Smith et al. 1973, 

Margoliash et al. 1973). The other suggests that the reductase and oxi

dase binding sites are the same and reduction and oxidation occurs at 

the front of the cytochrome molecule (Salemme, Kraut and Kamen 1973; 

Davis et al. 1972; Miller and Cusanovich 1974). 

The first experimental evidence that mitochondrial cytochrome jc 

reductase and oxidase bind at different sites on the cytochrome £ 

molecule came from the study of the antigenic behavior of human 

cytochrome c in rabbits (Smith et al. 1973). Rabbits produce four 

different antibodies against cytochrome c. One of these binds at the 

back of the cytochrome £ molecule at Lys 58 and affects neither the 

oxidase or reductase reaction. Another antibody blocks only the reduc

tase activity without affecting the oxidase, indicating that the site 

of reductase and oxidase binding is different. Further chemical evidence 

for different electron transfer sites was obtained from modification of 

Tyr 74, Trp 59, Tyr 67, and Met 80 of horse heart cytochrome £ (Margoliash 

et al. 1973). The ability of these derivatives of cytochrome c to accept 

electrons from mitochondrial reductase was inhibited, but not the ability 

to react with mitochondrial oxidase. Margoliash et al. (1973) conclude 
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that electrons from cytochrome c reductase to cytochrome jc are trans

mitted by a different path than electrons from cytochrome £ to cytochrome 

c oxidase. They propose a pathway involving an aromatic ring channel 

consisting of the amino acid residues 74, 59, 67, and 80 leading from 

the left side of the molecule to the heme for the reduction of cytochrome 

c .  

This mechanism of cytochrome c reduction is similar to that 

proposed by Takano et al. (1973). Based upon structural evidence, 

sequence homologies, and chemical modification experiments, the left 

side of the cytochrome c molecule has been assigned the reductase bind

ing site and electron transfer occurs by migration of an electron through 

delocalized rr-electron clouds of aromatic residues to the heme ring 

(Dickerson 1971; Myer 1972a, 1972b; Myer and Pal 1972). More specifically 

after binding of the reductase complex to oxidized cytochrome c, it is 

proposed that an electron is transferred from the reductase to Tyr 74 

(Takano et al. 1973). The aromatic rings of Tyr 74 and Trp 59 are 

parallel and electron transfer supposedly occurs spontaneously, since 

the larger delocalized ring system of tryptophan leads to a lower lying 

first anti-bonding orbital for the electron to occupy. At the same time 

this electron is transferred from Tyr 74 to Trp 59, an electron is 

transferred from Tyr 67 to the heme ring. This leads to an ion-pair 

with a partial negative charge on Trp 59 and a partial positive charge 

on Tyr 67. A conformational change then occurs, with Trp 59 and Tyr 67 

now parallel and electron transfer occurring between the two aromatics, 

leaving both neutral. The cytochrome c molecule is now in its reduced 

form. 
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The above description accounts for a possible means of reduction 

of cytochrome c. Oxidation of cytochrome c is proposed to take place at 

the front of the molecule with the binding of cytochrome £ oxidase at 

or near Lys 13 (Wada and Okunuki 1969). The above evidence supports a 

mechanism for electron transfer in cytochrome c in which reduction and 

oxidation occur at different binding sites on the molecule. The major 

support for this proposal is antigenic experiments. However, differences 

in reactivity of the antibody-bound ferri and ferrocytochrome c may be 

explained on the basis of conformational restrictive binding at a remote 

site of the cytochrome molecule. Then necessary conformational changes 

postulated for the ferro-ferricytochrome c transition (Takano et al. 

1973; Salemme, Kraut and Kamen 1973) could not occur. Chemical modifi

cation experiments discussed above suggest that the site of electron 

transfer is also different. However, the oxidation-reduction potentials 

of the ehcmically modified cytochromes were not measured so that the 

tested reactions may have been thermodynamically unfavorable rather than 

unfavorable due to modification of amino acid residues involved in 

electron transfer. Also, the experimental results were interpreted to 

indicate changes in the rate of electron transfer without any clarifica

tion of possible changes in the binding ability of the cytochrome for 

the reductase or oxidase. Furthermore, proposed electron transfer by 

means of an aromatic channel requires reduction of a tyrosine residue. 

