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ABSTRACT 

The reduction of ferri horse heart cytochrome c 

(HHC) and ferri Chromatlum vlnosum cytochrome c' (C-c') by 

anionic reductants was Investigated as a function of Ionic 

strength, pH and organic solvents. The absorption and cir

cular dichroism (CD) spectra of C-c' were studied under the 

same conditions. ' 

The results of the investigation are consistent 

with the following molecular features involved in reduction 

of c-type cytochromes by anionic reductants. The effect of 

Ionic strength on the rate of reduction of HHC and C-c* 

combined with the lack of correlation of rate of reduction 

of several c.-type cytochromes with their isoelectric points 

Implies that reductants interact with a specific positively 

charged region of the cytochrome surface. There is no cor

relation between the rate constants for reduction of a va

riety of c-type cytochromes with their oxidation-reduction 

potentials which implies that the differences in rate of 

reduction must be due to structural differences between the 

cytochromes. The effect of pH on the rate of reduction of 

Chrom. cytochrome c* suggests that the site of interaction 

between the cytochrome and reductant is removed from the 

Immediate vicinity of the heme moiety. The effect of pH 

xl 
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and n-propanol on HHC and C-c' reduction and the CD proper

ties of both HHC and C-c* suggest that the protein struc

ture around the heme moiety is important for the electron 

transfer process. Protein residue side chains may be di

rectly involved with transfer of an electron to the heme 

moiety or they may Interact with the heme moiety to control 

its reactivity toward electron donors. 



CHAPTER 1 

INTRODUCTION 

The means by which biological electron transport 

and coupled energy conservation take place remain obscure. 

This fact Is particularly perplexing In light of the exten

sive work In this area (Margollash and Schejter, 1966). 

The major limitation has been and remains that the bulk of 

the components functioning In biological electron transport 

are membrane bound. One major exception Is that the c-type 

cytochromes can In general be solublllzed In an apparently 

native form by extraction with aqueous buffers. Mammalian 

cytochrome c has been the subject of numerous studies, yet 

the emphasis of this work has been on the static properties, 

not the transient processes which define the mechanism of 

electron transport. 

The overall goal of the research of which this work 

Is a part Is to elucidate the mechanism of electron trans

fer (ET) as catalyzed by c-type cytochromes. A detailed 

understanding of the ET process In cytochromes c will aid 

investigation of the membrane bound cytochromes and will 

facilitate the understanding of energy conservation which 

Is linked to electron transport. 

1 
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In this work two different c-type cytochromes were 

investigated in detail, horse heart cytochrome c (EEC) and 

Chromatlum vinosum cytochrome c* (C-c*). HEC was chosen 

for investigation as it is well characterized and is a typ

ical example of the respiratory cytochromes c*. C-c' is a 

bacterial cytochrome and was chosen for investigation as it 

is an atypical c-type cytochrome. C-c' contains the same 

prosthetic group as HHC, protoheme IV, covalently bound via 

thloether bonds; however the heme-lron is high-spin in the 

cytochromes c' in contrast to low-spin in EEC. Investiga

tion of the electron transfer process in these two differ

ent cytochromes c allows identification of features which 

may be common to c-type cytochromes. 

Eorse Beart Cytochrome c 

Eorse heart cytochrome c functions in the mitochon

drial electron transport chain where it participates in the 

transfer of electrons between the cytochromes of complex 

III (cytochrome b and cytochrome c^) and cytochrome oxidase. 

HHC is freely water soluble and exists as a small (M.W. = 

12,400) prolate sphere with hydrophobic residues in the 

interior and charged residues on the surface (Dickerson et 

al., 1971). The heme moiety of EEC is largely buried with

in the hydrophobic Interior of the molecule with the pyr

role nitrogens providing four of the ootahedral ligands to 

iron and with the histidlne-18 imidazole nitrogen and 
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methionlne-80 sulfur providing the out-of-plane Uganda. 

Proto-heme IX is covalently bound to the protein via thlo-

ether bonds from the vinyl side chains to cysteines 1** and 

17. One proplonyl side chain of the heme is buried in the 

interior of the molecule while the other is on the surface 

at the opening to the protein bounded crevioe in which the 

heme is inserted. 

There are two regions of the HHC molecule where the 

hydrophobic interior meets the surface. These have been 

oalled "channels," one on the left and one on the right of 

the heme plane. These channels do not allow access of sol

vent to the buried heme but are lined with hydrophobic res

idues . 

In the left channel the aromatic ring of tyrosine-

7^ lies on the surface of the molecule with the ring of 

tryptophan-59 internal and parallel to it. The aromatic 

ring of tyroslne-67 is at an angle to these two parallel 

rings and seems to bridge the gap between them and the 

heme-lron bound sulfur of methionlne-80. The right channel 

oontains two almost parallel aromatic rings of phenylala-

nine-10 and tyrosine-97. 

The basic and acidic amino acid side chains are all 

on the exterior of the molecule and distributed in a unique 

fashion. The positively charged lysines are clustered 

largely in the vicinity of the right and left channels and 
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about the opening of the heme crevice to the solvent. The 

epsilon amino group of lyslne-13 protrudes into the opening 

of the heme crevice. Lyslne-13 has been shown to be re

quired for binding and electron transfer to cytochrome oxi

dase (Wada and Onuki, 1969). Nine of the twelve acidic 

residues of HfiC are located in a patch at the upper half of 

the back of the molecule, about half way between the posi

tively charged regions. 

Phenylalanine-82 is positioned in the external sol

vent (ferri-HHC) in the middle of the left side near the 

opening of the heme crevioe to the solvent. On reduction 

of HHC (Takano et al., 1972) phenylalanlne-82 undergoes a 

dramatic conformation change with the aromatic ring inser

ted Into the opening to the heme crevice such that the phe

nyl and heme rings are approximately parallel and solvent 

access to the heme crevice is blocked. The same motion ro

tates isoleuclne-8l from the surface of the molecule into 

the solvent. 

Other conformation changes also occur upon reduc

tion of ferri-HHC. The aromatic ring of tyrosine-?**, 

positioned in the left channel, rotates from a position 

parallel to the heme plane to a position perpendicular to 

it. Similarly, the indole ring of tryptophan-59 rotates 

perpendicular to the heme plane. Simultaneously, residues 
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21 to 23 on the right side of the protein move up to block 

solvent access to the right channel. 

Cytochromes c from a variety of species (Diokerson 

et al«, 1971) have quite similar amino acid sequences and 

the differences which occur represent conservative substi

tutions. The only other c-type cytochromes whose three di

mensional structures are known, Bonlto cytochrome c 

(Dickerson et al.( 1971) and Rhodosplrlllum rubrum cyto

chrome Og (H-Cg) (F. R. Salemme, 1973), have conformations 

quite similar to that of HHC. The Bonito cytochrome c 

structure is identical to that of HHC and the two have only 

a few differences in amino acid sequence. More remarkable 

is the structure of R-Cg which Is functionally analagous to 

that of HHC although the amino acid sequences of the cyto

chrome eg and HHC are substantially different. With 

cytochrome Cg the heme is buried in the hydrophobic interi

or with hlstldlne and methionine residues functioning as 

out-of-plane ligands and one edge is partially exposed to 

solvent. Each cytochrome has a similar arrangement of aro

matic residues in a right and a left hydrophobic channel 

and a similar placement of charged groups on the surface. 

The spatial structure of cytochromes c clearly 

points to the protein being a highly organized piece of mo

lecular machinery designed to efficiently transfer elec

trons to and from the heme moiety. 
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The absorption and circular dichrolsm spectra of 

cytochromes reflects the heme and aromatic residue environ

ments in the protein. Addition of denaturants to the pro

tein solution perturbs the spectra as changes are produced 

in the heme or aromatic residue environment. Changes in 

chromophore environment can be a result of movement of ami

no acid side chains which interact with the chromophore or 

a result of direct interaction between perturbant and chro

mophore . 

Herskovits, Gadegbeku and Jalllet (1970), Hersko

vits, Jalllet and Gadegbeku (1970), Herskovits, Jaillet 

and DeSena (1970), Kaminsky and Davison (1969)* Kamlnsky, 

long and King (1972) and Stellwagen (1967) have investiga

ted the effect of various alcohols, glycols, amides, ureas 

and ethers on the absorption, circular dichrolsm (CD) and 

optical rotatory dispersion (ORD) spectra of HHC. The 

heme-protein environment is altered as evidenced by changes 

in heme spectral bands as denaturant concentration is in

creased. The effectiveness of denaturants in disrupting 

the heme environment was found to depend on the length of 

the hydrocarbon chain involved. This suggests that hydro

phobic interactions play a dominant role in stabilizing the 

molecule. 

The spectral properties of the heme undecapeptide 

(Kamlnsky and Davison, 1969) and heme hexadecapaptide 



(Stellwagen, 1967) obtained by enzymatio digestion of HHC 

are much more sensitive to perturbants than is the native 

molecule. This result supports the fact that the heme is 

burled in the interior of the molecule and is only partial

ly exposed to solvent until the protein is unfolded. 

Stellwagen (1967). using denaturants of various melecular 

radii, demonstrated that the heme is partially exposed to 

solvent in the native molecule. 

Ferri-HHC, normally with the iron in the low-spin 

state, is converted to a high-spin state by high concentra

tions of denaturants and low pH (Kaminsky, Byrne and Davi

son, 1972). The native out-of-plane ligands to heme iron 

are thus replaced by low field strength ligands, possibly 

water. Comparison of the thermodynamics of the ligand re

placement between HHC and the heme octapeptide of HHC dem

onstrated the role of the protein moiety in maintaining the 

iron ligands in the native molecule. 

The solvent perturbation results agree with the 

three dimensional structure of HHC and point to the impor

tance of hydrophobic interactions between heme and protein 

residue side chains to stabilize the molecule. Denaturants 

effectively disrupt the Interactions between heme and pro

tein as reflected by changes in the spectral properties of 

HHC. 
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The relationship between the static properties of 

cytochrome c and its function as an electron transport mol

ecule csa be ascertained by investigation of the transient 

processes involved in electron transfer to and from the cy

tochrome. The first kinetic study of the oxidation-reduc-

tlon properties of purified cytochrome o was reported by 

Sutln and Chrlstman in 1961. They found that the oxidation 

of ferro-HHC by ferrlcyanide was a second-order process 

with a rate constant of 1.6 x 10^ M"^sec"^. This work was 

confirmed by Havsteen (I965) and extended to Include the 

rate of reduction of ferri-HHC by ferrocyanlde (1.6 x 10^ 

M"^sec"^). The rate constants reported yield an equilibri

um constant for the reaction (10^) which is consistent with 

that predicted by the difference in redox potential between 

the ferro-ferri-cyanide and ferri-ferro-HHC couples. This 

last observation is consistent (but not conclusive) with 

both the oxidation and reduction processes occurring by 

simple single step mechanisms. 

Greenwood and Palmer (1965)* Wilson and Greenwood 

(1971) and Brandt et al. (1966) investigated the reduction 

of ferri-HHC over a wide pH range using three different re-

duo tants: sodium ascorbate, tetrachlorohydroqulnlne and 

ferrocyanlde. This work led to the conclusion that the 

rate of reduction of ferri-HHC is independent of pH between 

pH 6 and 10 but that a second molecular species of the HHC 
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monomer is formed at alkaline pH with a pK of 9.2. This 

second molecular species is not reducible by any of the re-

ductants used but is in equilibrium with the reactive (low 

pE) species. At alkaline pH the observed rate of reduction 

reflects the Interconverslon of the two molecular forms. 

Studies on the effect of pH on kinetics of reduc

tion do not bear directly on the mechanism of electron 

transfer at neutral pH as no proton dissociations are 

linked to the redox process. However, the fact that the 

slowly reacting species obeys first-order kinetics suggests 

that It must be Inert to reduction. Thus, the deprotona-

tlon at alkaline pfi appears to form a molecular species 

which cannot physically interact with the reductant. 

More mechanistic studies have been undertaken using 

tetrachlorohydroquinone, hydrated electrons and Cr(II) as 

electron donors to HHC. Williams (1963) Investigated the 

tetrachlorohydroquinone reduction of ferri-HHC and found 

the reaction to be autocatalytic• He Interpreted the re

sults as a slow reaction between HHC and hydroquinone (k = 

3.7 M'^sec"*) and a fast reaction with the semiquinone (k « 

10^ M"^sec"^) when a sufficient semiquinone concentration 

had built up. Increasing ionic strength slowed the reac

tion and is consistent with the positively charged HHC mol

ecule interacting with the negatively charged semiquinone 

Since only 1 to 2 of the positive charges on the HHC 



surface seemed to influence formation of the activated com

plex , Williams concluded that both electrostatic and hydro

phobic interactions between the semiquinone and cytochrome 

were involved in the ET process. 

The reaction of ferri-HHC with the hydrated elec

tron has been studied by Land and Swallow (1971) and by 

Pecht and Faraggi (1971» 1972). The rate of reduction at 

pH 7 (2 x 10*° If^sec""* to 1.5 x 10^ M"1sec"^) is almost 

diffusion controlled (3.If x 10*1 K~*sec~*). The hydrated 

electron appears to interact directly with the heme-iron as 

the full absorbance change is observed at 550 nm. However 

the absorbance change at shorter wavelengths is completed 

more slowly (rate = 8.5 sec"1) Indicating a slow conforma

tion change with an energy of activation of 20 kcal per 

mole for the slow spectral change. Hydrophobic interac

tions were suggested as restricting access of the hydrated 

eleotron to the heme-iron. 

Chromium (II) ion has been used as a reductant of 

ferri-HHC since Cr(II) is substitution labile in its coor

dination sphere and Cr(III) is substitution inert. Thus, 

if the cytochrome provided a ligand to Cr during ET, the 

Cr(III) would remain bound to the ET site in ferro-HHC. 

Kowalskl (1969) found that Cr(II) would rapidly re

duce ferri-HHC and that Cr(III) was bound to the reduced 

cytochrome with a molar ratio of approximately 0.5 (Cr(III): 
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ferro-HHC). In the presence of phosphate Ions the molar 

ratio Increased to 1.0. Further, HHC could be re-oxidized 

but not completely re-reduced With additional Cr(II) sug

gesting that the sites of oxidation and reduction were dif

ferent and that Cr(III) remained bound to the electron 

accepting site of HHC. Attempts to hydrolyze the cyto

chrome and Identify the binding site were unsuccessful. 

Dawson et al. (1972) found the rate of reduction of 

ferrl-HHC by Cr(II) to be 1.2 x 10^ M~*sec~*. The enthalpy 

of activation was 17.^ kcal per mole which Is the same as 

that observed by Williams (1963) for reduction of ferrl-HHC 

by hydroqulnone. Combining this value with that for the 

conformation change following reduction of ferrl-HHC by the 

hydrated electron (Land and Swallow, 1971), they concluded 

that with less reactive species than the hydrated electron 

ET cannot take place without simultaneous conformation 

changes In the protein. 

The effect of pH and bridging Ions on the rate of 

reduotlon of ferrl-HHC by Cr(II) was reported by Yandell, 

Fay and Sutln (1973)* They observed kinetic behavior sug

gestive of adjacent attack by Cr(II) at the heme-lron at 

pH's below 5*5* This is consistent with replacement of 

methlonlne-80 with a weak field llgand to iron at low pH's 

reported by Kkmlnsky, Byrne and Davison (1972). Between pH 

6.1 and 7.0, Cr(II) appears to transfer electrons to iron 
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via a remote site, possibly the exposed edge of the heme 

ring system. 

The kinetic results point to a major participation 

of the protein moiety In ET. Conformational changes, elec

trostatic Interactions and hydrophobic Interactions have 

all been Implicated by the data reviewed. Electron trans

fer to ferrl-HHC has been suggested as occurring directly 

to the heme Iron, via the exposed edge of the heme ring or 

via the protein moiety. It Is the goal of the studies re

ported here to determine the mechanism of reduction of c-

type cytochromes by anionic reductants and to ascertain, at 

least in general terms, the participation of the protein 

moiety of the cytochrome in electron transfer. 

Chromatlum Vlnosum Cytochrome c' 

Cytochromes c1 qualify as c-type cytochromes on the 

basis of heme attachment. However, their spectral proper

ties more closely resemble those of hemoglobin or myoglobin 

(Horlo, Kamen and deKlerk, 1961} identifying them as high-

spin c-type cytochromes. In addition, the reduced cyto

chromes c* show a split Soret band (Horlo, Kamen and 

deKlerk, 1961) not found In other c-type cytochromes or in 

hemoglobin or myoglobin. 

Cytochrome c' has been Isolated from photosynthetlc 

bacteria of the Athlorhodaceae and Thlorhodaceae class 

(Kamen et al., 1971) and from the denitrifying bacterium 
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Pseudomonas denltrlfleans (Suzuki and Iwasaki, 1962; 

Cusanovich, Tedro and Kamen, 1970). Cytochrome c* has been 

Implicated In bacterial photosynthesis (Olson and Chance, 

I960; Cusanovich, Bartsch and Kamen, 1968) in Athlorhoda-

ceae and Thlorhodaceae. Nothing is known about the func

tion of cytochrome c' in Ps. denltrlfleans. Cytochrome c* 

exists as a monoheme protein with molecular weights ranging 

from 13*000 to 29,000 and as a dlheme protein with molecu

lar weights from 20,000 to 30,000. The dlheme form has 

been shown to be a dimer in all cases (Cusanovich, 1971). 

