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ABSTRACT 

The redox properties of Chromatiim cytochrome _c_-552 (^-552) v/as 

examined in an effort to determine its mechanism of electron transfer. 

It was determined that £_-552 was a low potential cytochrome with 

a redox potential of about 20 mV for both the heme and flavin. The in

tact cytochrome was dissociated into heme and flavin subunits. The sub-

unit spectral and kinetic properties were compared to those of the in

tact cytochrome. 

The circular dichroic (CD) spectra of ̂ -552 showed that it has 

a higher degree of P-structure than horse heart cytochrome c_ (HHC), 

that the aromatic residue ellipticities change with change in oxidation 

state, and that either heme-heme or heme-flavln interaction exists in 

C_-552. The CD spectra of the ̂ -552 indicated that heme and flavin must 

interact closely. 

Chemical reductions of C_-552 were studied and the data obtained 

suggest that ̂ -552 has a negative donor recognition site. The effect 

of donor structure was found to be critical. The photoreduction of 

HHC, ̂ -552, and MTMP was studied and it was concluded that the heme 

photoreduction takes place through a triplet state, and the protein 

moiety appears to inhibit the photoreduction. 

The results of these studies were discussed in the context of a 

mechanism of both C_-552 electron transfer and c_-type cytochrome elec

tron transfer in general. 

X 



INTRODUCTION 

The mechanism of electron transfer between cytochromes or by 

a single cytochrome with an appropriate donor has not been extensively 

studied. The main emphasis of research in the area of biological elec

tron transfer has been on the identification and chemical nature of the 

coupling sites for energy conservation. The complex nature of the in

dividual cytochromes (molecular weights greater than 10,000) and the 

instrumental limitations for probing molecular level interactions in 

intact biological systems (mitochondria, chloroplasts, etc.) have 

slowed progress in deducing the mechanism of biological electron trans

port. 

The ultimate goal of the research of which this work is a part 

is to ellucidate the mechanism of electron transfer as catalyzed by c_-

type cytochromes. It seems reasonable that if this mechanism is knoTO 

the question of energy conservation can be approached in a more system

atic manner. 

In this work two different c_-type cytochromes were examined, 

horse heart cytochrome c_ (HHC) and a c_-type flavin containing cyto

chrome from Chromatium vinosum, cytochrome £_-552 (C_-552). Horse heart 

cytochrome c_ has been widely studied and a variety of theories postu

lated as to its mechanism of electron transfer; however, direct experi

mental evidence that pertains to electron transfer is greatly lacking. 

In contrast C-552 has not been studied extensively but does provide, 

for comparison, a system with vastly different properties. 

1 
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The balance of the introduction will be divided into two major 

sections: the first section will be a discussion summarizing the 

available data on ̂ -552, and the second section will summarize the per

tinent studies of HHC. 

Chromatium vino sum Cytochrome £_-552 

Newton and Kamen (1955,1956) reported the presence of a c-type 

cytochrome, with an Q'-peak at 552 nm, in Chromatium vinosum. Bartsch 

and Kamen (i960) later purified and characterized this cytochrome. The 

molecular v/eight of ̂ -552 has been found to be 72,000, the oxidation-

reduction potential 10 mV, and the isoelectric point 5.1 (Bartsch, 

Meyer, and Robinson 1968). Bartsch (1963) reported the presence of a 

flavin moiety in ̂ -552 and recently the flavin has been identified as a 

substituted 8-cy-FAD (Hendriks et al. 1972). The substitution has been 

postulated to be through a thioether linkage to the cysteine of tlie 

protein moiety. Bartsch et al. (1968) concluded that heme of ̂ -552 V7as 

mesoheme of typical c_-type cytochromes based on the pyridine hemochrom-

agen spectra and treatment with mercury salts which released typical 

mesoheme products in 80% yield. In the same study the stoichiometry of 

two hemes per one substituted FAD per 72,000 molecular weight was es

tablished. 

The oxidized and reduced absorption maxima are quite similar to 

those of HHC spectra except for the flavin absorption. In contrast to 

respiratory £j-type cytochromes ferrocytochrome c-552 binds carbon mon

oxide. Ferri cytochrome £_-552 has also been shown to react with a 

variety of ligands including HSO^", ^2^3~' reduced glutathione 
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(Meyer, Bartsch, and Kamen n.d.). The formation of the ligand bound 

form is noted by the bleaching of 60 to 75% of the flavin absorption 

(475 nm) with the appearance of a broad absorption maximum centered at 

670 nm. The appearance of the 670 nm band and the bleaching at 475 nm 

can be reversed by dialysis indicating that the complex is formed re-

versibly. The exact nature of the complex has not been determined and 

there is no obvious change in the spectral properties of the heme 

groups. 