It seems unlikely that the mitochrondrial reductase with a midpoint 

potential of approximately 220 mV could reduce tyrosine with a midpoint 

of approximately -2 volts. 
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The other proposed mechanism, based primarily upon inhibition 

studies of the mammalian mitochondrial oxidase and reductase systems 

and upon structural evidence, suggests that the physiological oxidation 

and reduction of cytochrome c occurs at identical sites of the molecule 

(Davis et al. 1972; Salemme, Kraut and Kamen 1973). Davis et al. (1972) 

studied the comparative reactivities of cytochrome c, cytochrome ̂  and 

five other bacterial and algal cytochromes, including Porphyra teaera 

cytochrome f. From the results, the following pertinent conclusions 

were made. Cytochrome c and cytochrome show comparable specific 

activities with both the mitochondrial DPNH-cytochrome c reductase and 

the DPNH dehydrogenase system. Tyrosine 74 of cytochrome ct implicated 

as the site of reductase binding and electron transfer (Takano et al. 

1973), is replaced by Phe 77 in cytochrome cPhenylalanine 77 in 

cytochrome c^ is buried in the interior of the molecule, compared to 

tyrosine 74 of cytochrome c, which is exposed to the solvent. It seems 

unlikely that this residue is the site of electron entry if cytochrome 

c and cytochrome c^ have the same mode of reduction. Poly-L-lysine in

hibits both the oxidase and reductase for cytochrome c and cytochrome c^, 

which is inconsistent with different binding sites on the cytochrome c 

molecule. It also is interesting to note that the reductase activity of 

Porphyra tenera cytochrome f, sequentially and physio-chemically similar 

to Euglena gracilis cytochrome J[ (Pettigrew and Ambler 1972, Mitsui and 

Tsushima 1967, Katoh 1960), was stimulated by polylysine and insensitive 

to antimycin A. These results suggest that the mode of interaction of 

cytochrome f with the mitochondrial reductase system is different from 
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that of cytochrome c and cytochrome c^- This is in agreement with the 

ionic strength and pH effects with cytochrome ̂  and nonphysiological 

reactants compared to cytochrome c^ reported in this work. 

Based upon the above evidence and structural considerations, 

Salemme, Kraut and Kamen (1973) have proposed the following physiological 

mechanism for the oxidation and reduction of cytochrome c. The positive 

charge on oxidized heme iron is stabilized by a bound anion at the upper 

left of the heme crevice. Upon binding of the reductase, Phe 82 is 

forced into the crevice displacing the anion and Lys 13, which also 

stabilizes the positive heme charge. The sulfur atom of Met 80 then 

becomes partially polarized from transfer of the delocalized positive 

charge of the heme and consequentially forms an ion-pair with the hy-

droxyl oxygen of Tyr 67. The partial negative charge on Tyr 67 may be 

stabilized by the amide group of Asn 52. Reduction takes place by direct 

electron transfer from a group on the reductase to the heme. Reduction 

may be facilitated by protonation of Thr 78 by the reductase, which 

would decrease the ionic interaction between Tyr 67 and Met 80 leading 

to a more positively charged heme. Upon reduction, the ionic inter

action between Tyr 67 and Met 80 is broken and the sulfur-iron bond is 

strengthened. This strengthening of the sulfur-iron bond is the primary 

driving force for stabilization of the reduced molecule. Oxidation 

occurs essentially by a reversal of the reduction process. Upon binding 

of the oxidase to the reduced molecule, Phe 82 is displaced from its 

position in the heme crevice and an anionic group is inserted which 

stabilizes the oxidized molecule. However, the participation of Phe 82 
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in the described mechanism is indefinite, since recent crystallographic 

evidence suggests that Phe 82 may no longer be exposed to the solvent in 

ferricytochrome c and its position may be similar to that in ferrocyto-

chrome c (Dickerson 1974, Takano et al. 1973). 

This mechanism of electron transfer is similar to the physiologi

cal mechanism proposed for cytochrome c^ (Salemme, Freer et al. 1973). Re

duction and oxidation in cytochrome is proposed to involve a hydrogen 

bonded network consisting of Tyr 70, Tyr 52, and Ser 89. In the oxidized 

molecule a partial positive charge on Met 91 interacts with a partial 

negative charge on the hydroxyl oxygen of Tyr 70, causing the sulfur to 

be pulled off-axis. The Tyr 70 oxygen also accepts a hydrogen bond from 

the hydroxyl oxygen of Tyr 52, which accepts a hydrogen bond from Ser 89, 

located at the lower left exterior of the heme crevice. In the reduced 

molecule, Ser 89 accepts a hydrogen bond from Tyr 52 which accepts a 

hydrogen bond from Tyr 70. The partial ionic interaction between Tyr 70 

and Met 91 is broken. Reduction is therefore facilitated by protonation 

of Ser 89 which stabilizes the hydrogen bonded network of the reduced 

molecule, concomitant with electron donation of the bound reductase to 

the heme. Deprotonation of Ser 89 would then facilitate the oxidation 

process by the bound oxidase, by stabilizing the hydrogen bonded network 

leading to ionic interaction of Met 91 and Tyr 70. 