The visible absorption spectrum of cytochromes is 

characteristic of the interaction between the heme pros

thetic group and the protein residues surrounding it. The 

effect of pH and alcohols on the absorption spectrum of 

several cytochromes c' has been reported. Cytochromes c* 

undergo a two step transformation in the pH range 5 to 14 

(Horio and Kamen, 1961; Imai et al., 1969; Cusanovich, 

Tedro and Kamen, 1970). Imai et al. (1969) termed the neu

tral pH form type I, the intermediate pH form type II and 

the alkaline pH form type III. They also reported that al

cohols produced the conversion from type I to type III 

without the appearance of the type II spectrum. Cusanovich, 

Tedro and Kamen (1970) identified the type III spectrum in

duced at high pH or by alcohols as characteristic of low-

spin heme-iron as occurs in typical c-type cytochromes. 
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The high-spin to low-spin conversion in cytochromes c' is 

reversible which indicates that the out-of-plane llgands to 

heme-lron are altered without completely denaturing the mol

ecule. 

Only one study on the reduction of C-c* has been 

reported. Gibson and Kamen (1966) Investigated the reduc

tion of ferri-C-c' by sodium ascorbate and found a klneti-

cally complex reaction which they did not resolve. In a 

different vein, Cusanovich and Gibson (1973) determined the 

kinetics of ligand binding by C-c •. CO binding to ferro-C-

c' can bi desoribed by a five step mechanism Involving an 

access controlled step and subsequent binding of two mole

cules of CO per heme-lron. Their result suggests that the 

heme groups are burled In the interior of the molecule and 

largely inaccessible to solvent. 

Cytochromes o* have not been extensively studied. 

One goal of this work Is to characterize one of the cyto

chromes c', C-c•, through an investigation of the effect of 

pH and denaturing solvents on its absorption and circular 

dlchrolsm spectra and on its oxidation-reduction kinetic 

properties. Circular dlchrolsm (CD) is a sensitive probe 

of conformation change in the vicinity of a chromophore. 

Conformation changes in the cytochrome on conversion to a 

low-spin form may allow Identification of the characteris

tic shoulder in the reduced absorption spectrum and will 



permit correlation of spin state with protein conformation. 

Investigation of the mechanism of electron transfer to C-c' 

will allow correlation of spin state and conformation 

changes with the function of the cytochrome. 

Further, comparison of the mechanism of ET in C-c* 

with that of HHC should allow identification of those fac

tors which these two different cytochromes have in common 

and will lead to a more general understanding of electron 

transfer as catalyzed by c-type cytochromes. 

To summarize. Table 1 presents a comparison of the 

physical properties of the two cytochromes used in this 

work. 
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Table 1. Cytochrome properties. 

Property HfiC C-c* 

M. U. per heme 

Heme type 

Heme attachment 
to protein 

Iron spin state, 
PH 7 

Midpoint potential, 
PH 7 

Isoelectric point 

Function 

12,400 

protoheme IX 

thloether 
bonds 

low-spin 

260 mv 

10.0 

respiration 

14,000 

protoheme IX 

thioether 
bonds 

high-spin 

20 mv 

5.0 

bacterial 
photosynthesis 

(?) 



CHAPTER 2 

MATERIALS AND METHODS 

Materials 

Horse heart cytochrome c (HHC), type VI, was pur

chased from Sigma Chemical Corporation and used without 

further purification. HHC denatured by ethanol was pre

pared as described by Margollash et al. (1962). The 

preparation involves treatment of HHC with 80% ethanol, 

precipitating the cytochrome with ammonium acetate, washing 

with absolute ethanol and dialysis against 0.02 M potassium 

phosphate, pH 7*0. HHC was photo-oxidized according to the 

method of Jori et al. (1971). HHC was suspended in 0.1 H 

potassium phosphate, pH 8.2, at 37°C and Irradiated with 

four 300-w lamps (G.E. tungsten) for two hours. Amino acid 

analysis indicated that one hlstldine residue was oxidized. 

According to Jori et al. (1971) his-18 Is oxidized under 

these conditions. The 1 to 65 residue heme peptide was 

prepared by cyanogen bromide cleavage of HHC (Corradin and 

Harbury, 1970). Sodium hydroxide treated HHC was prepared 

by suspending ferri-HHC in 1.0 M NaOH for eighteen hours 

followed by dialysis to remove the NaOH. 

Chromatlum vlnosum was grown heterotrophlcally and 

cytochrome c' isolated and purified as described by 

17 
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Cusanovich (1967). C-c' was rechromatographed until a 

spectral ratio Aggg/A^g of 0.32 to O.35 was obtained. 

Heme concentrations were determined from a pyridine hemo-

chromogen (0.1 M NaOH plus 25# pyridine) using a reduced 

minus oxidized milllmolar extinction coefficient at 550 nm 

of 19.1. 

Rhodopseudomonas capsulata cytochrome c^ (Meyer, 

1970)» R* spheroides cytochrome c2, cytochrome o* (Meyer, 

1970) and cytochrome c^ (Meyer, Bartsch and Kamen, 1971), 

Chromatlum vlnosum cytochrome 0-552 (Vorkink, 1972), R. 

spheroldes cytochrome c* (Meyer, 1970), R. gelatlnosa cyto

chrome c1 (Meyer, 1970), R. palustrus cytochrome o' (Meyer, 

1970) and Pseudomonas denltrlflcans cytochrome o* (Cusano

vich, Tedro and Kamen, 1970) were Isolated as described in 

the indicated reference. Sperm whale myoglobin was pur

chased from Vorthlngton and purified by chromatography on 

DEAE-cellulose (Brown, 1961). 

Fe(III) meso-tetra-(4-N-methyl pyrldyl) porphin was 

donated by Dr. George Wilson of this department. FMN and 

riboflavin were obtained from Sigma Chemical Corporation. 

FAD was obtained from Calblochem. Lumiflavin was kindly 

supplied by Or. Gordon Tollln of this department. The fla

vins were purified by chromatography on DEAE-cellulose 

prior to use. Thlonlne and indigodlsulfonlc acid, were ob

tained from K & K Laboratories, gallocyanin and resorufin 
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from Allied Chemical, and prune from Esbe Laboratory Sup

plies; all were used without further purification. 

Dioxane was distilled under nitrogen just prior to 

use* All other chemicals were reagent grade and used with

out further purification. 

Methods 

All kinetic studies were conducted In a Durrum-

Glbson stopped-flow spectrophotometer with a mixing time of 

2.1 msec. The driving syringe holders were modified to 

permit purging the backside of the plungers with nitrogen 

to limit oxygen diffusion Into the syringes. The tempera

ture was 20°C unless otherwise noted and all kinetic data 

was obtained at least In duplicate. 

All solutions were exhaustively deoxygenated by 

bubbling (0.75 to 1 hour) with water saturated, or mixed 

solvent saturated, nitrogen gas purified by passage over a 

column of BASF R3-11 catalyst (Wyandotte Corporation) prior 

to use. Solid sodium dlthlonlte or potassium ferro-cyanlde 

was added to deoxygenated buffers via a side arm. Alterna

tively, sodium ascorbate was added to buffer, the pH ad-

Justed to 7*0 and the solution deoxygenated as described 

above. 

Anaerobic reservoir vessels for the stopped-flow 

spectrophotometer were constructed according to the design 

of Fox and Schenkkan (1970) for reactions using reductants 
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other than those mentioned above. These anaerobic reser

voir vessels were attached to the filling ports of the 

driving syringes to eliminate transfer of solutions by con

ventional syringe techniques and allowed deoxygenated reac-

tants to be transferred to the driving syringes of the 

stopped-flow spectrophotometer with minimum oxygen leakage. 

Reductants were reduced directly In the vessel with hydro

gen gas using platinum on asbestos as a catalyst. 

The reservoir vessels were purged with water satu

rated nitrogen purified by passage through a column con

taining fine copper wire heated to 450°C and then a column 

of BASF R3-11 catalyst. The gas train for this system was 

constructed entirely of copper and glass with Swagelok 

unions joining copper and glass parts and ball and socket 

unions for glass to glass connections. Based on the extent 

of reaotlon of reduced FMN, the oxygen content of the reac

tion mixture was estimated to be approximately 1 mlcromolar. 

Oxidation-reduction and pH titrations were carried 

out using an Instrumentation Laboratory model 205 pH meter 

equipped with an IL #15023 combination platinum* silver-

silver chloride electrode or a #14063 combination pH elec

trode respectively. The titration vessel of Cusanovlch 

(1967) was used for oxidation-reduction titrations when the 

midpoint potential was above -50 mv. For titrations of ma

terials with lower potentials and for pH titrations a 



vessel was designed which allowed rapid equilibration with 

the electrode and which did not require that the solution 

be continually bubbled. 

The low potential titration vessel consisted of a 

shortened 100 ml graduated cylinder to which was attached a 

side arm which could be fitted with a rubber septum for ad

dition of tltrant. The solution was stirred magnetically. 

The vessel was closed with a rubber stopper through which 

was Inserted the appropriate electrode and three stainless 

steel needles. Two of the needles were used for purging 

with purified nitrogen (gas Inlet and outlet) and a third 

needle was Immersed In the solution and connected to a flow 

through cuvette positioned In the sample chamber of the 

Cary 118 spectrophotometer via a short length of polyethyl

ene tubing sheathed with butyl rubber tubing to reduce oxy

gen diffusion. The other end of the flow through cuvette 

Is connected via the same type tubing to a Hamilton gas 

tight syringe (#1010) equipped with a gas flush attachment 

to purge the back side of the plunger with nitrogen. The 

solution could be drawn into the cuvette for spectral mea

surement by displacement of the plunger. Thorough purging 

prior to a titration is possible by withdrawing the plunger 

to allow nitrogen from the purge fitting to flush through 

the apparatus. The buffer reservoir of the reference elec

trode was deoxygenated with nitrogen. Titration of methyl 
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•iologen in this apparatus gave a midpoint potential of 

-440 mv and n = 1, values In good agreement with those de

termined elsewhere (Clark, i960). Midpoint potentials were 

corrected to the standard hydrogen electrode by calibrating 

the electrode with saturated solutions of recrystallized 

quinhydrone (Clark, i960). 

Midpoint potentials of C-c' were determined at pH 

7*0 in 0.1 M potassium phosphate with a number of oxlda-

-2 -4 
tion-reduction couples: 10 M sodium oxalate, 10 M fer-

-2 -k 
ric chloride; 10 M sodium EDTA, 10 M ferric chloride; 

or 10"^ M thlonine. At pH's between 5*5 and 9 oxidation-

reduction titrations were conducted in 0.025 M Trls, 

0.025 M sodium acetate, 0.025 M glycine and 0.025 M potas

sium phosphate buffer (0.025 M TAGP) with the appropriate 

oxidation-reduction mediator. At pH 13 titrations were 

conducted in 0.1 M sodium hydroxide with 10"'*' M benzyl vl-

ologen as the mediator. The midpoint potential of C-c' in 

6 H guanldlne, 0.1 M potassium phosphate, pH 7,0 was mea

sured in the presence of 10"if M indigodisulfonic acid. 

Absorption spectra were recorded on a Cary 118 spectropho

tometer. Circular dichroism spectra of C-c* were recorded 

on a Cary 60 spectropolarimeter equipped with a Cary 6001 

CO attachment. All CD spectra were taken in duplicate. 

The CD data are reported as molecular elliptlclty (£tf3)» 

where [0] = (0o,M/lO«c«l) and 0° is the measured 



23 

ellipticlty, M is the molecular weight per heme (1^,000), 

c Is the protein concentration In grams per ml, and 1 is 

the path length In cm of the cell used. A one cm cell was 

used for the region 650 nm to 250 nm and a one mm cell was 

used for spectra at wavelengths below 250 nm. Mean resi

due ellipticlty can be obtained by dividing the num

ber of amino acid residues per heme (127). 

Spectral curves were resolved Into a minimum number 

of Gaussian components using a least squares procedure with 

the aid of a digital computer. 

Cytochrome solutions used for CD measurements had 

absorbances between 0.5 and 1.6 A. C-c* was reduced by ad

dition of minimum amount of solid sodium dlthlonlte to the 

cuvette. 

Eleotrodlalysls of HHC was performed at 200 v for 

three hours In a vessel of 300 ml reservoir capacity 

against 4 1 of constantly flowing 0.02 M Trls-cacodylate 

buffer. pH 7*0. 21ectrodlalyzed HHC was used In all exper

iments performed In Trls-cacodylate buffer. 

Amino acid analysis of photo-oxidized HHC was per

formed with a Beckman Model 120 C Amino Acid Analyser. 

Samples for analysis were deionized by dialysis against 

distilled water for 24> hours. Aliquots containing approxi

mately one mlcromole of cytochrome were hydrolyzed in 

sealed evacuated vessels with distilled 6 M HC1 for 2*4- or 
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48 hours at 107°C. The HC1 was removed by lyophlllzation 

and the residue suspended in citrate buffer and filtered to 

remove insoluble material. 

Electron paramagnetic resonance (EPB) spectra were 

measured at room temperature with a Varian E-3 Spectrometer. 

Spectra of aqueous solutions of sulfur dioxide anion radi

cal were measured using a flat quartz cell with a path 

length of approximately 0.1 mm. Sodium dlthlonite solu

tions (10 mM) were prepared anaerobically and the sample 

tube (approximately 1 ml) filled and then flushed with 

10 ml of anaerobic solution. The tube was sealed with a 

ground quartz stopper on the bottom and a layer of mineral 

011 on the top to limit oxygen diffusion during the mea

surement. 

Studies In the pH range 5.5 to 11 were performed in 

0.025 M TAGP buffer. Experiments at pH 12 and pH 13 were 

performed in 0.01 M and 0.1 M NaOH respectively. 

Solvent perturbation studies were conduoted In 

0.1 M potassium phosphate, pH 7.0, supplemented with vari

ous amounts of organic solvent. Phosphate ions become 

sparingly soluble at high concentrations of the organic 

solvents used (approximately $0%) and 0.01 M phosphate so

lutions were used under these conditions. Changes in the 

junction potential of the pH electrode In the various mixed 

solvents necessitated application of a correction factor to 
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the observed pH to obtain an actual pH of 7.0 In the solu

tions. The correction factor was determined by measuring 

the pH of an unbuffered solution of dilute HC1 (approxi

mately pH 4) with and without the organic solvent present. 

It was necessary to adjust the pH of the solutions after 

addition of organic solvent as the pK of phosphate Ions 

changed in the presence of these solvents. 



CHAPTER 3 

REDUCTION OF HORSE HEART CYTOCHROME C 

Reduction by Sodium Dlthlonlte 

The reduction of ferri-HHC by sodium dlthlonlte is 

a klnetically complex process. Figure 1 presents typical 

reaction traces showing an initial lag period preceding a 

monotonlc reduction of ferri-HHC. The lag phase was demon

strated to be related to residual oxygen in the reaction 

mixture. The presence of the lag phase has provided infor

mation which would be unavailable if oxygen were oompletely 

removed from the solutions. Based on the results to be 

discussed, the reduction of ferri-HHC by dlthlonlte is best 

represented by the mechanism: 

K(eq), 
D s 2 S (1) 

k(l) % 
H + D s ^ R • P (2) 

k(2) % 
H + S ^ R + P* (3) 

In this scheme D represents s2°^» S r®Presents S0~, H is 

ferri-HHC, R is ferro-HHC and P and P1 represent oxidation 

products of 0 and S. 

26 
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1.8 

1.0 

TIME (sec) 

Figure 1. Time course of the reduction of ferrl-HHC by so
dium dlthlonlte. 

Heme concentration = 3 micromolar, 0.1 M potassium phos
phate pH 7.0, dlthlonlte concentrations; a = 75 micromolar, 
b x 50 micromolar, c = 37 micromolar, d = 25 micromolar, 
wavelength = 417 nm. 
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Burlamacchl et al. (1967) demonstrated.that SOjJ, 

rather than S20jJ, Is the reactive species In the reaction 

between dlthlonlte and oxygen. The lag period observed In 

the reaction of dlthlonlte with. ferri-HHC was found, to rep

resent the length of time necessary for SOg to scavenge 

residual oxygen from the reaction mixture. The duration of 

the lag phase was found to depend on the amount of residual 

oxygen in the-protein solution. Figure 2 presents the 

variation of the lag phase with the concentration of oxygen 

added to the cytochrome solution. There Is a direct depen

dence of lag time on oxygen concentration; hence it appears 

that the lag phase observed in the reaction of ferri-HHC 

with dlthlonlte represents the time required to reduce re

sidual oxygen. The concentration of residual oxygen in the 

cytochrome solution can be estimated from the extent of re

action of dlthlonlte with deoxygenated buffer in the ab

sence of cytochrome. The fraction of total dlthlonlte 

absorbance which is observed after mixing dlthlonlte and 

buffer in the stopped-flow is proportional to the fraction 

of dlthlonlte which reacted with oxygen. Table 2 presents 

the results of reacting dlthlonlte with residual oxygen in 

the buffer solution. The kinetlcally observed absorbance 

change was approximately 0.02 0. D. at each dlthlonlte con

centration investigated. The absorbance of dlthlonlte at 

316 nm can be completely bleached by oxidation with excess 
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10 

Figure 2. Duration of lag period as a function of oxygen 
concentration. 

HHC concentration = 3 micromolar, 0.1 M potassium phosphate 
pH 7.0, dithionite concentration = 0.1 mM. 