The mechanism proposed by Salemme, Freer et al. (1973) for the 

physiological oxidation and reduction of cytochrome c^ has several features 

in common with the proposed mechanism for nonphysiological oxidation and 

reduction described by equation 1. Primarily, both mechanisms propose 
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that oxidation and reduction occur at identical sites on the cytochrome 

£2 molecule. Electron transfer occurs directly between the heme and the 

oxidant or reductant, without direct participation of any amino acid 

residues. The lysine residues surrounding the heme crevice are impli

cated as possible sites of ionic interaction between the cytochrome 

molecule and its reactants. These common features suggest that the 

physiological and nonphysiological mechanisms may be identical. 

Proposed Research 

Although the results presented in this work have led to a work

able mechanism of electron transfer by cytochrome further experiments 

are needed to strengthen certain aspects of the mechanism. Ionic strength 

and pH effects on the reaction rates implicated the lysine residues sur--

rounding the home crevice as the site of interaction for the reductants 

or oxidants. The proposed physiological mechanism of Salemme, Freer 

et al. (1973) suggested that Tyr 70, Tyr 52, and Ser 89 are involved in 

facilitating electron transfer. Kinetic experiments involving chemical 

modification of these amino acid residues should provide information 

regarding the participation of these residues. The various modified 

products would necessarily be subject to investigations regarding 

oxidation-reduction potentials, circular dichroism (CD) spectra, and 

peptide mapping. In addition to chemical modification of Rhodospirilium 

rubrum cytochrome c^» other examples of cytochrome c^ which contain 

amino acid replacements at potentially significant sites can be studied. 

Rhodopseudomonas capsulata cytochrome and Rhodopseudomonas palustris 

cytochrome ̂  have been sequenced and contain different amino acid 
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residues at positions corresponding to Lys 13, Tyr 46, Tyr 52, Lys 75, 

Lys 77, Lys 87, Lys 90, and Lys 97 in Rhodospirillum rubrum cytochrome 

(Ambler 1974). The importance of these residues in the proposed 

oxidation-reduction mechanism has been described above, and the effect 

of substitution of the various residues in the different cytochromes 

should further define the participation of the implicated amino acid in 

electron transfer. 

The results presented previously in this work demonstrated that 

the rate of the reaction was influenced by the presence of bound anions 

to cytochrome c^. It would be of interest to further examine this anion 

binding by gel filtration. By measuring the affinity and stoichiometry 

of the binding of the ferricyanide and ferrocyanide anions and anions 

such as chloride, sulfate, etc., information concerning the role of 

anions in electron transfer and the relative binding properties of 

anionic reactants as compared to the other anions could be obtained. 

From nuclear magnetic resonance (NMR) studies, Stellwagen and 

Shulman (1973) assigned rate limiting steps for the cytochrome c-iron 

hexacyanide reaction different than suggested by the kinetic experiments 

with cytochrome c^ in this work. It would be of interest to investigate 

the reactions of both cytochrome c^ and cytochrome J with the iron 

hexacyanides by NMR. One would hopefully be able to not only assign the 

rate limiting steps for the cytochrome reaction in comparison to the 

kinetic studies, but also examine the cytochrome £ reaction in view of 

the stopped-flow experiments which suggested no complex formation. 
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The reaction of cytochrome c^ and HiPIP offers a unique oppor

tunity to study a protein-protein interaction. Although these two 

proteins do not interact naturally, in Rhodospirillum rubrum, the X-ray 

structures and amino acid sequences of both proteins are known (Salemme, 

Freer et al. 1973; Dus, Sletten and Karnen 1968; Dus, Tedro and Bartsch 

1973; Carter 1972). Considering the detailed structural information 

available, studies on the mechanism of electron transfer between these 

two proteins may be extended to include chemical modification experiments 

as well as pH and temperature effects on the reaction. 

Soluble and membrane bound cytochrome can be compared by 

studying the reactions of cytochrome cbound to phospholipid micelles, 

with ferro-ferricyanide and HiPIP. These studies should provide informa

tion regarding the ability of the reactions to proceed in fashion similar 

to the reactions of soluble cytochrome as a function of pH, tempera

ture, and ionic strength. Chemical modification experiments on the 

membrane bound cytochrome c^ molecule should suggest amino acid residues 

involved in the membrane bound cytochrome-reactant interaction. These 

studies should specify whether or not the sites of electron transfer for 

cytochrome c^ are the same or different for the soluble and membrane 

bound protein. 

The results presented throughout this dissertation and the pro

posed experiments described above involve nonphysiological reactions of 

cytochrome cHopefully, full understanding of these relatively simple 

systems, as compared to the biological systems, will lead to elucidation 

of the physiological mechanism of electron transfer. Experiments 
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leading to understanding of the biological system could possibly involve 

the following. Provided that cytochrome c^ can be bound to reaction 

center particles (RCP) containing bacteriochlorophyll (BChl) capable of 

undergoing photo-oxidation, the rate of oxidation of reduced cytochrome 

c2 following illumination can be studied as a function of pH, temperature, 

and ionic strength. If cytochrome c^ does not complex well with RCP, 

studies can be conducted treating RCP as a water soluble, natural elec

tron acceptor similar to ferricyanide. Also, relative rates of oxida

tion and reduction of chromatophore bound cytochrome c^ will be studied 

as a function of ionic strength, pH, and temperature. In this system 

both the oxidation of cytochrome c^ by BChl and reduction of cytochrome 

c2 by its natural electron donor, cytochrome b, can be studied. Com

parison of the results obtained with the natural, membrane bound cyto

chrome system and the soluble cytochrome-exogenous electron donor and 

acceptor systems will hopefully lead to fuller understanding of electron 

transfer as catalyzed by cytochrome c^. 

Conclusions 

1. The reaction of cytochrome c^ and ferro-ferricyanide is a complex 

mechanism involving ionic interaction between the cytochrome and 

reactant. 

2. The rate of electron transfer between the complexes of cytochrome 

Cg and nonphysiological oxidants and reductants is proposed to 

be independent of the oxidation-reduction potentials of the re-

actants. However, the oxidation-reduction potentials effect the 

over-all eauilibrium for the reaction. 
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3. Oxidation and reduction occur at the same site on the protein, 

presumably at the front of the cytochrome jcmolecule with elec

tron transfer occurring directly between the heme and the oxidant 

or reductant. 

4. On the basis of ionic strength, pH, and temperature effects on 

the reactions of cytochrome J studied, the mode of interaction 

of cytochrome _f with nonphysiological reductants is different 

from cytochrome • 

{ 



APPENDIX A 

DERIVATION OF RATE EQUATIONS AND COMPUTATION OF 
SPECIES CONCENTRATIONS 

The rate equations for the mechanism described by equation 1 are 

given below. The derived rate equations were used to compute the con

centrations of the indicated species by numerical integration. 

F = ferrocyanide 

H = oxidized cytochrome 

FH = complex of ferrocyanide and oxidized cytochrome 

OR = complex of ferricyanide and reduced cytochrome 

0 = ferricyanide 

R = reduced cytochrome 

d[H]/dt = d[F]/dt = k_j[FH] - k.[F][H] 

d[FHl/dt = kjCF^H] - k^CFH] - k^FH] + k_2[OR] 

d[OR~l/dt = k2[FHl - k_2[OR] - k^OR] + k_3[0][R] 

d[0]/dt « d[R]/dt = k3[ORT - k_3[Ol[R] 

[HI - [HIl - [FHl - [OR] - [R] 

[F] = [FI] - [FH] - [OR] - [R] 

[0] = [R] 

145 
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The initial concentration of oxidized cytochrome, HI, and the initial 

concentration of ferrocyanide, FI, are known for a given example. The 

initial concentrations of ferricyanide and reduced cytochrome are zero, 

consequently [0] = [R] at any given time. The rate equations for the 

mechanism described by equation 2 are given below. 

k k 
F + H FR0R 0 + R (2) 

k-l k-3 

FHOR = complex of both oxidized cytochrome-ferrocyanide reduced 

cytochrome-ferricyanide. 