Table 2. Reaction of sodium dlthlonite with oxygen® 

s204 

fltl 

Total Absorbance 
at 316 nm 

Percent of 
Absorbance 
due to O2 

500 4.2 0.48 

250 2.1 0.9 6 

100 0.84 2.4 

50 0.42 4.8 

25 0.22 9.1 

12.5 0.11 18 

a. Reaction in 0.1 M potassium phosphate, pH 7*0. 



molecular oxygen. The total absorbance at 500 and 250 ml-

oromolar dlthionlte was obtained by extrapolating the ab

sorbance observed at lower concentrations assuming Beer's 

law remained valid over this range. In each case approxi

mately 2.5 mlcromolar dlthionlte reacted with oxygen based 

on the fraction of the total absorbance lost. Since two 

dlthionlte ions react with one oxygen molecule, the initial 

oxygen concentration in the reaction is approximately 1.25 

mlcromolar. This residual oxygen concentration was present 

in all experiments and apparently represents the lower lim

it obtainable with present instrumentation. The main prob

lem is diffusion of oxygen into the driving and stopping 

syringes around the teflon seals and the plungers of the 

stopped-flow instrument as well as leakage during transfer 

from the reservoir to the driving syringes. Construction 

of an Instrument designed for anaerobic work would be re

quired to circumvent this problem. 

In the presence of 10 to 500 fold molar excess of 

dlthionlte, pseudo first-order conditions prevail and the 

amount of oxygen In the protein solution should have a neg

ligible effect on the reaction between S2°4 and ferri-HHC 

and a monophaslc reduction should be observed. The fact 

that the lag phase 13 observed suggests that reductant 

(suoh as SOg) must be produced from the dlthionlte and this 

reducing agent is considerably more reactive than is 
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dithlonlte. Williams (19&3) observed analagous behavior 

for reduction of ferrl-HHC by hydroqulnone. His results 

were consistent with formation of the semlqulnone which re

acted rapidly with HHC after a sufficient concentration had 

built up. 

To identify the reductant produced from dithlonlte 

as S0£ one must Investigate the variation in observed rate 

with dithlonlte concentration. Figure 3 presents a semi

log plot of the data of Figure 1. An observed rate, k(obs). 

can be estimated for the lag period as well as the main 

part of the reaction although it is difficult to determine 

accurately the linear rate change from the lag phase data. 

Figure i* presents a plot of k(obs) vs. dithlonlte concen

tration for the lag phase and for the reaction following 

the lag phase. The observed rate constants determined from 

the lag phase vary directly with dithlonlte concentra

tion (within the limits of the measurement) while the main 

reaction rate is not directly proportional to dithlonlte 

concentration. Lambeth (1973) noted that the rate of re

duction of myoglobin by sodium dithlonlte varies with the 

square root of dithlonlte concentration (in the absence of 

oxygen) and suggested that the reactive species is the sul

fur dioxide anion radical produced by dissociation of di

thlonlte. Dithlonlte is known to be in rapid equilibrium 

with sulfur dioxide radical in solution (Rinkler et al.. 
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Figure 3. Semi-log plot of reaction shown In Figure 1. 
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Figure 4. Second-order plot for reduction of ferri-HHC by 
sodium dithionlte. 

Data of Figure 3: •= lag part of reaction 
O = second part of reaction 
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1959)* Thus it appears that the lag time in the reaction 

of ferri-HHC with dithionite is the time required for SOg 

to react with the residual oxygen in the solution. During 

this period there is a slow reduction of ferri-HHC by S2o£. 

Once S0£ has scavenged residual oxygen from the reaction 

mixture* SO2 is available to react with ferri-HHC and the 

reaction between ferri-HHC and SO^ takes place much more 

rapidly than the reaction between ferri-HHC and SgO^. 

Since pseudo first-order kinetics are observed for the re

action, the concentration of and SOg remains essen

tially constant during the reaction. This implies that the 

equilibrium between the two species is established rapidly 

prior to reduction of ferri-HHC. 

Figure 5 presents a plot of k(obs) vs. [S2o£]^ for 

the second part of the reaction between dithionite and 

ferri-HHC. The plot is non-linear and deviates at high 

concentrations of dithionite. Solution of the rate equa

tions for the proposed mechanism yields 

Mobs) = k(l)D + k(2)K(eq)D^ (4) 

where D is the concentration of dithionite. It is assumed 

In this mechanism that D can only donate one electron to H 

and that the second electron is retained in the oxidation 

products. Equation (4) predicts that the plot of k(obs) 

vs. cs2oin* will not be linear. The deviation from 
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Figure 5. Plot of k(obs) vs. for second part of 
reduction of ferrl-HHC. 

Data of Figure 3. 
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linearity is due to the contribution of the reaction be

tween ferri-HHC and S20^ to the overall reduction of the 

cytochrome. If the SgOj^ molecule were to donate two elec

trons per cytochrome one would have 

k(obs) = [k(l) + k(2)K(eq)]D^ (5) 

and the plot of k(obs) vs. would be linear. 

K(eq) in equation (4) can be evaluated by measuring 

the concentration of SOg radical in equilibrium with a 

known amount of sodium dithionlte. Burlamacchi et al. 

(1967) and Lynn, Rinkler and Corcoran (1964) have shown 

that S0£ gives a strong EPR signal and that K(eq) for reac

tion (1) in 0.1 M NaOH is 5.68 x 10~*°. Using this value 

and knowing the concentration of D, one can calculate 

and use this value to standardize the EPR peak to peak sig

nal in 0.1 M NaOH. The concentration of SOg can then be 

determined for other conditions by comparison of the magni

tude of the peak to peak signal to that observed in 0.1 M 

NaOH. Table 3 summarizes the value of K(eq) determined for 

the conditions used for the kinetic experiments to be re

ported. In all cases a single symmetrical signal was ob

served at 3362.7 gauss at a fixed Klystron frequency of 

9.442 GHz and the peak width at half-height was 2.3 gauss. 

Values of K(eq) in Table 3 denoted by a * were estimated 
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Table 3. Equilibrium constants for dlthlonlte dissociation, 

Condition K(eq) x 10*® 

0.001 M KP0^a, pH 7 9.5 * 

0.01 M KP<fy, pH 7 7.5 * 

0.02 M KPO^, pH 7 7.3^ 

0.1 M KP0^» pH 7 5.35 

0.6 M KPCfy, pH 7 3.2 * 

0.1 M KPO^, pH 7 + 0.1 M NaCl 4.80 

0.1 M KPO^, pH 7 + 0.5 M NaCl 4.6? 

0.1 M KPO^, pH 7 + 1.0 M NaCl 2.22 

0.1 M KPOjj, pH 7 + 2.0 M NaCl 1.30 

0.02 M TCb, pH 7 12.1 

0.02 M TC, pH 7 + 0.05 M KPO^ 5.95 

0.02 M TC, pH 7 + 0.05 M TC 6.05 

0.02 M TC, pH 7 + 0.05 M K Cit.° 4.58 

0.02 M TC, pH 7 + 0.05 M KgSO^ 5.02 

0.02 M TC, pH 7 + 0.05 M KC1 • 5.71 

0.02 M TC, pH 7 + 0.2 M KC1 4.7 * 

0.02 M TC, pH 7 + 0.5 M KPO^ 3.17 

0.02 M TC, pH 7 + 0.5 M TC 3.8 * 

0.02 M TC, pH 7 + 0.5 M K Clt. 2.86 

0.02 M TC, pH 7 + 0.5 M ICgSO^ 2.50 

0.02 M TC, pH 7 + 0.5 M KC1 3.76 



Table 3» Continued. 

Condition K(eq) x 10*® 

0.02 M TC, pH 7 + 1.0 M KC1 2,2 * 

0.025 M TAGP, pH 5.5 4.24 

0.025 M TAGP, pH 6.25 4.95 * 

0.025 M TAGP, pH 7.0 5.71 

0.025 M TAGP, pH 8.0 5.71 * 

0.025 M TAGP, pH 9.0 5.71 

0.025 M TAGP, pH 10.0 7.95 * 

0.025 M TAGP, pH 11.0 10.2 

0.025 M TAGP, pH 12 7.95 * 

0.025 M TAGP, pH 13 5.68 

0.1 M KPO^, pH 7 + 2# n-Propanol 5.35 * 

0.1 M KPO^, pH 7 + 5# n-Propanol 6.6 * 

0.1 M KPO^, pH 7 + 10# n-Propanol 7.73 

0.1 M KPO^, pH 7 + 15# n-Propanol 11 * 

0.1 M KPO^, pH 7 + 20# n-Propanol 13.9 

0.1 M KPO^, pH 7 + 25# n-Propanol 15 * 

0.1 M KPO^, pH 7 + 40# n-Propanol 21.8 

0.1 M KPO^, pH 7 + 2# Ethanol 5.35 * 

0.1 M KPO^, pH 7 + 10# Ethanol 8.47 

0.1 M KPO^, pH 7 + 15# Ethanol 11 * 

0.1 M KPO^, pH 7 + 20# Ethanol 13.0 

0.1 M KPO^, pH 7 + 40# Ethanol 36.7 



Table 3# Continued. 

Condition K(eq) x 1010 

0.1 M KPO^, pH 7 + k5% Ethanol 37 

0.1 M KPO^, pH 7 + 2% Dlozane 5.35 * 

0.1 M KPCfy, pH 7 + 10# Dlozane 9.^9 

0.1 M KPO^, pH 7 + 20# Dlozane 8.76 

0.1 M KPCfy, pH 7 + ̂ 0# Dlozane 9.00 

a. KPO^ =» potassium phosphate buffer. 

b. TC = Trls cacodylate buffer. 

o. K Clt. = potassium citrate. 

*. Value was estimated from measured values. 



from measured values of K(eq). The EFR signal was found to 

vary linearly with £s20jj;3^ over the range 0.05 to 0.005 M. 

Once K(eq) Is known, the values of k(l) and k(2) 

can be determined by fitting equation (k) using the ob

served rate constant for the spectrophotometrlcally detect

able reaction at different dlthlonlte concentrations with 

the aid of a digital computer. In addition* k(l) can be 

estimated from a plot of k(obs) vs. D for the lag phase 

portion of the reaction and k(2) can be estimated from a 

plot of k(obs) vs. the square root of D using the low con

centrations of D and zero. Table 4 summarizes the results 

of the fitting procedure for several experiments and Is 

presented to demonstrate the accuracy of the procedure. 

The least squares error Is the sum of the square of the 

differences between the experimental k(obs) and the k(obs) 

calculated from the rate constants determined by the fit

ting procedure. Figure 6 presents the variation of k(obs) 

with [S20£]^ for the reactions In Table k (points) and the 

values of k(obs) calculated from the rate constants deter

mined by the fitting procedure (solid lines). The calcu

lated rate constants agree well with the measured values 

and give a value of k(obs) in excellent agreement with the 

observed value. The small differences observed are due to 

the inacouracy of determining k(obs) for the lag phase por

tion of the reaction as already discussed and to the 



Table 4. Results of fitting procedure for rate constants 

K(eq) 

x 1010 

k(l) k(l) k(2) k(2) Least 

Condition 
K(eq) 

x 1010 
measured 

(M^seo"1) 

calculated 

(M~*sec~^) 

measured 

(JT^sec"*) 

calculated 

(M-1sec"^) 

Squares 
Error 

x 10"^ x 10"4 x 10"7 x 10~7 

0.1 H potas
sium phos- 5*35 
phate, pH 7.0 

0.02 M potas
sium phos- 7.3^ 
phate, pH 7.0 

0.02 M Trls-
cacodylate, 12.1 
PH 7.0 

0.025 M TAGP. 5.71 
pfl 7.0 

5.0 

14 

28 

7.7 

6A 

6.8  

3k 

3.* 

6 .2  

10 

b.5 

9.6 

5.9 

12 

6.7 

9.8 

0.783 

3̂ .8 

137 

10.6 

fo 
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Figure 6. Plot of k(obs) vs. for reduction of 
ferrl-HHC In several buffers. 
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contribution of the reaction between S20j^ and ferrl-HHC 

even at the lowest [SgOj^] investigated. It was determined 

that the measured value of k(obs) can be reproduced within 

approximately ±10# of the average value of several experi

ments performed under identical conditions. 

The rate constants presented in Table 4 Indicate 

that the rate of reduction of ferrl-HHC by SOg Is consider

ably faster than by S20^ and that the rate of reduction by 

both species varies with the nature of the buffer ions 

present. 

Effect of Ionic Strength 
and Specific Ions 

Table 5 summarizes the effect of changing ionic 

strength on the rate of reduction of ferrl-HHC. There is a 

general ionic strength effect which results in a deorease 

in rate of reduction by both S20^ and SOg. One goal of 

this work is to demonstrate that electron transfer is medi

ated by specific regions of the cytochrome molecule. The 

site of electron transfer is defined as the protein moi

eties which interact with a reductant to allow transfer of 

an electron to the heme group. The ionic strength effect 

is consistent with a positively charged region of the HHC 

molecule interacting with the negatively charged S20^ and 

S0| ions. As noted previously, the rate of reduction is 

sensitive to the nature of the ions present as well as to 
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Table 5» Effect of ionic strength on reduotlon of HHC by 
sodium dlthionltea. 

Potassium 
phosphate 
(mM) 

S20^ Bate 

(M~*sec"*) x 10"5 

S02 Rate 

(M'^sec"1) x H
 
O
 1 CD
 

1 4.9 2.2 

10 2.1* 1.2 

20 0.68 1.2 

100 0.64 0.59 

600 0.43 0.33 

20 mH Trls Caco-
dylate plus in
dicated KC1 (M) (M""^sec"^) x 10"5 

S02 Rate 

(M~1sec~1) x H
 
O
 1 CD
 

0 3.^ 0.67 

0.05 1.8 0.76 

0.2 0.45 0.47 

0.5 0.24 0.35 

1.0 0.12 0.32 

a. Reaction at pH 7.0; HHC - 3 micromolar; moni
tored at 417 nm. 
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the Ionic strengths The S20^ reaction Is more rapid In 

Trls-cacodylate buffer while the SOjj reaction Is more rapid 

In potassium phosphate buffer. 

Table 6 presents results of a study designed to de-

duoe the effect of specific Ions on the rate of reduction 

of ferrl-HHC by dlthlonlte. Trls-cacodylate was chosen as 

the buffer for these experiments because studies of the ef

fect of various Ions on the electrophoretlc mobility of HHC 

have Indicated that this buffer contains no Ions which bind 

to ferrl-HHC (Barlow and Margollash, 1966; Margollash, Bar

low and Byers, 1970). It was concluded from the electro

phoretlc mobility results that the affinity of ferrl-HHC 

for the anions studied has the order citrate > chloride > 

phosphate. Assuming that bound anions have a specific ef

fect on reduction, a more tightly bound Ion will more 

effectively decrease the rate than a loosely bound Ion. 

Based on this assumption for the reaction, the affini

ty of ferrl-HHC for anions (0,05 M) has the order citrate > 

sulfate = phosphate > chloride. At high concentrations of 

anions (0,5 M) the differences In rate are less pronounced. 

At both concentrations of anions Investigated the reaction 

between SO^ and ferrl-HHC Is Insensitive to specific anions 

and only sensitive to the overall concentration of Ions. 

However, at lower concentrations (20 mM, Table 5) the 



Table 6. Effect of specific Ions on rate of reduction of 
HHC by sodium dlthlonltea. 

S20ij. Bate SO2 Bate 

(M~^sec"^) x 10"^ (M"^sec~^) x 10"? 

0.05 M Trls cacodylate 2.7 6.3 

0.05 M potassium chloride 1.8 7.6 

0.05 M potassium phosphate 0.87 5.9 

0.05 H potassium sulfate 0.74 6.0 

0.05 M potassium citrate 0.42 5.3 

0.5 M Trls cacodylate 0.66 3.3 

0.5 H potassium chloride 0.24 3.5 

0.5 M potassium phosphate 0.40 2.8 

0.5 M potassium sulfate 0.26 4.4 

0.5 M potassium citrate 0.087 3.8 

a. Reaction measured at 417 nm In 20 mM Trls caco-
dylate, pH 7.0 plus the Indicated Ions; HHC = 3 mlcromolar 
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reaction of SOjj with HHC Is more rapid In phosphate buffer 

than In Tris-cacodylate buffer. 

Effect of pH 

Figure 7 presents the rate of reduction of ferrl-

HHC by S20^ and SO2 as a function of pH. The rate of re

duction by S20^ decreases steadily between pH 5*5 and 9 

such that its contribution at higher pH's is negligible. 

The rate of reduction by SOjj, however. Increases slightly 

from pH 5*5 to 9 after which it decreases an order of mag

nitude by pH 12. The rate decrease has a pK of about 9.8 

which does not correlate well with the pK's observed for 

the effect of pH on the speotral properties of HHC. The 

absorption spectrum of ferri-HHC exhibits two pK's in the 

alkaline region: one around pH 9 (Theorell and Akesson, 

1941; Greenwood and Palmer, 1965; Greenwood and Wilson, 

(1971) which results in loss of absorbance at 650 nm and 

695 nm, and one at pH 12.9 (Theorell and Akesson, 1941) 

which supposedly corresponds to denaturation of the mole

cule. 

The pK 9.8 observed for the kinetic transition with 

SO2 is consistent with the pK 10 reported for titration of 

the epsilon-amlno group of lysine residues in proteins 

(Nozaki and Tanford, 1967). Thus it can be suggested that 

the effect of alkaline pH on the reduction of ferri-HHC by 

SO2 is to decrease the rate by destroying the electrostatic 



Figure 7. Effect of pH on second-order rate constant for reduction of ferrl-HHC by 
sodium dlthlonlte. 