d[F]/dt = d[Hl/dt = k_irFH] - k^F^H] 

d[FHOR]/dt = k^F^H] + k^rolfR] - ^[FH] - k_ ̂ [FH] 

d[0]/dt = d[Rl/dt = k3[FH] - k [0][R] 

[H] = [HI] - [FHOR] - [R] 

[F] = [FI] - [FHOR] - [R] 

[0] = [R] 

Tables A1-A4 present the concentrations of each species in equation 1 as 

a function of time to demonstrate the effect of interchanging the rate 

constants and k^, and k ^ and k Table A5 presents the concentra

tions of each species in equation 2. Since the concentration of ferro

cyanide, F, is initially in excess, it does not change appreciably and 

its concentration is not included in Tables A1-A5. Second-order rate 

constants of k^ = 6.6 x 10^ M *"sec ^ and k = 2.2 x 10^ M ^sec were 

used and remained unchanged throughout Tables A1-A5. For k^ and k^, 

-1 5 -i 
first-order rate constants of 250 sec and 10 sec were interchanged 
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in Tables A1-A4; for k ^ ant* k j values of 350 sec * and 10"* sec * were 

interchanged. In Table A5, k^ is equal to 250 sec ^ and kis equal to 

350 sec \ as these are limiting rates compared to 10^ sec \ The 

initial oxidized cytochrome concentration is 2.5 x 10 ^ M, since this 

is approximately the heme concentration used in the stopped-flow experi-

-3 
ments. The initial ferrocyanide concentration is 10 M. At this con

centration the rate limiting step has not been reached. In calculating 

the change in absorbance in Tables A1-A4, FH and OR are assumed 

spectrally indistinguishable from H and R, respectively, at the measured 

wavelengths. In Table A5, one-half of FHOR is assumed spectrally in

distinguishable from H and one-half spectrally indistinguishable from R. 

Maximum AA expected is .250. 

By examination of Tables A1-A5, the following conclusions are 

made. 

1. One cannot kinetically distinguish between cases I, II, or III, 

i.e., k2/k_2 = 1» k2 k̂-l = 1' °r k3 k̂-2 = The Primary differ

ences in these three cases are the concentrations of the com" 

plexes, which are assumed spectrally indistinguishable from 

H or R. 

2. The less complex equation 2 (Table A5, Case V) is a justifiable 

simplification of either Case I, II, or III. Differences in 

species concentrations are not quantitatively distinguishable 

by present kinetic methods. 

3. Only in Case IV, where both first-order rates of dissociation 

of the complexes are fast and both first-order rates of 



conversion between the complexes are slow, is there sufficient 

quantitative difference to distinguish it from the other cases. 

Case IV is therefore inadequate to describe the observed results, 

since experimental data shows the half-time of the reaction of 

cytochrome and ferrocyanide to be less than .03 seconds for 

the described conditions. 
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a 
Table Al. Concentrations of Species for Case I. 

Time 
(sec) 

H x 106 

(M) 
FH x 108 

(M) 
OR x 108 

(M) 
R x 106 

(M) 
AA 

.01 1.72 19.6 19.0 .39 .192 

.02 1.35 16.2 16.2 .83 .151 

.03 1.07 13.1 13.1 1.17 .120 

.04 .86 10.8 10.8 1.43 .097 

.05 .70 9.10 9.09 1.62 .079 

.06 .57 7.82 7.82 1.77 .065 

.07 .48 6.89 6.88 1.88 .055 

.08 .42 6.19 6.18 2.00 .048 

.09 .37 5.67 5.67 2.02 .042 

.10 .33 5.29 5.29 2.06 .038 

.11 .30 5.01 5.01 2.10 .035 

.12 .28 4.81 4.81 2.12 .033 

.13 .27 4.65 4.65 2.14 .032 

.14 .26 4.54 4.54 2.15 .030 

.15 .25 4.46 4.46 2.16 .029 
b 

eq .22 4.22 4.22 2.19 .027 

aCase I: k^ - 10"* sec \ = 250 sec \ k_^ = 10"* sec \ k = 350 sec 

^System at equilibrium (time = .50 sec). 
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Table A2. Concentrations of Species for Case II. 

Time 
( sec) 

H x 106 

(M) 
FH x 108 

(M) 
OR x 108 

(M) 
R x 106 

(M) AA 

.01 2.00 .094 16.1 .33 .201 

.02 1.66 .079 13.9 .66 .166 

.03 1.39 .066 11.9 1.00 .139 

.04 1.16 .056 10.1 1.24 .116 

.05 .98 .048 8.90 1.44 .098 

.06 .83 .041 7.92 1.59 .083 

.07 .71 .036 7.17 1.72 .071 

.08 .61 .032 6.58 1.82 .061 

.09 .53 .028 6.12 i;9o .053 

.10 .47 .026 5.75 1.97 .047 

.11 .42 .024 5.46 2.02 .042 

.12 .38 .022 5.23 2.06 .038 

.13 .35 .020 5.05 2.10 .035 

.14 .33 .019 4.91 2.12 .033 

.15 .31 .019 4.79 2.14 .031 
b 

eq .23 .015 4.36 2.22 .023 

aCase II: = 10^ sec \ = 250 sec \ k ^ = 350 sec \ k ^ = 10"* sec 

^System at equilibrium (time = .50 sec). 
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a 
Table A3. Concentrations of Species for Case III. 

Time H x 106 FH x 10® OR x 108 R x 106 

(sec) (M) (M) (M) (M) A 

.01 1.93 27.5 .035 .30 .220 

.02 1.65 23.8 .030 .61 .189 

.03 1.41 20.5 .026 .88 .162 

.04 1.22 17.7 .023 1.11 .139 

.05 1.05 15.4 .021 1.30 .120 

.06 .91 13.5 .019 1.45 .105 

.07 .79 11.9 .018 1.59 .091 

.08 .70 10.6 .016 1,70 .080 

.09 .62 9.50 .015 1.79 .071 

.10 .55 8.60 .015 1.86 .064 

.11 .49 7.86 .014 1.93 .057 

.12 .45 7.24 .013 1.98 .052 

.13 .41 6.74 .013 2.02 .048 

.14 .38 6.32 .013 2.06 .044 

.15 .35 5.97 .012 2.09 .041 
b 

eq .23 4.36 .011 2.22 .028 

aCase III: k2 = 250 sec \ k3 = 10"* sec \ k_2 - 105 sec \ 

lc_l - 350 
-1 

sec 

^System at equilibrium (time = .50 sec). 



a 
Table A4. Concentrations of Species for Case IV. 

Time 
( sec) 

H x 106 

(M) 
FH x 108 

(M) 
OR x 108 

(M) 
R x 106 

(M) 
AA 

.01 2.49 .164 .409 .407 .249 

.02 2.49 .164 .409 .813 .249 

.03 2.49 .164 .408 1.22 .249 

.04 2.48 .164 .408 1.62 .248 

.05 2.48 .163 .407 2.03 .248 

.06 2.47 .163 .407 2.43 .248 

.07 2.47 .163 .407 2.84 .247 

.08 2.47 .162 .407 3.24 .247 

.09 2.46 .162 .407 3.64 .246 

.10 2.46 .162 .407 4.04 .246 

.11 2.45 .162 .407 4.44 .245 

.12 2.45 .161 .407 4.84 .245 

.13 2.45 .161 .407 5.24 .245 

.14 2.44 .161 .407 5.64 .244 

.15 2.44 .161 .408 6.04 .244 

.50b 2.30 .152 .462 19.6 .230 

aCase IV: = 250 sec = 10^ sec \ k ^ = 350 sec \ k ^ = 10"* sec 

System approaching equilibrium very slowly. 
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£ 
Table A5. Concentrations of Species for Case V. 

Time 
(sec) 

H x 106 

(M) 

O 
FHOR x 10 

(M) 
R x 106 

(M) 
AA 

.01 1.81 20.8 .48 .191 

.02 1.40 16.4 .94 .149 

.03 1.10 13.1 1.27 .116 

.04 .87 10.7 1.52 .092 

.05 .70 9.01 1.71 .075 

.06 .57 7.75 1.85 .061 

.07 .48 6.82 1.95 .052 

.08 .42 6.15 2.02 .045 

.09 .36 5.67 2.08 .039 

.10 .33 5.31 2.12 .036 

.11 .30 5.05 2.15 .033 

.12 .28 4.86 2.17 .031 

.13 .27 4.72 2.18 .029 

.14 .26 4.62 2.19 .028 

.15 .25 4.55 2.20 .027 
b 

eq .24 4.36 2.22 .025 

a -1 
Case V: = 250 sec , k_^ 

^System at equilibrium (time 

= 350 sec \ 

= .50 sec). 
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