• * reduction by S20^ Q " reduction by SOjj 

/ 
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Figure 7« Effect of pH on second-order rate constant for reduction of ferri-HHC by -e-
sodium dithionite. 
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attraction between a positively charged HHC site and the 

negatively charged SOg ion. Addition of 0.2 M NaCl to HHC 

at pH 13 increases the rate of reduction by a factor of 

three. Since at pH 13 the molecule has only negative 

oharges on its surface, the NaCl ions would be expected to 

decrease the repulsion between SOg and the protein ion-

sphere and thus allow a more ready approach of SO£ to the 

site of electron transfer. 

Reduction of Denatured HHC 

Ferri-HHC can be denatured by a variety of methods 

and by measuring the rate of reduction of various denatured 

forms an estimate of the degree of melecular integrity re

quired for efficient electron transfer can be obtained. 

Table 7 summarizes the relative rates obtained for reduc

tion of denatured ferri-HHC by and SO^. All of the 

denatured forms of the cytochrome bind carbon monoxide In 

the ferro state. Presented in Table 7 are relative rate 

constants which were determined by dividing the rate con

stant measured under the indicated conditions by the rate 

oonstant obtained with native cytochrome c in the buffers 

indicated in the legend to the table. The denaturation re

sults suggest that the protein moiety plays a significant 

role in electron transfer to ferri-HHC. 
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Table 7. Reduction of denatured HHC by sodium dlthionitea. 

Relative Relative 
Condition S20/j, Rate SO2 Rate 

Native HHC 1.0 1.0 

8 M urea 1.1 10 

NaOH treated 1.0 1.3 

Heat treated 0.76 1.1 

6 M guanidlne 0.50 0.65 

Photo-oxidized 0 A5 1.1 

Ethanol treated 0.22 1.0 

1-65 peptide 0.021 2.9 

40# n-Propanol 0.0087 0.51 

a. Reaction In 0.1 M or 0.02 M potassium phosphate, 
pH 7.0, and monitored In the Soret region; HHC approximate
ly 3 mlcrocolar. 
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Reduction of Other Cytochromes c 
by Sodium Dithionite 

Reduction by dithionite of a variety of c-type cy

tochromes was investigated to determine if the results ob

tained with HHC were of a general nature. Table 8 presents 

the results of a survey of several cytochromes c which all 

contain low-spin heme-iron and represent a wide selection 

of midpoint potentials and function. In all cases the re

action involves simultaneous reduction by S20j£ and SOg. 

The rate constants vary and do not correlate with the mid

point potentials or isoelectric points of the cytochromes c 

investigated. Thus it appears that structural differences 

which are not reflected by the oxidation-reduction poten

tial are sufficient to alter the reactivity of the mole

cules with S2o£ and SOjj. 

Also included in Table 8 are the results of a study 

of the rate of reduction of the water soluble heme, Fe(III) 

meso-tetra-(4-N-methyl pyridyl) porphin (ferri-MTMP). The 

reduction of ferri-MTMP involves simultaneous reaction with 

S20^ and SO^ as do the cytochromes c. The rate of reduc

tion of ferrl-MTMP is considerably greater than that of any 

of the cytochromes investigated, perhaps due to the unre

stricted interaction between MTMP and dithionite. This 

provides additional evidence for involvement of the protein 

moiety In mediating electron transfer to cytochromes c. 
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Table 8. Reduction of various cytochromes c by dithionltea. 

^n.7 

(mv) 

S20ij. Rate SO2 Rate 

Cytochrome Pi ^n.7 

(mv) 
(M~^sec 

x 10"4 

(M^sec"-'-

x 10"7 

HHC 10.0 +260 6A 5.9 

R. rubrum cyt. Co 5.9 +330 It o 1.8 

R. capsulata cyt. Co 7.1 +320 28 0.24 

R. spheroldes cyt. c„ 6.3 +330 11 1.1 

R. spheroldes cyt. c^ 4.3 -260 2.8 13 

Water soluble heme ... ? 150 130 

a. Reaction In 0.1 M potassium phosphate (except 
Rub-Cg which was In 0.01 M Trls-Cl), pH 7.0, and monitored 
In Soret region; heme approximately 3 mlcromolar. 
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Reduction by 
Ferrocyanlde and Ascorbate 

To further characterize the reduction of ferri-HHC 

by anlonio electron donors, the rate of reduction by potas

sium ferrocyanlde and sodium ascorbate was Investigated. 

Reduction of ferri-HHC by ferrocyanlde yielded a monophasic 

pseudo first-order reaction with a plot of In absorbance 

change vs. time linear over the entire course of the reac

tion. Figure 8 presents the variation of k(obs) with fer-

rooyanlde concentration. The concentration of HHC in the 

reactions was approximately 6 mlcromolar so that the con

centration of ferrocyanlde is 100 to 1000 times that of HHC. 

The rate of reduction is not linear with ferrocyanlde con

centration and appears to approach a limiting value (ap

proximately 100 sec"1) at high reductant concentrations. 

In the absence of any dissociation to form another species 

as was observed for dlthionite reduction of HHC, this non-

linearity is suggestive of a change in rate-limiting step 

at high reductant concentrations and implies a two step 

mechanism as shown in equation (6). 

lc(l). k(2) v 
(6)  F + H 

k(-l) 
B + 0 

k<-2) 

In this mechanism F represents ferrocyanlde, H represents 

ferri-HHC, FH represents a ferrocyanide-HHC complex, R is 

ferro-HHC and 0 is ferrlcyanide. At sufficiently large 
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excess of F (100 to 1000 times) over H the reverse reaction 

of step 2 Is negligible as compared to k(l) and solution of 

the rate expression yields 

*«">»> -

where K(eq) = k(l)/k(-l) and F Is the concentration of fer

rocyanlde. According to (7). a plot of l/k(obs) vs. 1/F 

will be linear with a slope of l/k(2)K(eq) and an Intercept 

of l/k(2). Figure 9 presents a plot of l/k(obs) vs. 

1/ferrocyanlde for reduction of ferrl-HHC In 0.1 M potassi

um phosphate, pH 7.0. Based on Figure 9» K(eq) Is ̂ 50 

and k(2) Is 97 sec"^ for reduction of ferrl-HHC by ferro-

oyanlde. The results support the suggested mechanism which 

Involves formation of a complex between ferrocyanlde and 

ferrl-HHC prior to transfer of an electron. Ferrlcyanlde 

has been shown to follow an analogous mechanism during the 

oxidation of cobalt (II) ethylenedlamlnetetraacetate 

(Co(II) EDTA) (Adamson and Gonlck, 1963) and reduction of 

ferrl-HHC by Cr(II) at pH 7 was demonstrated to proceed by 

an analogous mechanism (Yandell, Fay and Sutln, 1973)* 

In contrast to the previous results with both dl-

thlonlte and ferrocyanlde. reduction of ferrl-HHC by sodium 

ascorbate In 0.02 M potassium phosphate, pH 7.0, results In 

a simple second-order reaction with a rate constant of 

34 M^sec"*. Addition of 1.0 M NaCl to the reaction 
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mixture decreased the rate tenfold to 3.7 M~^sec"^. As in 

the dlthionite case, this is consistent with the negatively 

charged ascorbate ion interacting with a positively charged 

site on the HHC molecule. 

Discussion of Results 

The results presented for reduction of ferri-HHC by 

several anionic reductants suggest the existence of a spe

cific site of electron transfer. In this section the re

sults are discussed with respect to specific regions of the 

HHC molecule whloh may be implicated as interacting with 

S02 and S20$. 

The reduction of ferri-HHC by dlthionite results in 

two simultaneous second-order processes. Rates of reduc

tion by both S20j and by S02 can be obtained from the data. 

Reduction by S02 is two to three orders of magnitude faster 

than reduction by S20^, perhaps because SO^ is a radical 

species and has a more reactive electron to donate. The 

second-order reactions observed for S20j^ and SO^ reduction 

of ferri-HHC may Indicate that electron transfer (ET) oc

curs by a simple second-order process. However, the mech

anism may be more complicated with the reaction observed 

reflecting a rate limiting Interaction of S20^ or SOg with 

ferri-HHC. Thus, the site of electron transfer refers to 

the site of initial interaction between reductant and 
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cytochrome which may or may not be the site at which the 

electron transfer step occurs. 

The decrease In rate of reduction at high ionic 

strengths is consistent with both S20^ and SOg interacting 

with a cationic region of the cytochrome during ET. Anions 

bind tightly to ferri-HHC such that electrodlalysls is re

quired to completely remove them from the molecule (Barlow 

and Margoliash, 1966). Studies on the electrophoretic mo

bility of ferri-HHC revealed that different anions have 

different affinities for the available binding sites on the 

molecule (Barlow and Margollash, 1966; Margollash. Barlow 

and Byers, 1970). The specific anion effect on SgO£ reduc

tion of ferri-HHC could in part reflect the different bind

ing strengths of the anions Investigated. Thus the SgO^ 

would have to displace the bound anion from the vicinity of 

the site of electron transfer prior to electron transfer. 

Reduction by SO^, on the other hand, does not re

flect a differential affinity of HHC for anions. This may 

be due to the fact that SOg is a more compact ion than SgOj^ 

and its approach to the ET site .is not hindered. Alterna

tively, this result may be evidence that SOg Interacts at a 

different region of the HHC molecule, still positively 

charged, which does not tightly bind anions. 

The effect of pH on the rate of reduction of ferri-

HHC by S20£ and SO^ provides additional information on 
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possible sites of Interaction of these reduotants with the 

cytochrome. The rate of reduction by S20j£ Increases stead

ily from pH 9 to 5«5. It Is difficult to determine If this 

rate Increase Is due to protonatlon of amino acid residues 

of the protein or to protonatlon of S20^ resulting In a 

more reactive species. 

Reduotlon by SOg has a pK of 9*8 which correlates 

well with the pK of 10 reported for titration of epsllon 

amino groups of lysine residues in proteins (Nozakl and 

Tanford, 1967). This result supports the ionic strength 

results and suggests that SO^ Interacts with a positively 

charged region of the HHC molecule. A pK of 9.8 also 

agrees well with the pK 9.8 reported for titration of the 

phenolic hydroxyl group of tyrosine residues in proteins 

(Nozakl and Tanford, 1967). Titration of a tyrosine would 

leave a negatively charged residue and the electrostatic 

repulsion between this group and the SO-g ions would greatly 

reduce the rate of reduction as is observed. Tyrosine-74 

In the left hydrophobic channel leading to heme and tyro-

sine-97 in the right channel both have their hydroxyl 

groups extending into the external medium (Dlckerson et al.t 

1971) and seem possible candidates as the electron accept

ing site for SO^. Tyrosine-7^ is invariant in the sequence 

of all respiratory cytochromes c investigated while tyro-

sine-97 is absent in only one respiratory cytochrome c 



(replaced by phenylalanine; Dickerson et al., 1971). Both 

of these residues are surrounded by positive charges and 

would yield results In agreement with the Ionic strength 

effect at neutral pH. 

Reduction of various denatured forms of ferri-HHC 

by SgOj^ Is consistent with Involvement of the protein moi

ety in the ET process. Denaturatlon disrupts the native 

conformation of HHC and in most cases this results in a de

creased rate of reduction by S20^. Photo-oxidized HHC has 

a modified histidlne-18 which alters the heme environment 

and may cause conformation changes in other parts of the 

molecule as well. The I-65 heme peptide is missing part of 

the molecule above the heme moiety and portions of the 

right and left hydrophobic channels and the rate of reduc

tion by S20^ is markedly decreased. The NaOH treated HHC 

has an absorption spectrum which indicates some high-spin 

charaoter for the heme-iron and suggests disruption to some 

extent of one of the ligands to heme which allows a weak 

field ligand (solvent water molecule?) to coordinate to 

iron. Kaminsky, Byrne and Davison (1972) have shown that 

the methlonlne-80 ligand is more easily displaced than the 

hlstidine-18 ligand to heme-iron. The structural changes 

induced by NaOH treatment do not affect the rate of reduc

tion by SgOj^, perhaps suggesting that a particular portion 

of the ferri-HHC molecule is involved in the ET process. 
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Ethanol treatment of HHC does not alter the absorption 

spectrum appreciably but this treatment should disrupt hy

drophobic regions of the protein and does decrease the ef

ficiency of ET from SgOjj; to ferri-HHC. Suspension In k0% 

n-propanol results in an HHC molecule In which both the 

heme and aromatic residue environments are perturbed 

(Kaminsky, Yong and King, 1972) and the rate of reduction 

is decreased two orders of magnitude. 

In contrast to the results for S20^, the rate of 

reduction of denatured HHC by SO^ generally remains approx

imately the same or Increases relative to the native mole

cule. This result seems contrary to what would be expected 

If the protein moiety were Involved in mediating £T from 

SO2 to heme. This result may be consistent with interac

tion of SO2 with the exposed heme edge in native HHC and 

the various denatured forms of the molecule. However no 

definite conclusion can be reached since the conformations 

of the denatured species are unknown and refolding of the 

molecule following disruption of the native structure could 

increase or decrease the availability of the heme moiety to 
A 

the surrounding solvent. 

Reduction of several low-spin c-type cytochromes by 

^2°^ and s02 results ln rates of reaction which vary by ap

proximately an order of magnitude. In all cases reduction 

by SOg was two to three orders of magnitude greater than by 
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S20j^. The observed variation In rates does not correlate 

with midpoint potential differences between the cytochromes. 

This Implies that the differences in heme-protein environ

ment which alter the oxidation-reduction potentials are not 

reflected In the rates of reduction by dithionlte. However, 

subtle structural differences do exist between the cyto

chromes which must be responsible for the variations in 

rate of reaction. 

Reduction of ferri-HHC by ascorbate was found to 

proceed by a second-order process as was the case for each 

component of the SgO^, SOj> system. The ascorbate reduction 

is slower than reduction by either S£0^ or SOg, possibly 

due to the fact that the midpoint potential of ascorbate is 

+58 mv (Clark, i960) while that of dithionlte is approxi

mately -500 mv (Weast, 1968). Ascorbate must undergo a 

bond breaking step during its oxidation which may also con

tribute to its slow reaction with ferri-HHC. The effect of 

ionic strength on the reduction of ferri-HHC by ascorbate 

is In agreement with that observed for reduction by both 
*X _ 

SgO^ and S02 and is consistent with the anionic reductants 

interacting with a positively charged region of the HHC mo

lecule. 

The reaction of ferri-HHC with ferrocyanide was 

found to proceed by a two step mechanism involving forma

tion of a ferri-HHC-ferrocyanlde complex prior to transfer 



of an electron. Previous investigations of this reaction 

reported results consistent with a simple second-order pro-

oess. Sutln and Christman (1961) measured the rate of oxi

dation of ferro-HHC by ferricyanide in a stopped-flow 

spectrophotometer but gave no experimental details nor did 

they present any data. Eavsteen (1965) measured the reac

tion using the temperature-Jump method. Since he reports 

only one relaxation* the two steps must have rates of ap

proximately the same magnitude under the conditions he in

vestigated. 

Ferricyanide and ferri-HHC have both been shown to 

undergo oxidation-reduction reactions in which a complex is 

formed during electron transfer. Adamson and Gonick (1963) 

reported that the oxidation of Co(II) EDTA by ferricyanide 

proceeded In two distinct steps. The first was a rapid re

versible formation of a Co(II) JEDTA-ferricyanide complex 

followed by a slower dissociation to give the final prod

ucts. Yandell, Fay and Sutln (1973) investigated the re

duction of ferri-HHC by Cr(II) ions. They found that 

bridging anions such as thiocyanate, azide and iodide cata

lyzed the reduction of ferri-HHC by Cr(II) at pH 6 to 7. 

Since the rate of iron complex formation by these anions 

(25 M~*sec~*) is considerably slower than the rates of re-

4 —1 —1 
ductlon observed (approximately 5 x 10 M sec ) they con

cluded that the Cr(II) reduction of ferri-HHC proceeded.by 
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attack of Cr(II) at a site remote from the Iron of heme. 

The rate of reduction tended to become Independent of 

Cr(II) concentration at high reductant concentrations and 

they concluded that at pH 6 to 7 the reaction Involved for

mation of a Cr(II)-HHC complex prior to electron transfer. 

In summary, the following points are consistent 

with the results of reduction of ferrl-HHC by anionic elec

tron donors. 

1. Dlthlonlte undergoes a rapid equilibration between 

SgO^ and SOg. 

2. Reduction of ferrl-HHC by SgOj^, S0£ and ascorbate 

proceeds by a simple second-order process and each reduc

tant Interacts with a positively charged region of the cy

tochrome during electron transfer. 

3. ET from S20^ to the heme-lron appears to Involve 

participation of the protein moiety. 

Reduction of ferrl-HHC by SOg could be consistent 

with Interaction with the exposed edge of the heme moiety 

or with tyrosine side chains of the protein during or prior 

to ET. 

5. Reduction of ferrl-HHC by ferrocyanlde proceeds by 

a two step mechanism Involving formation of a ferrocyanlde-

HHC complex followed by electron transfer to give the final 

products. 



66 

6. All of the low-spin c<~type cytochromes used in 

this work appear to undergo reduction by dlthionlte by the 

same mechanism. That is, both and so2 can act as re" 

ductants with SO^ being far more effective. 

7. Structural differences which exist between dif

ferent cytochromes c are responsible for variations in rate 

of reaction with S204 and SO^. 



CHAPTER b 

REDUCTION OF CHROMATIUM VINOSUM 
CYTOCHROME C« 

Reduction by Sodium Dlthlonlte 

The reduction of ferri-C-c' by sodium dlthlonlte 

ls» In general, similar to the reduction of ferri-HHC with 

both SgO^ and SOg acting as reducing agents. Figure 10-A 

presents typical reaction traces for reduction of C-c' by 

dlthlonlte in 0.1 M potassium phosphate, pH 7.0, and Figure 

10-B gives a semi-log plot of A A vs. time. In contrast to 

HHC, the bulk of the spectrophotometric change corresponds 

to reduction of ferri-C-c' by S20j£ with only the last 10 to 

20# of the absorbance change due to SOg. Thus the rate 

constant for the SgO^ reduction of ferri-C-c' can be accu

rately calculated from the initial variation of the absor

bance change with time. This is demonstrated in Figure 11 

where k(obs) is plotted against SgO^ concentration for the 

initial reaction. As expected for SgO^ reduction, k(obs) 

is directly proportional to the reductant concentration 

yielding k(l) (equation 4, Chapter 3). Second-order rate 

constants for the SO^ reaction were determined by the best 

fit of equation (**), Chapter 3» to k(obs) derived from the 
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Figure 10. Reduction of ferri-C-o' by sodium dlthionlte. 

A - Time course of the reaction B - Semi-log plot of data in part A 
0.1 M potassium phosphate pH 7.0, heme concentration = 2.5 micromolar, dlthionlte 
concentrations: a = 50 micromolar, b = 37 micromolar, wavelength = 429 nm. 
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second part of the reaction using the value of k(l) deter

mined as described above. 

The rates of reduction of ferri-C-c• by and 

S<>2 in 0.1 M potassium phosphate, pH 7*0. were found to be 

7.3 * 10^ M~*sec~* and 1.9 x 10^ M~*sec~*, respectively. 

As was observed for the HHC reaction, the rate of reduction 

' by SO2 is several orders of magnitude faster than reduction 

by SgOj^. The rate of reduction of C-c* by SO2 is 50-fold 

faster than that observed with HHC and is approaching a 

diffusion controlled rate (1010 to 10** M~1sec~*). The 

rate constant for reduction of C-c' by SgO^ is an order of 

magnitude faster than the corresponding rate constant for 

reduction of HHC. This latter observation explains why a 

large portion of the S20£ reaction can be observed spec

trally since the time required for SOg to soavenge residual 

oxygen from the reaction mixture is independent of the cy

tochrome present. Thus, substantially more reduction by 

820^ takes place before oxygen is depleted. 

Effect of Ionic Strength 

Table 9 summarizes the effect of increasing concen

trations of NaCl on the reduction of ferri-C-c' by dlthio-

nlte. The rate of reduction by both and SO^ is 

decreased by increased ionic strength. This result sug

gests that each anion interacts at or near a positively 
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Table 9. Effect of ionic strength on rate of reduction of 
C-c' by sodium dithlonltea. 

NaCl so2 Rate 

(M) (M^sec""*) x 10"5 (M"^sec"^) x 10"® 

0 7.3 19 

0.1 5.0 7.3 

0.5 2.5 13 

1.0 1.2 4.7 

2.0 0.38 1.5 

a. Beaction in 0.1 M potassium phosphate, pH 7.0, 
plus the indicated concentration of NaCl; heme concentra
tion approximately 2 micromolar; monitored at 429 nm. 
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charged region of the C-c1 molecule during or prior to 

electron transfer. 

Effect of pH 

The effect of pH on the rate of reduction of ferri-

C-c* by dithionite is shown in Figure 12. Increasingly al

kaline pH has a similar effect on the rate of reduction by 

both S£0^ and SOg. Reduction by either species has a sharp 

maximum at pH 7 followed by a less dramatic change in rate 

with an apparent pK of 9.5. 

The effect of pH on the absorption spectrum of C-c* 

in the range pH 5«5 to 13 results in two pK's: one at 9.1 

and the other at 10.8 (Chapter 5). The change in rate con

stants around pH 7 does not correlate with either of the 

spectral transitions whereas the kinetic transition at pH 

9*5 nay correlate with the spectral change in this pH re

gion. The similar pH profile for reduction of C-c' by S20£ 

and SO2 suggests that both reductants Interact with C-c* by 

the same mechanism. 

Effect of n-Propanol 

Figure 13 presents the variation in rate of reduc

tion of ferri-C-c' with dithionite as a function of the 

concentration of n-propanol in the reaction mixture. The 

rate of reduction by S20^ increases by a factor of three 

between 0 and 15# n-propanol after which it decreases to a 
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value an order of magnitude slower than In the absence of 

n-propanol. The rate of reduction by SOjJ decreases almost 

two orders of magnitude with a midpoint for the transition 

at approximately 5% n-propanol. Table 10 presents the rate 

of reduction of ferrl-C-c* by dlthlonlte in several concen

trations of ethanol and dloxane. The results with ethanol 

and dloxane are in agreement with those observed with n-

propanol although there is Insufficient data to determine 

the exact concentrations of ethanol and dloxane required to 

produce the observed transitions. 

Reduction of Other Cytochromes c' 

The rate of reduction of several cytochromes c* was 

investigated to determine if there is any correlation be

tween the common features of these cytochromes and their 

reduction kinetics. The results of this survey along with 

the midpoint potentials of the cytochromes at pH 7 and 

their isoelectric points are presented in Table 11. The 

rate of reduction by S20j£ varies by an order of magnitude 

between the various cytochromes c' while the rate constant 

for SO2 reduction varies over a 50-fold range. In all 

cases* reduction by SO2 is substantially faster than by 

S20j^ and reduction by either species does not correlate 

with the oxidation-reduction potentials of the cytochromes 

c'. Figure 14 presents plots of k(obs) vs. ts20^] for the 

first part of the reduction of the cytochromes c•. All of 
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Table 10. Reduction of C-c' by dithionite in ethanol and 
dioxane. 

Condition® 
S20if, Rate 

(M^sec"1) x 10"5 

S02 Rate 

(M^sec""''') x 10~® 

2% Ethanol 5.8 11 

10% Ethanol 15 13 

15% Ethanol 11 7.6 

45/6 Ethanol 4.1 0.42 

2% Dioxane 10 8.6 

20% Dioxane 10 0.66 

h0% Dioxane 1.0 1.0 

a. Reaction in 0.1 M potassium phosphate, pH 7,0, 
supplemented .with the indicated amounts of organic solvent; 
heme approximately 2 to 3 mloromolar; monitored in Soret 
region. 
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Table 11. Reduction of various high-spin heme-protelns by 
dlthlonltea. 

Heme Protein Pi 
(mv) 

S20if, Rate 

(W^sec"*) 

x 10'5 

SO2 Rate 

(M~*sec~*) 

1 10"7 

Myoglobin 7.2 +U6 negligible 0.*Hf 

Ps. den, cyt.-c' 8.9 +135 50 11 

R. pal, cyt.-c1 9.^ +110 30 3.6 

Chrom. cyt.-c* 5.0 +20 7.3 190 

R. gel, cyt.-o' 9.6 ? 7.0 kz 

R. sph. cyt.-c' k.6 +30 f.o 8.8 

a. Reaction In 0.1 M potassium phosphate, pH 7.0; 
heme concentration approximately 2 mlcromolar; monitored In 
Soret region. 



Figure 14. Second-order plot for first part of reduction 
of several cytochromes c' by sodium dithionite. 

0.1 M potassium phosphate pH 7.0 
O = Ps. den.-c• 
A = Pal.-c' ~~ 
• = C-c« 
©= Gel.-c' 
• = Sph.-c• 



Figure 14. Second-order plot for first part of reduction 
of several cytochromes c* by sodium dlthlonite 
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the plots are linear and the rate constants obtained for 

reduction by S20^ for all of the cytochromes c* investi

gated are larger, than those obtained for reduction of the 

low-spin cytochromes c. 

Also included in Table 11 is the rate of reduction 

of myoglobin by and S02. The rate of reduction by 

S2oJ is negligible with a plot of k(obs) vs. linear 

over the entire Ls2°l*3 range Investigated (Figure 15). 

Thus myoglobin is unreactive toward S2oj^ and reduction oc

curs entirely by S02. Lambeth (1973) has also reported 

that the rate of reduction of myoglobin varies linearly 

with Ls2°if3^* Myoglobin reduction by S02 is substantially 

slower than that of all of the cytochromes c1 and than most 

of the low-spin cytochromes c. 

Reduction by Other Electron Donors 

Assuming that reductants interact with ferri-C-c* 

in a specific manner, a homologous series of reductants 

which differ in side chain substltuents should reflect the 

nature of the ET site. Choosing each reductant so that it 

has a slightly different structure, the efficiency of in

teraction with the cytochrome as measured by the rate of 

reduction should reflect the chemical environment at the 

site of electron transfer. The results of an investigation 

of several different reductants is summarized In Table 12 
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Figure 15. Plot of k(obs) vs. £8205]]^ for reduction of 
myoglobin. 

0.1 M potassium phosphate pH 7.0 
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Table 12, Reduction of C-c* by various electron donors. 

0 
Reductant 

b 
^.7 

(mv) 

Net 

Charge 

k(f) 

(M~^sec"*^) 

k(r) 

(M"^sec""^) 

Lumlflavln -207 0 TFTM° — 

Flavin mono
nucleotide 

-219 -1 5.2 x 107 — 

Riboflavin -208 0 3.9 x 107 — 

Flavin ade
nine dlnucle-
otide 

-219 -2 1.4 X 107 — 

Indlgodisul-
fonate 

-125 -2 3.8 X 107 mm • 

Thionlne +63 0 6.5 X 10** 9.7 x 10^ 

Gallooyanin +21 -1 1.5 x 105 9.6 x 10k 

Prune +58 0 1.6 x 102* 3.9 x 10^ 

a. Reaction In 0.1 M potassium phosphate, pH 7»0» 
monitored at a suitable isosbestlc point of the reductant; 
lsoalloxazines measured at 2°C, others at 20°C. 

b. Clark, i960. 

c. TFTM = too fast to measure with stopped-flow 
instrument. 
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while Figure 16 gives the structure of the reductants used, 

in this study. 

Reduction by the lsoalloxazlnes and by indlgodlsul-

fonate were performed using concentrations of reactants 

which give equal equivalents of electrons In the reaction. 

The rapid rate of reduction of C-c1 by these donors pre

cludes using pseudo first-order conditions and. the 

oxidation-reduction potential difference between these 

reductants and C-c* is sufficient that essentially complete 

reduction occurs under equimolar conditions. A typical 

plot of 1/dA vs. time Is given in Figure 17 for reduction 

of ferri-C-c* by FMNH2. The fact that such plots are lin

ear for reduction by the lsoalloxazlnes and indigodisulfo-

nate Indicates that there is no appreciable reverse 

reaction and that a simple second-order mechanism is opera

tive. 

The reduction of ferri-C-c1 by thionine, gallocyan-

in and prune was performed under pseudo first-order condi

tions. However the oxidation-reduction potentials of these 

reductants are quite close to that of C-c' and even under 

pseudo first-order conditions there is an appreciable con

tribution of the reverse reaction to the k(obs) measured. 

Figure 18 presents a typical plot of k(obs) vs. reductant 

concentration for these reductants, in this case for reduc

tion of ferri-C-c* by gallocyanln. The fact that the plot 
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Figure 16. Structure of organic reductants in Table 12, 



Figure 17. Plot of l/(.4 Absorbance] vs. time for reduction 
of ferri-C-c' by FMNH2. 

0.1 M potassium phosphate pH 7.0, heme = 2.8 micromolar, 
FMNHp = 1.4 micromolar, temperature = 20°C, wavelength = 
565 run. 
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Figure 17. 
msec 

Plot of l/[4 Absorbance] vs. time for reduction 
of ferri-C-c' by FMNH2. 
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Figure 18. 

2 4 

[Gallocyanin] x 10 
Second-order plot for reduction of ferri-C-c* 
by gallocyanin. ~~ 

0.1 M potassium phosphate pH 7.0 



does not intercept zero indicates a significant contribu

tion to k(obs) from the reverse reaction. As would be ex

pected, C-c» is not fully reduced by these electron donors. 

The rate constants reported in Table 12 for the forward, 

k(f), and reverse, k(r), reaction of these reductants with 

C-c' were obtained by fitting, with the aid of a digital 

computer, the observed absorbance change as a function of 

time to the integrated rate expression for a second-order 

reaction. The concentration of each reductant in the cal

culations was considered to be the number of equivalents of 

electrons per liter. 

The results presented in Table 12 for reduction by 

the isoalloxazlne series show a substantial increase in 

rate when the side chain is removed indicating a steric re

striction by the side chain. The rate constant for both 

the forward and reverse reaction of gallocyanin and prime, 

phenoxazines, cannot be compared to that of thionine, a 

phenothiazine, because of the different aromatic ring com

ponents . 

Discussion of Results 

In the previous sections a site of interaction be

tween reductant and cytochrome has been alluded to a number 

of times. Based on the data presented to this point, sites 

of interaction can clearly be implicated. The following 

observations seem consistent with this hypothesis. 
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As was observed for reduction of ferri-HHC, the 

rate of reduction of ferri-C-c* by S20j£ and by SO^ is de

creased by increased ionic strength. This result is con

sistent with the anionic reductant interacting with a 

positively charged region of the cytochrome surface. In 

the case of HHC, which has a net positive charge at pH 7 

(pi = 10.0) it might be argued that the anionic reductant 

is simply influenced by the overall ionsphere of the mole

cule. However C-c/ with a pi of 5-0 has a net negative 

oharge at pH 7* If the anionic reductant were interacting 

with the general surface charge of C-c' an increase in rate 

at higher ionic strengths would be expected. Since the 

ionic strength results indicate that a positively charged 

region of both HHC and C-c' interact with the anionic re-

ductants, it seems reasonable to suggest that a specific 

positively charged locality on the molecular surface is in

volved. Moreover, the rate constants obtained for reduc

tion by S20^ and SOg of all of the low-spin cytochromes c 

and high-spin cytochromes c' investigated do not correlate 

with their Isoelectric points. This result suggests that 

the net charge on the molecule is not related to the rate 

of reaction and supports the conclusion that interaction 

between reductant and cytochrome takes place at a specific 

site on the molecular surface. 
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The effect of pH on the rate of reduction of ferrl-

HHC by was found to be different from its effect on 

reduction by SO^. This provided evidence that the two re-

ductants interacted with different regions of the HHC mole

cule during ET. 

In contrast to the results with HHC( pH has a quite 

similar effect on the rate of reduction of ferrl-C-c' by 

both S20jJ and SOg. The similarity of the pH profile for 

the two species suggests that each reductant may Interact 

with the same site on the C-c1 molecule. If both species 

interact with the same electron accepting site and since 

the S(>2 rate approaches a diffusion controlled process, the 

markedly decreased reactivity of compared to S0<> may 

be due to the requirement of breaking the S-S bond during 

electron transfer. The fact that the S2o£ rate begins to 

increase below pH 6, while the SOj-> rate continues to de

cline, may be due to protonation of S20^ which forms a more 

reactive species. 

The kinetic transitions observed in the pH 7 region 

do not correlate with the effect of pH on the Soret absorp

tion spectrum of ferri-C-c* (pK's at 9.1 and 10.8, Chapter 

5). It is difficult to suggest protein residues which 

might be Involved in pH transitions in this region until 

structural studies on the cytochromes c' become available. 

Based on pK's, the imidazole group of hlstidlne, pK 6.6, and 
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alpha amino groups, pK 7.5 (Nozaki and Tanford, 1967) seem 

likely. Nevertheless, whatever groups are deprotonated 

they must be relatively removed from the proximity of the 

heme moiety as the absorption spectrum of C-c' Is unchanged 

over the pH range $.0 to 8.0. This result may suggest that 

the site of Interaction of C-c* with both S20j£ and SOg Is 

remote from the heme and that protein residues mediate ET 

to the heme moiety. 

The kinetic transition observed at pH 9.5 appears 

to correlate with the pK 9.1 for the effect of pH on the 

absorption spectrum of ferrl-C-c1. This spectral transi

tion corresponds to conversion of the predominantly high-

spin (>80$) C-c1 to a mixture of high-spin and low-spin 

heme-iron. However, the change In rate of reduction is 

probably not related to the change in spin-state as com

plete conversion to low-spin (pK 10.8) produces no further 

change in rate of reduction. The kinetic transition at 

pH 9«5 is probably only coincidental with the pK 9*1 spec

tral change and may correlate with the pK 9.8 reported for 

titration of phenolic hydroxyl groups of tyrosine residues 

in proteins (Nozaki and Tanford, 1967). Titration of tyro

sine residues at or near the ET site would leave a negative 

charge which would result In electrostatic repulsion of 

S20j or SOJ and decrease the rate of reduction. 
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Additional information concerning the nature of the 

ET site of ferri-C-c* is obtained from the effect of n-pro-

panol on the rate of reduction by S20^ and SOf. Alcohols 

have been shown to perturb hydrophobic regions of protein 

molecules (Herskovlts, Gadegbeku and Jalllet, 1970). The 

rate of reduction of ferri-C-c' by S02 is decreased between 

0 and 25% n-propanol while the rate of reduction by S2oj^ 

increases between 0 and 15% n-propanol after which it de

creases to a value well below that observed in the absence 

of perturbant. 

At first glance the differing effect of n-propanol 

on the rate constants for S0£ and S20^ reduction appears to 

indicate different mechanisms of action. However this does 

not seem likely in view of the similarity of the ionic 

strength and pH effects. It seems more likely that the 

effect of small amounts of n-propanol is to cause small 

conformational changes which allow the more ready approach 

of the larger S20£ molecule, thus overcompensating for the 

loss of Integrity at the site of eleotron transfer. At the 

same time any loss of conformation Is sufficient to de

crease the efficiency of ET from the smaller S02. Alterna

tively, the initial increased rate of S20^ reduction may be 

due to decreased stability of the S-S bond In n-propanol 

which may decrease the energy of activation for the 
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reaotion sufficiently to compensate for small conformation 

changes In the vicinity of the ET site. 

A study of the CD spectra of ferrl-C-c* as a func

tion of n-propanol concentration (Chapter 5) has shown that 

tryptophan residues appear to be disrupted In the range 0 

to 25% n-propanol with maximum elllptlclty at n-pro-

panol. The CD results also Indicate that tyrosine residues 

and one of the heme bands are affected In the 5 to 15# n-

propanol range while another heme band Is altered in the 

range 15 to 25% n-propanol. The CD results between 0 and 

15# n-propanol are consistent with conformational changes 

in the vicinity of aromatic residues and portions of the 

heme moiety.which are solvent accessible in the native mol

ecule. At concentrations greater than 15# n-propanol hy

drophobic regions of the cytochrome are unfolded and 

interior aromatic residues and portions of the heme moiety 

become affected. The changes in rate of reduction of C-c* 

by S20£ and S0~ with increasing amounts of n-propanol are 

consistent with involvement of aromatic residues in medi

ating ET to the heme moiety. Alternatively, the changes in 

rate of reduction produced by n-propanol may reflect dis

ruption of heme-aromatlc interactions which may decrease 

the reactivity of the heme moiety. Also, n-propanol may 

Induce changes In conformation in other regions of the mol

ecule (not reflected by spectral changes) which could be 
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Involved in the ET process. At any rate, the results sug

gest Involvement of the protein moiety and emphasize the 

Importance of the protein structure In the ET process. 

Reduction of a variety of cytochromes c1 by SO2 and 

S20£ Indicates that the mechanism of reduction Is generally 

similar for each of the cytochromes. The oxidation-

reduction potentials of the cytochromes c' reflect different 

heme environments among them. The lack of correlation of 

rate constants with the oxidation-reduction potentials In

dicates that structural differences between the cytochromes 

are responsible for the varied rates of reduction observed. 

Myoglobin Is similar to the cytochromes c* In that 

It has Iron In the high-spin state. The out-of-plane 11-

gands to Iron In myoglobin (hlstldlne and water) are 

thought to be the same as those In the cytochromes c1. 

Myoglobin Is unreactlve toward and the rate constant 

for reduction of myoglobin by SO^ Is substantially lower 

than that for any of the cytochromes c». The decreased 

rate of reduction of myoglobin probably reflects the fact 

that Its function Is to transport oxygen rather than elec

trons o The cytochromes whose function Is electron transfer 

then appear to have a structure designed for optimum effi

ciency of ET. 

£ased on the results presented, the site on the 

ferrl-C-c' molecule which Interacts with an electron donor 
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has a configuration imposed by the amino acid residues in 

that region. Such a configuration may restrict the size or 

shape of molecules which can effectively interact to trans

fer electrons to the cytochrome. The rate of oxidation-

reduction is a measure of the efficiency of interaction of 

an oxidant and reductant. Differences in rate of reduction 

of ferri-C-c1 by reductants with the same molecular nucleus 

but with different side chain substltuents may reflect the 

steric requirements of the electron accepting site. A sur

vey of several types of reductants, isoalloxazlnes, phenox-

azines, phenothlazlnes and indigo dyes shows that these 

different molecules have widely varying rates of reduction 

of ferri-C-c' which do not correlate with their oxidation-

reduction midpoint potentials. This lack of correlation 

suggests that steric interaction between reductant and cy

tochrome plays a large role in controlling rates of ET and 

that thermodynamic considerations are less important. This 

result is consistent with existence of a specific site on 

the molecule involved with accepting electrons from a donor, 

although the various reductants may Interact with ferri-C-c' 

at different sites on the molecule. Furthermore, the rate 

of reduction by the several isoalloxazlnes investigated is 

substantially Increased when the side chain is removed from 

the molecule, suggesting that the bulky side chain hinders 

Interaction between the flavins and the cytochrome. The 
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decrease in rate when adenosine is added to the flavin 

mononucleotide side chain may be due to an increased steric 

restriction or to the electrons being less available for 

reduction due to a charge transfer complex between the fla

vin and adenine rings. 

The reaction of gallocyanin with C-c' is substan

tially faster than the reaction of prune with C-c'. Both 

molecules are phenoxazines and the only structural differ

ence between them is that prune has a methyl ester where 

gallocyanin has an acid group. The negative charge on gal

locyanin apparently allows more efficient interaction be

tween it and the electron accepting site of C-c' than is 

possible with prune. This result agrees with previous re

sults and supports a positively charged region of C-o' as 

the electron accepting site. 

In summary, the following conclusions can be made 

concerning reduction of ferri-C-c' by anionic electron do

nors . 

1. Reduction of ferri-C-c' by dlthlonite proceeds by 

the same general mechanism as was observed for reduction of 

ferrl-HHC. This mechanism involves two simultaneous second-

order reactions between the cytochrome and 830^ and SO2 

2. As was observed for reduction of ferri-HHC, the 

anionic reductants interact with a positively charged re

gion of the C-c* molecule. 
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3. In contrast to HHC, reduction of C-c* by S20^ and 

SOl appears to Involve Interaction of both reductants at 

the same general site of ET on the cytochrome. 

k. The site of ET on C-c' from either S20^ or SOjj is 

apparently removed from the heme moiety and the protein 

structure is important for the ET process. 

5* The spin state of heme-iron does not seem to in

fluence the ET process in C-c'. 

6. The same general mechanism of reduction by SgO^ 

and SO2 was observed for cytochromes c* and cytochromes c 

and indicates a similar ET process for all c-type'cyto

chromes, modified for the requirements of each particular 

cytochrome. 

7. The ET site of C-c* appears to have some confor

mational specificity such that bulky reductants cannot in

teract as efficiently as can more compact electron donors. 



CHAPTER 5 

SPECTRAL PROPERTIES OF 
CHROMATIUM VINOSUM CYTOCHROME C' 

The spectral properties of C-c* were determined as 

a function of pH and perturbing solvents to characterize 

the high-spin to low-spin transition which has been shown 

to occur as a result of these treatments (Cusanovich and 

Gibson, 1973). Heme-linked perturbations in the absorption 

spectra can be compared to conformational changes in the 

cytochrome revealed by circular dichroism spectra and cor

relation of these results with the kinetic properties of 

C-cf should allow a better understanding of the relation of 

structure and electron transfer in this cytochrome. 

Absorption Spectra 

Figure 19 presents the absorption spectrum of 

ferri-C-c' in the near ultraviolet (UV, 250 to 350 n®) and 

Soret (350 to 470 nm) regions respectively. The ferri ab

sorption spectra can be resolved into a minimum of seven 

Gaussian components in this spectral region. Not shown in 

Figure 19 is a very weak band centered at approximately 

286 nm. The ultraviolet region from 320 to 250 nm clearly 

could be resolved into any number of components since the 

absorption spectrum is fairly structureless in this region. 
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Figure 19. Absorption spectrum of ferrl-C-c8. 

Heme concentration s 5*8 micromolar, 0.1 M potassium phosphate pH 7*0, (——) 3 ob
served spectrum, ( — )••» resolved components. 
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Figure 19. Absorption spectrum of ferrl-C-c'. 
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Thus, only a single peak was used as any more detailed 

analysis would only be speculative. 

The absorption spectrum of ferro-C-c* (Figure 20) 

was only measured between 38O and 470 nm due to the strong 

absorbance of sodium dlthlonlte at lower wavelengths. C-c' 

Is readily auto-oxIdlzable and spectra of the ferro cyto

chrome must be measured In the presence of excess reductant. 

All of the available reductants have strong absorption In 

the near UV region and C-c' Is not readily reduced by H£ 

with a platinum catalyst. Thus accurate measurement of the 

absorption spectrum of ferro-C-c* below approximately 

38O nm Is not feasible. The visible absorption spectrum 

(^•50 to 650 nm) of C-c' was not studied In detail since the 

absorbance In this region was found to be relatively struc

tureless as Is characteristic of high-spin heme-protelns. 

Effect of pH 

Figure 21 presents the Soret absorption spectrum of 

C-c* at pH 7» 10 and 13. The changes in the Soret absorp

tion are consistent with conversion of the predominantly 

high-spin C-c' (ferrl peak at 398 nm and ferro peak at if-26 

nm) at neutral pH to a predominantly low-spin form at pH 13 

with the ferrl peak at b07 nm and the ferro peak at 4l6 nm. 

For comparison. Table 13 presents the Soret maxima and mil-

llmolar extinction coefficients, E(mM), for C-c* at pH 7 

and 13 and for myoglobin and HHC. Figure 22 presents the 
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Figure 20. Absorption spectrum of ferrorC-c* conditions as 
in Figure 19. 
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Figure 21. Absorption spectrum of C-c' at several pH's.1 

Ferrl-C-c•: ( ) = pH 7, ( ) = pH 10, (•••) =» pH 13. 
Ferro-C-c•: (-X-) = pH ? and 10, (-•-) = pH 13. 
Heme concentration = 3.9 mlcromolar. 
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Table 13. Soret spectral properties of several heme-
protelns. 

Hemeproteln Ferrl Ferro 

faS E(mM) 

C-c', pH 7 398 93 1*26 100 

C-o«, pH 13 1*0? 120 4-16 185 

Myoglobin, pH 7 409 170 120 

HHC, pH 7 410 106 416 129 



Figure 22. Visible region absorption spectrum of C-c* under several conditions. 

A. pH 7.0 B. k0% n-propanol pH 7 C. pH 13 D. 6 M guanidine pH 7 
Heme concentration = 12 micromolar. ( ) = ferro. (—) = ferrl. 



pH 7,0 40% PrOH ferri 
ferro 

.. 6M Guan _ pH 13 

450 650 550 650 450 550 

Wavelength (nm) 

Figure 22. Visible region absorption spectrum of C-c» under several conditions. 
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visible spectrum (^50 to 650 nm) of ferri and ferro-C-c* at 

pH 7 and 13. The shift of the visible maxima from ̂ 90 to 

520 nm and the loss of the hematin band at 630 nm with 

ferri-C-c1 when treated with base are consistent with a 

high-spin to low-spin transition. The increased extinction 

and sharp bands at 550 nm and 520 nm produced at pH 13 in 

the ferro-C-c' spectrum are characteristic of low-spin cy

tochromes and confirm that the pH transition produces a 

low-spin cytochrome c*. Also presented in Figure 22 are 

spectra of C-c' produced by treatment with 6 M guanidine 

and kQ% n-propanol at pH 7. Table 14- summarizes the ab

sorption maxima and E(mM) for ferro-C-c* and ferro-HHC in 

the visible region. These results demonstrate that alka

line pH, organic solvent and guanidine result in a largely 

low-spin form of C-c'. However, conversion to low-spin is 

more complete at pH 13 than in guanidine or n-propanol and 

n-propanol does not appear to change the spin-state of 

ferri-C-c•. 

Titration in the Soret region of ferri and ferro-C-

c * over the range pH 6 to 13 is presented in Figure 23. 

The pH titration of ferri-C-c' appears to have two transi

tions with pK's of 9.1 and 10.8 and both with n = 1. 

Ferro-C-c1 has only one transition with pK = 10.8 and n = 

0.3* There is essentially no spectral change between pH 6 

and 10 in the ferro form. 
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Table 14. Spectral properties of C-c1 and HHC in the visi
ble region. 

Cytochrome 
Ferri 

Mnax 
E(mM) 

Ferro 
vmax 

E(mM) 

c-c', pH 7 495 9.0 565(sh)* 
545 

7.5 
8.3 

C-c', pH 13 535 8.1 550 
520 

22 
12 

C-c', pH 7, 
n-propanol 

4o# 495 7.0 553 
523 

11 
8.7 

C-c', pH 7. 
guanldlne 

6 M 530 7.8 55^ 
523 

13 
11 

HHC, pH 7 528 11 550 
520 

28 
16 

sh = shoulder 



pH 
Figure 23. pH titration of C-c* absorption spectrum. H 

— o 
Heme concentration = 15 mlcromolar. •= ferri at 410 nm. •= ferro at 416 nm. ^ 



106 

Effect of Organic Solvents 

Figures 2k A and B show the effect of high concen

trations of ethanol, n-propanol and dioxane on the Soret 

absorption of ferrl and ferro-C-c' at pH 7» respectively. 

The wavelength of maximum absorption Is unchanged In the 

ferrl molecule although the extinction is greatly Increased. 

The ferro-C-c' wavelength maximum shifts to ^15 - ̂ 18 nm 

and the extinction decreases with the shoulder at ^35 nm 

largely lost. 

Titration of the Soret absorbance of C-c' by n-pro-

panol, ethanol and dioxane is shown in Figure 25 A and B. 

In all cases a single transition is observed in the conver

sion to the perturbed form of the molecule. 

Circular Dlchrolsm Spectra 

Circular dlchrolsm spectroscopy provides a sensi

tive probe of conformation in the vicinity of a chromophor-

lc group. Cytochromes contain the heme moiety, aromatic 

residues and the peptide backbone, all of which have absor

bance in characteristic wavelength regions. A detailed In

vestigation of the CD spectra of native C-c' at pH 7 and of 

the effect of n-propanol on the CD spectrum was undertaken 

to allow correlation of conformational changes produced in 

various regions of the molecule with the kinetic behavior 

of the cytochrome under the same conditions. 



Figure 24. Effect of organic solvents on the absorption spectrum of C-c'. 

A - Ferri B - Ferro 
Heme concentration = 7.6 micromolar. ( ) = native. (•••) = b0% dioxane. 
( ) = ethanol. (-x-) = b0% n-propanol. 



400 420 400 420 440 
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Figure Zk, Effect of organic solvents on the absorption spectrum of C-c1, o -»o 



Figure 25* Organic solvent titration of C-c' absorption spectrum. 

A - Ferri at 398 nm 
B - Ferro at £26 nm 
O = n-propanol 
• = dioxane 
A * ethanol 

/ 
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Figure 25. Organic solvent titration of C-c' absorption spectrum. 
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Figures 26 A and B show the CD spectra of ferri and 

ferro-C-c* In the Soret region. Both the oxidized and re

duced spectra can be resolved Into three Gaussian compo

nents. The resolved peak locations and widths in the CD 

spectra agree well with those of the absorption spectra ex

cept the ferri 380 nm band which has a substantially smal

ler width in the CD spectra. 

Figure 27 A and B present the CD spectra of C-c • in 

the near UV region. The spectra in this region can be re

solved Into a minimum of five components although the 

ferrl-C-c* absorption spectrum in this region indicates 

only three major components. There is good agreement be

tween the location and widths of the bands above 290 nm for 

the absorption and CD spectra. The band at approximately 

290 nm is too weak in the absorption spectrum to compare 

its width to that of the CD spectrum at this wavelength. 

The CD spectra were resolved into two bands in the region 

250 to 280 nm. Following reduction, the UV CD spectrum 

shows wavelength maxima shifts and differences in elliptic-

lty for the various components of the spectra. This sug

gests that conformation changes in the vicinity of the heme 

and aromatic residues take place upon reduction of ferrl-

C—c1. 

The CD spectrum of C-c' in the wavelength region 

190 to 250 nm, characteristic of peptide bond absorption. 
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Figure 26. CD spectrum of C-c' In Soret region. 

A - Ferrl B - Ferro 
( ) = observed spectrum 
(-—) = resolved components 
0.1 M potassium phosphate pH 7.0 
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250 350 300 
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Figure 27. CD spectrum of C-c' in UV region. 

A - Perrl B - Perro 
( ) = observed spectrum 
( —) = resolved components 
0.1 M potassium phosphate pH 7.0 
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is shown in Figure 28. The oxidized and reduced cytochrome 

exhibits identical spectra in this region indicating that 

changes in the environment around the heme moiety and aro

matic residues do not involve net changes in tertiary 

structure. 

The effect of increasing amounts of n-propanol on 

the CD spectrum of ferri-C-c1 is summarized in Table 15 

which presents the peak location (L), peak height (H) and 

peak width (W) for the resolved absorption spectrum and CD 

spectrum in the absence of n-propanol and for the resolved 

CD spectrum in the presence of 5 to 50# n-propanol. For 

this study n-propanol was selected as the perturbant since 

it was found to be the most effective perturbant of the ab

sorption spectrum of the solvents Investigated. For con

venience, the resolved bands have been labeled in Table 15 

so that each band may be readily referred to. For example, 

SI is the Soret band at approximately ^30 nm» UV1 is the 

near UV band at approximately 3^0 nm and PI is the band at 

221 nm in the intrinsic region of the spectrum. 

Inspection of Table 15 indicates that the wave

lengths of maximum ellipticity^for several of the bands 

(SI, S2, UV1, UV2 and UV3) shift somewhat with n-propanol 

concentration. This may reflect that the observed CD spec

trum is composed of more than the minimum number of Gaus

sian components necessary to fit the curve. Alternatively, 
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X 

Wavelength (nm) 
Figure 28. CD spectrum of C-c1 in far UV region. 

A - Ferrl B - Ferro 
( ) = observed spectrum, (—) = resolved 
components, 0.1 M potassium phosphate pH 7.0. 



Table 15. Chromatium cytochrome c* resolved spectral bands. 

Resolved. Absorption CD Spectra In Indicated % n-Propanol 
Band Spectra 0 5 10 15 22 : %0 50 

425 436 — 428 4l6 419 ^27 
2.66 2.11 — 1.43 1.10 1.78 1.61 
17.6 19.8 — 6.10 4.50 6.00 9.02 

403 404 405 404 401 400 400 
12.5 14.6 14.7 12.6 11.3 14.1 15.7 
12.0 12.8 14 13.3 8.45 7.70 9.22 

380 38O — 380 382 383 
2.34 2.91 — 1.59 0.996 1.82 — 
5.40 6.25 — 5.10 3.93 5.92 — 

342 344 340 340 351 348 351 
-30.0 -28.7 -29.5 -30.3 -3.01 -6.44 -2.52 
13.2 13.6 19.6 16.7 2.93 7.73 5.87 

319 320 318 316 326 323 329 
-35.3 -38.7 -27.2 -24.7 -23.5 -24.2 -24.6 
14.0 14.6 14.0 14.4 22.1 18.8 25.5 

289 288 289 287 296 290 286 
-3.56 -7.05 -4.55 -8.64 -2.72 -4.53 -3.54 
3.42 5.35 5.85 7.35 7.18 6.88 5.43 

266 267 267 265 266 264 266 
23.5 15.6 20.0 16.1 15.3 17.9 9.71 
7.30 6.25 6.70 6.18 7.60 6.60 5.65 

257 258 258 257 257 256 258 
13.0 10.3 12.7 10.2 12.8 6.77 7.18 
3.68 3.72 3.76 3.00 4.55 3.20 3.22 

221 221 221 221 220 220 220 
— • MA A am A MA ft 4 /s A O A £, Q 

si L? (nm) t 
H x 10"^ 
Wc (nm) 

430 
0.054 
25.7 

S2 L (nm) I* 
H x 10"* 
W (nm) 

403 
0.243 
11.9 

S3 L (nm) ji 
H x 10"Z 
U (nm) 

379 
0.278 
21.8 

UVl L (nm) , 
H x 10"-3 
W (nm) 

337 
0.0727 

17.5 

UV2 L (nm) , 
H x 10--> 
W (nm) 

319 
0.026 
25.5 

UV3 L (nm) , 
H x 10--* 
W (nm) 

286 
0.0025 
23.3 

UV4 L (nm) , 
H x 10"-' 
W (nm) 

271 
0.140 
23.8 

UV5 L (nm) 
H x 10" •> 
W (nm) WW 

pi L (nm),. — 



S2 L (nm) !• 
H x 10"^ 
W (nm) 

403 
0.243 
11.9 

403 
12.5 
12.0 

404 
14.6 
12.8 

405 
14.7 
14 

404 
12.6 
13.3 

401 
11.3 
8.45 

400 
14.1 
7.70 

400 
15.7 
9.22 

S3 L (nm) k 
H x 10'Z 
W (nm) 

379 
0.278 
21.8 

380 
2.34 
5.40 

380 
2.91 
6.25 

MOT 380 
1.59 
5.10 

382 
0.996 
3.93 

383 
1.82 
5.92 

OTOT 

UVl L (nm) — 
H x 10"J 
W (nm) 

337 
0.0727 
17.5 

342 
-30.0 
13.2 

344 
-28.7 
13.6 

340 
-29.5 
19.6 

340 
-30.3 
16.7 

351 
-3.01 
2.93 

348 
-6.44 
7.73 

351 
-2.52 
5.87 

UV2 L (nm) -
H x 10~J 
U (nm) 

319 
0.026 
25.5 

319 
-35.3 
14.0 

320 
-38.7 
14.6 

318 
-27.2 
14.0 

316 
-24.7 
14.4 

326 
-23.5 
22.1 

323 
-24.2 
18.8 

329 
-24.6 
25.5 

UV3 L (nm) , 
H x 10"J 
W (nm) 

286 
0.0025 
23.3 

289 
-3.56 
3.42 

288 
-7.05 
5.35 

289 
-4.55 
5.85 

287 
-8.64 
7.35 

296 
-2.7 2 
7.18 

290 
-^.53 
6.88 

286 
-3.54 
5.43 

UV4 L (nm) . 
H x lO"-* 
W (nm) 

271 
0.140 

23.8 

266 
23.5 
7.30 

267 
15.6 
6.25 

267 
20.0 
6.70 

265 
16.1 
6.18 

266 
!5.3 
7.60 

264 
17.9 
6.0O 

266 
9.71 
5.65 

UV5 L (nm) . 
H x 10"3 
W (nm) 

257 
13.0 
3.68 

258 
10.3 
3.72 

258 
12.7 
3.76 

257 
10.2 
3.00 

257 
12.8 
4.55 

256 
6.77 
3.20 

258 
7.18 
3.22 

pi L (nm) 
H x 10-5 
W (nm) 

MOT 221 
-27.1 
8.22 

221 
-28.8 
8.35 

221 
-27.3 
8.54 

221 
-29.8 

8.42 

220 
-19.3 
9.69 

220 
-20.6 
9.60 

220 
-22.8 
9.25 

p2 L (nm) 
H x 10--5 
W (nm) 

207.5 
-19.3 
4.73 

208 
-18.8 
3.17 

208 
-18.4 

3.10 

207.5 
-17.5 

3.38 

206.5 
-14.0 
3.34 

206.5 
-16.6 

3.56 

206.5 
-17.7 

3.69 

a. L = location of peak in nm. 

b. H = height of peak (molecular ellipticlty). 

c. W = half-width of peak at 60% of height. 
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the variation in wavelength maximum may reflect a poor fit 

of Gaussian curves to the data and may suggest that another 

distribution more accurately represents the situation. 

SI is quite small and the variation observed for 

this band may be compensating for the error in the CD data 

at small ellipticltles. The S3 band is also quite small 

and its width is markedly different from that of the cor

responding band in the absorption spectrum. Both SI and S3 

represent heme transitions and little is known about heme 

electronic transitions and since these bands make only a 

small contribution to the ellipticity in the Soret region, 

they will not be considered further. 

Figure 29 A, B and C shows the CD spectrum of 

ferri-C-c* in 40# n-propanol. Changes in the various re

solved bands in going from the native to the perturbed form 

in high concentrations of n-propanol are shown in Figure 30 

A and B for the S2 and peptide region bands and in Figure 

31 for the UV bands. The UV transitions with n-propanol 

involve positive and negative ellipticltles. However in 

Figure 31 the absolute value of the ellipticity is plotted 

to simplify the drawing. The results of the CD study in

dicate that the heme moiety, aromatic residues and the pep

tide backbone are all disrupted to some extent by treatment 

with n-propanol. 
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Figure 29. CD spectrum of ferrl-C-c* In 40# n-propanol. 

A - Soret B - UV C - Far UV 
( ) = observed spectrum (—) = resolved components 
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Figure 30. N-propanol titration of ferri-C-c1 CD spectrum. 

A-Soret at 405 nm B-Far UV at 221 nm (O) and 207 nm (0) 
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Figure 31. N-propanol titration of ferrl-C-c' CD spectrum 
In UV region* ~~ 

• « 3if0 ran O- JZO nm •= 288 nm O® 267 nm a= 257 nm 
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Discussion of Results 

Before presenting an analysis of the spectral re

sults presented here It is important to discuss the goals 

and limitations of this study. In general, heme electronic 

transitions are poorly understood with only one theoretical 

work available. Thus C-c' offers an opportunity to further 

the general knowledge of heme proteins and cytochromes c1 

in particular. Among the unique spectral properties of cy

tochromes c* are the high-spin state at neutral pH and the 

reversible perturbation by several treatments to a low-spin 

form. 

The observed spectra were resolved into components 

to allow evaluation of individual bands since qualitative 

analysis of the overall spectra of heme proteins has been 

relatively fruitless in the past. To accomplish this a 

least-squares fitting procedure was obtained from Dr. J. 

Katz (Argonne National Laboratories) and modified to allow 

resolution of both absorption and CD spectra. In all cases 

the calculated curve and measured curve were Identical. 

Nevertheless, this type of analysis is operator limited in 

that multiple transitions can be resolved into any number 

of components. With this in mind, the analysis was con

ducted utilizing the minimum number of transitions neces

sary to fit the measured spectra. 
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The generally good agreement of the number and lo

cation of peaks between the absorption and CD spectra of 

ferri-C-c.' suggests that the resolved spectra represent the 

major components of the observed spectra. In the range 250 

to 300 nm the CD spectrum Is fitted with two more compo

nents than are necessary for the absorption spectrum. This 

Is likely due to the fact that the absorption spectrum Is 

fairly structureless In this region but It calls attention 

to the fact that the resolved spectra presented here repre

sent the minimum number of components necessary to fit the 

spectra. The lack of precise correlation between absorp

tion and CD of peak location and width for a few of the re

solved peaks also suggests that more than the minimum 

number of components may contribute to the observed spectra. 

Some of the resolved bands of the absorption spec

tra can tentatively be assigned to various transitions In 

C-c1. The weak and broad absorption at ^30 nm in the 

ferri-C-c* spectrum may be due to a heme charge transfer 

band. The two bands at 379 and kOJ nm account for most of 

the total Soret absorbance and represent heme it—IT* transi

tions (Hsu and Woody. 1971)* The dominant 379 nm band ap

pears to represent a high-spin heme component while the 403 

nm band may be due to a low-spin heme component. This is 

consistent with C-c' at neutral pH being an equilibrium 

mixture of high and low-spin components with the former the 
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predominant species (the 379 component accounts for 70% of 

the absorbance of the two bands). The absorption at 338 nm 

corresponds to the delta band of heme containing compounds. 

The weak, broad band at 320 nm as well as the even weaker 

band at 286 nm cannot be assigned at this time. The broad 

absorbance at 270 nm was resolved Into three components In 

the CD spectra and Is likely due to tyrosine, tryptophan 

and hlstldlne residues. Protoheme IX has been shown to 

have a transition at 265 nm (Hsu and Woody, 1971) and this 

may also contribute to the absorbance In this region. 

The absorption spectrum of ferro-C-c* is resolved 

into two components in the Soret region above 400 nm. The 

simplest Interpretation is that the 432 nm band represents 

a high-spin heme component while the 413 nm band is due to 

a low-spin component. However, the 413 nm band accounts 

for 60% of the absorbance and would force the conclusion 

that C-c' is predominantly low-spin in the ferro form. The 

visible region absorption of ferro-C-c' demonstrates that 

the heme contains predominantly high-spin Iron and thus the 

two Soret absorption components must both be high-spin heme 

transitions. 

Myoglobin (Mb) has been demonstrated by magnetic 

susceptibility measurements to contain more than 90# high-

spin iron (Beetlestone and George, 1964) at room tempera-

ture. The absorption spectrum of ferro-Mb has a 
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symmetrical Soret peak at 434 nm. Comparison to the posi

tion of the ferro-Mb peak is consistent with assignment of 

the 432 nm band in C-c' to a high-spin component. However 

the 413 nm component cannot be assigned at this time. 

The agreement of the absorption spectrum of ferri-

C-c' with that expected for contributions from low-spin and 

high-spin bands using HHC and Mb as the extremes is not 

good. Ferri-HHC and ferri-Mb both have Soret absorption 

maxima at approximately 410 nm, although the extinction co

efficient for Mb is larger than that of HHC. Based on this 

comparison the ferri-C-c' absorption maximum at 398 nm, 

with an extinction approximately the same as HHC, does not 

appear to reflect a mixture of low-spin and high-spin com

ponents. It seems likely that the high-spin absorbance of 
.-O 

ferri-Mb is red shifted relative to C-c' since its heme 

moiety has the two unsaturated vinyl side chains which be

come saturated in c-type cytochromes' to form the thio-ether 

bonds to the protein moiety. Falk (1964) has shown that 

the Soret and visible bands of metalloporphyrins are shift

ed to longer wavelengths by unsaturated substituents. Such 

an explanation allows for the ferri-C-c' spectrum to result 

from contributions from both a high-spin and low-spin com

ponent. 

In sum, the absorption spectral properties of C-o' 
1 

at neutral pH are generally similar to those of Mb and 
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distinct from those of HHC. The Soret bands of ferri and 

ferro-C-c' are more broad than those of Mb which, indicates 

that the same heme transitions are probably involved, al

though in C-c1 they are less degenerate than in Mb. 

Perri-C-c' was found to undergo two transitions in 

the pH range 5 to 13: the first with a pK of 9.1 and the 

second with a pK of 10.8. The pH 7» 10 and 13 forms of C-

c1 are analogous to the type I, type II and type III spec

tra reported by Imai et al. (1969) for R. rub.-cj Similar 

transitions have been observed for other cytochromes c' al

though at different pK values: Ps. den.-c' at pK 7.1 and 

in 2 M sodium hydroxide (Cusanovich, Tedro and Kamen, 1970), 

R. pal.-c1 at pK 7«8 and 13.0 (Imai, et al., 1969) and R. 

rub.-c* at pK 8.2 and 11.9 (Horio and Kamen, 1961). The 

first spectral transition at pH 9.1 is consistent with ti

tration of an out-of-plane ligand to heme from a water mo

lecule to hydroxide ion in analogy to hemoglobin (Smith and 

Williams, 1968). Since OH" is a stronger field ligand than 

is water, one would expect a shift in equilibrium to some

what more low-spin form and a concomitant spectral change. 

The second transition with pK = 10.8 corresponds to re

placement of the out-of-plane ligand to heme with a strong 

field ligand. The absorption spectrum of ferri-C-c' at pH 

13 in the Soret region is predominantly the low-spin com

ponent while the visible spectrum is quite similar to that 
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of ferri-HHC at pH ?• Thus the pK 10.8 transition reflects 

conversion to a largely low-spin form of the molecule. 

Ferro-C-c' has only one transition in the alkaline 

pH region with a pK of 10.8. The Soret absorption spectrum 

of ferro-C-c' at pH 13 is predominantly the low-spin compo

nent and the extinction coefficient is somewhat larger than 

that of ferro-HHC at pH 7. In the visible region the spec

trum of ferro-C-c' Is analogous to that of ferro-HHC at pH 

7 with only slightly lower extinction. Thus the pK 10.8 

transition of ferro-C-c', as well as of ferri-C-c', corre

sponds to conversion to a predominantly low-spin form of 

the molecule. 

The non-integral value of n (0.3) obtained for the 

pH 10.8 transition of ferro-C-c* suggests that a complex 

process is occurring. A study of the kinetics of carbon 

monoxide binding to ferro-C-c,1 indicated that two molecular 

species exist at pH 13 with different absorption maxima. 

(Cusanovich and Gibson, 1973). The pK 10,8 transition may 

reflect the formation of two molecular species which re

sults in the non-integral value for the number of protons 

involved. 

Treatment of ferri-C-c' with ethanol, n-propanol or 

dioxane produces no change in the Soret wavelength maximum 

although the extinction coefficient increases. The visible 

region spectrum of ferrl-C-c' in n-propanol also shows 
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no appreciable wavelength shifts from those of the native 

molecule. Perturbation of ferri-HHC by these solvents pro

duced a similar increase in extinction without a wavelength 

shift (Kaminsky and Davison, 1969; Herskovits, Gadegbeku 

and Jaillet, 1970). These solvents appear to perturb the 

environment around the heme-moiety of ferri-C-c' without 

causing conversion to a low-spin form of the molecule. 

The amount of perturbant, in volume required to 

produce one-half the observed change can be designated as 

V*. The values obtained for the change in ferri-C-c' Soret 

absorbance are 23# 33 and 40 for n-propanol, dioxane and 

ethanol, respectively. In agreement with other solvent 

perturbation studies, n-propanol has the longest hydrocar

bon chain and is the most effective perturbant of those 

studied. The V* values for ferri-C-c* are slightly higher 

than those for ferri-HHC (20, 29 and 34 for n-propanol, di

oxane and ethanol, respectively; Kaminsky and Davison, 

1969). This indicates that the heme crevice of ferri-C-c* 

has a slightly more closed structure than that of ferri-HHC. 

Treatment of ferro-C-c* with ethanol, n-propanol 

and dioxane results in conversion to a low-spin form of the 

molecule. The Soret maximum shifts to shorter wavelength 

while the visible region speotrum becomes analogous to that 

of ferro-HHC. The conversion to low-spin is not complete 

since the visible region extinction of ferro-C-c* in 40# 
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n-propanol Is somewhat lover than that of ferro-HHC and 

ferro-C-c* in n-propanol still has a small shoulder at ^32 

nm characteristic of the high spin component. . 

Titration of ferro-C-c* by these solvents, although 

complicated by the shift in wavelength of maximum absor-

banoe, indicates that generally higher concentrations of 

perturbant are required to affect the heme absorbance than 

in the ferri-molecule. This implies that the heme moiety 

is less solvent accessible in the ferro state than in the 

ferri molecule. Solvent perturbation of ferro-HHC has not 

been reported in detail but higher concentrations of per

turbant are required to produce spectral changes in ferro-

HHC than are necessary with ferri-HHC (Kaminsky, Yong and 

King, 1972). Other investigations of ferro-HHC (Margoliash 

and Schejter, 1966; Takano et al., 1972) have demonstrated 

that the ferro molecule has a less solvent accessible heme 

moiety than does ferri-HHC. The more closed environment of 

the heme crevice of ferro-HHC and ferro-C-c' may reflect a 

common feature of c-type cytochromes. 

Circular dlchroism provides a sensitive probe of 

the environment surrounding a chromophorlo group. Since 

the heme moiety and aromatic amino acid side chains of 

heme-proteins have no inherent asymmetry, the CD bands ob

served are induced by interaction between the heme aromat

ic residues and other portions of the moleoule. 
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Hsu and Woody (1971) have demonstrated for hemoglo

bin- and myoglobin that the dominant mechanism for inducing 

heme optical activity is by a two-electron or coupled os

cillator mechanism. The transitions which may be coupled 

with the heme IT-IT* transitions are the IT-IT* transitions of 

aromatic side chains, IT-IT* and n-n* transitions in the 

polypeptide backbone and a-o* transitions in alkyl side 

chains. They suggested two additional mechanisms which 

could lead to optical activity for the heme transitions; 

First, nonplanarity of the porphyrin would make heme an in

herently dissymmetric chromophore. However, based on the 

three dimensional structure of HHC (Dickerson, et al., 

1971) and Rub.-C2 (Salemme, 1973)» the heme in these cy

tochromes and probably other cytochromes appears to be pla

nar. Second, mixing of the heme IT-TT* transition with d-d 

transitions of the iron could lead to magnetic dipole char

acter in the heme transitions. H6u and Woody demonstrated 

that coupling of heme transitions with IT-U* transitions of 

nearby aromatic side chains accounted for most of the ob

served rotational strength in Mb. In the absence of the " 

three dimensional structure of C-c* detailed calculations 

of expected rotational strengths cannot be made. However, 

an analogy to Mb provides some information concerning the 

heme transitions. 
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The Soret ellipticity of ferri-C-c* consists of a 

single positive peak with the major component (S2) being 

quite similar to the Soret CO spectrum of ferr1-Mb. The CD 

spectrum of ferri-HHC consists of a positive and a negative 

transition and does not resemble the C-c* spectrum. The 

ellipticity observed for ferri-C-c* (11 aromatic residues) 

is twice that observed for ferri-Mb (23 aromatic residues), 

on a mean residue basis, suggesting that there are substan

tial differences in orientation or proximity of heme and 

aromatic side chains between them. Calculation of the ex

pected rotational strengths for the IT-IT* transitions in Mb 

(Hsu and Woody, 1971) indicate that the Soret band is com

posed of two transitions with rotational strengths of op

posite sign, A single positive ellipticity is expected for 

two degenerate transitions; however the two transitions in 

Mb are not completely degenerate. It is possible to ob

serve a single positive ellipticity for non-degenerate 

Soret transitions if the orientation of the transition di-

pole moments in the heme plane are 30 to ^5 degrees to each 

other. Hsu and Woody suggest that since the maximum of the 

Soret CD spectrum of Mb is observed at a longer wavelength 

than the absorption spectrum maximum, the lower energy com

ponent of the Soret band must have a positive rotational 

strength. 
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The Soret CD band of ferri-C-c'. is at longer wave

length than the absorption maximum suggesting an analogy to 

Mb and Indicating that the Soret transitions are not degen

erate but have their magnetic dipole moments oriented to 

allow a single positive peak to be observed. The S2 band 

of ferri-C-c' corresponds to the ̂ 03 rim band of the absorp

tion spectrum which was suggested as reflecting a low-spin 

component. If this assignment is correct, then the compo

nent of the ferri-C-c* Soret absorbanoe at 38O nm must be 

in a fairly symmetrical environment since the S3 band in 

the CD is quite small. 

Addition of n-propanol to ferri-C-c* produces an 

initial increase in elliptlcity, perhaps due to small 

changes in heme-aromatic residue orientation, followed by 

a decrease in elliptlcity and a shift of the S2 band to 

shorter wavelength. The latter change probably reflects 

disruption of heme-aromatic side chain orientation and the 

wavelength shift may reflect increased degeneracy of the 

Soret transitions. Kinetic changes discussed in the previ

ous section occur in this n-propanol concentration range. 

Interpretation of the CD spectrum of C-c* in the UV 

region is complicated because the aromatic amino acids 

(histldine, tyrosine, tryptophan and phenylalanine) as well 

as the heme moiety all have potentially asymmetric bands In 

this region. Hsu and Woody (1971) have, demonstrated that 
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heme transitions can be expected at 320 and 265 nm for 

ferrl-Mb. A variety of heme-proteins whose CD spectra have 

been surveyed (Vinogradov and Zand, 1968; Wlllick, Schon-

baum and Kay, 1969; Flatmark and Robinson, 1968) all have 

negative elllptlcltles In the region 300 to 350 nm. The 

broad bands In the CD spectra of both ferrl and ferro-C-c* 

In the region 300 to 350 nm represent heme transitions. 

These heme bands are shifted to shorter wavelength In 

ferro-C-c/; however, It Is difficult to Interpret these 

changes In terms of the conformation surrounding the heme 

moiety. 

The small band at 289 nm observed In the CD spec

trum of ferrl-C-c' Is likely due to tryptophan (Herskovlts, 

Gadegbeku and Jalllet, 1970). The ellipticity of this 

band Increases three-fold upon reduction of the molecule, 

Indicating a substantial change In environment around this 

residue (C-c' contains only one tryptophan per heme; K. Dus, 

1969). 

Flatmark and Robinson (1968) reported that the 263 

nm CD peak in bovine heart cytochrome c (BHC) and in the 

heme nonapeptlde, which contains only hlstidine with an 

aromatic ring, disappears completely upon removal of iron 

from the cytochrome or peptide and reappears when iron is 

added back. Removal of hlstldine-18 from the heme peptide 

also destroys the 263 nm ellipticity. Their results 
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suggest that the 263 nm band is due to the histidine-18 to 

to iron ligand bond. 

In both ferri and ferro-C-c1 there is a positive 

elliptioity at 258 nm which is consistent with the 263 nm 

band reported for the iron-histidine ligand bond in BHC. 

This result suggests that one of the out-of-plane ligands 

in C-c' is the histidine residue in the molecule while the 

other is a weak field ligand, probably water at pH 7. The 

elliptioity of this band increases on reduction of ferrl-

C-c' suggesting that its position changes relative to the 

heme-moiety or other aromatic side chains which may be near 

it. 

The elliptioity observed at 269 nm in C-c' is prob

ably due to unresolved contributions from tyrosine residues 

and the heme transition in this wavelength region. Upon 

reduction the elliptioity of this band is decreased by a 

factor of two. This may reflect changes in environment of 

tyrosine residues although a wavelength change of the heme 

component may be partially responsible for the decrease. 

The magnitude of the mean residue elllpticity ob

served in the UV region for C-c* is similar to that of HHC 

(12 aromatic residues; Dickerson et al., 1971) and substan

tially greater than that of Mb (23 aromatic residues; Hsu 

and Woody, 1971). This comparison suggests that the aro- . 
1 

static residues and heme moiety have an orientation in 
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c-type cytochromes which allows a high degree of interac

tion between the it electrons to result in sufficiently 

asymmetrio environments to produce the large ellipticities 

observed. 

Addition of n-propanol to ferrl-C-c' produces per

turbations of all of the bands In the UV region. The heme 

band at 3^0 nm has a V* of 19 which is olose to that for 

the absorption spectrum perturbation. The 320 nm heme band 

and the 267 nm band which may be a combination of heme and 

tyrosine components have a V* of approximately 10. The 

above three changes all involve a decrease in ellipticity. 

The tryptophan band at 288 nm shows an initial Increase in 

ellipticity between 0 and 15# n-propanol followed by a de

crease between 15 and 22# n-propanol. The 257 nm band . 

characteristic of the lron-histidine ligand is difficult to 

evaluate since it appears to undergo a gradual decrease in 

ellipticity over the entire range of n-propanol investi

gated. The kinetic changes discussed in the previous sec

tion occur In the range of 0 to 22% n-propanol, which is 

the concentration range of n-propanol required to effect 

ohanges in heme and aromatic residue orientations. Thus 

the ohanges in orientation or environment of these moieties 

alter the rate of reduction of C-c' by S20^ and SO^. This 

result suggests that electron transfer from the electron 

accepting site to the heme may be mediated by protein 
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residues. Alternatively, Interaction between the heme ring 

and. aromatic residues may affect the reactivity of the heme 

moiety without having the aromatic rings directly involved 

in electron transfer. 

The CD spectrum of C-c* in the region 188 to 250 nm, 

characteristic of peptide bond transitions, is fitted by 

three components with maxima at 193 nm, 20? nm and 221 nm. 

Investigation of the CD spectra of poly-L-lysine in the 

beta pleated sheet conformation indicated bands at 195 and 

21? nm (Townend et al., 1966) for this conformation while 

the alpha helical conformation resulted in bands at 190•5• 

207 and 221 nm (Townend et al., 1966; Holzwarth and Doty, 

1965). Poly-L-tyrosine in the alpha helical conformation 

has a CD band at 22*4- nm (Beychok and Fasman, 1964). 

The positive elliptlcity at 193 nm for C-c1 is mid

way between the wavelength of maximum ellipticity expected 

for alpha helical and beta pleated sheet structures and 

probably represents unresolved contributions from both 

structural components. The trough at 207 nm appears to 

correlate well with the 207 nm band characteristic of alpha 

helical conformation. The 221 nm band may correlate with 

the 221 to 22^ nm band reported for alpha helical struc

ture. However, the beta structure implied by the 193 nm 

band suggests that the 221 nm band is more likely due to 



unresolved contributions of beta structure transitions at 

21? nm and alpha helical transitions at 221 to 22^ nm. 

The CD spectrum of HHC is similar to that of C-c' 

in this region. The HHC spectrum is characterized by nega

tive extrema at 222 and 208 nm with a shoulder at 218 nm 

and positive extrema at 195 and 190 nm (Myer, 1968). HHC 

is approximately 10% alpha helical with the remainder of 

the amino acid residues in random coll or beta structure 

conformations. The CD spectrum of C-c* has no resolvable 

218 nm or 190 nm components and thus appears to have less 

beta structure than does HHC. The tertiary structure of 

C-c' appears to be a mixture of alpha helical and beta 

pleated sheet with a larger proportion of alpha helix than 

is found in HHC. 

C-c' shows no changes in the CD spectrum In this 

region upon reduction of the molecule. HHC also shows no 

change in CD properties in this region upon oxidation-

reduction. These results indicate that the conformation 

changes which are reflected by changes in other regions of 

the CD spectrum involve no net changes in tertiary struc

ture of these cytochromes. 

Addition of n-propanol to C-c* produces changes in 

both the 221 and 20? nm bands. The 193 nm band could not 

be investigated since n-propanol absorbs strongly below 200 

nm. The 221 nm band undergoes a rapid decrease in 
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elllptlcity between 15 and 20% n-propanol while the 207 ran 

band exhibits a more gradual decrease In elllptlcity be

tween 5 and 20# n-propanol. Both of these changes reflect 

disruption of tertiary structure at n-propanol concentra

tions which produce changes in other regions of the spectrum. 

Based on the spectral results presented, several 

conclusions concerning the molecular properties of C-c1 can 

be made: 

1. The Soret absorption spectrum of ferri-C-c* Is 

consistent with an equilibrium between a high-spin and a 

low-spin form of the molecule at pH 7 with heme transitions 

from each component contributing to the observed spectrum. 

2. The ferro-C-c' Soret absorption spectrum appears 

to consist of two high-spin components although only one 

component correlates with the spectrum of myoglobin. 

3. The Soret absorption spectra of both ferri and 

ferro-C-c* are similar to that of myoglobin although the 

bands are broader indicating a somewhat different heme en

vironment which results in decreased degeneraoy of the C-c1 

transitions. 

4. The effect of pH on C-c' is to cause conversion to 

a low-spin form of the molecule. Ferri-C-c' exhibits two 

pK*s: one at pH 9.1 which corresponds to titration of a 

water molecule complexed to the heme and another at pH 10.8 

which corresponds to replacement of 0H~ with a strong field 
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ligand. Ferro-C-c' exhibits only one pK, at pH 10.8, which 

corresponds to the low-spin transition and may also reflect 

formation of a second molecular species. 

5» Addition of organic solvents to ferro-C-c' cause 

conversion to a low-spin form of the molecule which is dif

ferent from the low-spin form produced at alkaline pH. 

Ferri-C-c' is not converted to a low-spin form by organic 

solvents. Ferro-C-c' is only perturbed by higher concen

trations of these solvents than are necessary to perturb 

ferri-C-c', suggesting that ferro-C-c' has a more closed 

heme crevice structure than does ferri-C-c/. 

6. The Soret CD spectrum of ferri-C-c' is similar to 

that of myoglobin although the peak is more broad again 

suggesting differences in heme environment resulting in 

less degenerate transitions in ferri-C-c'. 

7. The CO band at 257 nm in C-c' suggests that histi-

dine provides one of the out-of-plane ligands to heme in 

this molecule. 

8. The changes in the UV region CD spectrum of ferri-

C-c' upon reduction indicate that substantial changes in 

heme-aromatic residue orientations take place during the 

oxidation-reduction process. 

9. The markedly greater ellipticitles observed in the 

UV and Soret regions for C-c* (11 aromatic residues) and 

HHC (12 aromatic residues) relative to Mb (23 aromatic 
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residues) suggest that these c-type cytochromes possess a 

•ery ordered arrangement between aromatic residues and the 

heme moiety allowing considerable IT-IT Interaction. 

10. The tertiary structure of C-c1 consists of alpha 

helical and beta pleated sheets with a larger proportion of 

alpha helix than occurs In HHC. 

11. The lack of changes In the peptide bond region CD 

spectrum upon oxidation-reduction of C-c' Indicates that 

the conformation changes which do occur In the molecule In

volve no net change In tertiary structure. 

12. The change In kinetic behavior of ferrl-C-c* 

occurs at the same n-propanol concentrations required to 

produce ohanges In the CD spectra. This suggests that the 

conformation of the native molecule Is oriented for effi

cient ET and that the structure of the protein Is Important 

for the ET process. 



CHAPTER 6 

SUMMARY OF RESULTS 

The discussion which follows is based primarily on 

the results with the anionic reductants SgOj^ and SO^. 

Caution must be exercised in attempting to generalize these 

results to other electron donors, both artificial and phys

iological. It is reasonable that more than one mechanism 

of ET in c-type cytochromes may exist depending on the na

ture of the electron donor or acceptor. Since generally 

similar results were obtained for reduction of two quite 

different c-type cytochromes, HHC and C-c», the molecular 

features identified as Involved In ET in these molecules 

may be common features of c-type cytochromes. Keeping in 

mind the limitations of this discussion, the following mod

el can be suggested for electron transfer as catalyzed by 

c-type cytochromes. 

The cytochromes c whose three dimensional structure 

is known have the heme moiety burled within a hydrophobic 

crevice in the molecule with only one edge partially sol

vent accessible (Dlckerson et al., 1971; Salemme, 1973)* 

Solvent perturbation of the absorption and CD spectra of C-

c' indicates that the heme in this molecule is in a hydro

phobic environment and probably even less solvent accessible 

138 
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than HHC. It is reasonable that a crevice structure exists 

for C-c1 and this molecular feature is probably common to 

all c-type cytochromes. 

Reductants Interact with c-type cytochromes at a 

specific positively charged region of the molecule. The 

effect of ionic strength on reduction of ferri-HHC and 

ferrl-C-c.' clearly demonstrates that a positively charged 

region Is involved. The ionic strength result Is inconsis

tent with the isoelectric point of C-c* and the rate of re

duction of a variety of cytochromes c and c' showed no 

correlation with the pi's of these molecules. These re

sults imply that the net surface properties of these cyto

chromes do not affect the ET process and that a specific 

positively charged site on the molecule interacts with the 

reductant. 

The electron accepting site of c^type cytochromes 

Is remote from the heme moiety and requires participation 

of the protein in the transfer of electrons to the heme. 

There is no correlation between the rate constants for re

duction of a variety of cytochromes c and c* with their 

oxidation-reduction potentials. The differences in rate of 

reduotlon observed for these cytochromes must result from 

structural differences between them. Substantial changes 

in kinetic properties of C-c1 occur in the pH range 5*5 to 

8.0 and yet there are no heme-linked ionizations in this pH 
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range. This result suggests that the site of Interaction 

between reductant and cytochrome is removed from the im

mediate vicinity of the heme moiety. Furthermore, the pK's 

of the kinetic transitions implicate several aromatic side 

chains as possibly involved in the ET process. Further 

evidence for the involvement of aromatic residues Is pro

vided by the effect of n-propanol on the kinetic and CD 

properties of ferri-C-c*. A decrease In rate of reduction 

was found to correlate with the concentration of n-propanol 

necessary to alter heme and aromatic residue orientations, 

thus suggesting that the aromatic residues may affect ET to 

the heme. Both HHC and C-c* have substantially larger el-

liptlcities, although they contain half as many aromatic 

residues, than does Mb in the Soret and UV regions. This 

result indicates that the aromatic side chains and the heme 

moiety are oriented to allow a high degree of IT-IT interac

tion. This orientation of aromatic residues likely re

flects their involvement in the ET function of these 

cytochromes. Aromatic residues may be directly Involved in 

transfer of an electron to the heme moiety or they may in

teract with the heme ring to control its reactivity toward 

electron donors. 

In summary, reduction of a ferr1-cytochrome c or c1 

Involves interaction of the donor at a positively charged 

site on the cytochrome surface and transfer of an electron 
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to the accepting group. The structure of the protein sur

rounding the heme moiety is important for efficient ET to 

occur. Protein residues may be directly involved with 

transfer of an electron to the heme moiety or they may in

teract with the heme moiety to control its reactivity 

toward electron donors. 

The proposed mechanism suggests several lines of 

investigation to further characterize the ET process in c-

type cytochromes. A detailed chemical modification study 

focusing on those residues which are Implicated in the ET 

site of HHC and C-c1 may identify the residue which serves 

as the initial electron acceptor from a reductant and those 

residues involved in transfer of that electron to the heme 

moiety. A study of a wide variety of organic electron do

nors will serve to characterize the steric requirements of 

the electron accepting site and determine the generality of 

the molecular features identified here in the ET process. 

Finally an investigation of the oxidation of reduced cyto

chromes will determine if a similar or perhaps different 

mechanism exists for electron release from c-type cyto

chromes. 
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