The optical rotation properties of _^-552 have been investigated 

by both Bartsch et al. (1968) and Yong and King (1970). The Soret por

tion of the spectrum was examined by circular dichroism (CD) in the 

ferri-, ferro-, and ferro-CO forms. Each form has an S-shaped spectra 

with centers (intersects zero ellipticity) exactly at the absorption 

maxima. The S-shaped curve is striking, especially in the ferro-CO 

case where the magnitude of the two circularly polarized transitions is 

the greatest and the band width the narrowest. Bartsch et al. (1968) 

interpreted the CD spectra as an indication that the two hemes overlap 

sufficiently to share a single CO molecule betweeii them. If the two 

hemes are sufficiently close to share a single CO molecule, they should 

be close enough for direct orbital interaction (heme-heme interaction). 

The addition of pyridine destroys the S-shaped curve of ̂ -552 and the 

resulting CD spectra closely resemble that of respiratory c-type cyto

chromes. The splitting of the Soret band into two symmetrically dis

posed but oppositely polarized transitions (S-shaped curve) was 

interpreted as evidence for heme-heme interaction, due to direct inter

action of the closely oriented hemes. Urry (1965) interpreted similar 
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spectra of the undecapeptide of IlliC as a result of heme-heme inter

action due to exciton splitting. The undecapeptide of HHC is kno^m to 

aggregate in solution and apparently the heme-heme interaction is due 

to the formation of heme dimers. 

Yong and King (1970) examined the ORD spectra of ̂ -552 in the 

region of 600 to 290 nm, although only the Soret region was examined in 

detail. It was concluded that the ̂ -552 ORD spectra was essentially 

structureless between 500 and 290 nm except for the Soret region. The 

spectrum in the Soret region was fitted using four Cotton effects. 

Strong interaction between the hemes and/or flavin was postulated from 

the opposite orientation of the tv/o large Cotton effects and the ob

servation that the sum of the rotational effects was approximately zero. 

Yong and King proposed that the strength of the heme-heme interaction 

increased in the order ferri, ferro, and ferro-CO, as indicated Ijy t'no 

progressive sharpening of the Cotton effects and the narrov/ing of the 

distance between peaks. In contrast to Bartsch et al. (1968),Yong and 

King (1970) interpreted the ferro-CO complex data to indicate that a 

single CO was bound to only one of the tv?o hemes. 

Kennel and Kamen (1971) report that ̂ 552 could be separated by 

G-200 in 8M urea into heme and flavin containing subunits. They found 

the flavin subunit to have a molecular weight of 45,000 and determined 

that it consisted of a single polypeptide chain by endgroup analysis. 

The heme peptide was determined to have a molecular weight of 22,000 

and was found to consist of a single polypeptide chain containing two 

hemes. 
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Cytochrome c_-552 is one of the best characterized with respect 

to function of tha photosynthetic cytochromes. The work of Chance et 

al. (1957), Olson and Chance (1960), Morita (1967), Morita, Edwards, 

and Gibson (1955), Cusanovich, Bartsch, and Kamen (1968), and Cusano-

vich and Kamen (1968) have clearly established that ̂ -552 mediates the 

noncyclic transfer of electrons from reduced sulfur compounds (S~, 

820^") to the active center (P890). Further, ̂ -552 is bound to the 

chromatophore membrane in close proximity to the active center as it 

can be photo-oxidized at 4.2''K (Chance and Nishimura 1960), excluding 

a collision-dcpendcnt process. Based on the properties of C_-552 out

lined above, it appears to be uniquely suited for a detailed study of 

electron transport as it interacts with defined substrates and acceptor 

(P890) and apparently requires the participation of both the heme and 

flavin chromatophores. 

Horse Heart Cytochrome c_ 

Horse heart cytochrome c_ functions in the terminal portion of 

the vertebrate electron transport chain. The energy liberated by this 

process is conserved in the form of ATP. Cytochrome ̂  is a _c_-type 

cytochrome, which means it contains protoporphyrin IX covalently bonded 

to the protein through thioether linkages between cysteines 14 and 17 

of the protein polypeptide to the vinyl groups of positions 1 and 4 on 

the protoporphyrin IX nucleus. One molecule of iron is coordinated 

with porphyrin with four of the six bonding orbitals occupied by the 

pyrrole nitrogens of the porphyrin ring. The so-called out-of-plane 

positions are occupied by histidine 18 and methionine 80. 
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A great deal of information has been gathered concerning the 

amino acid content and sequence of cytochrome c_'s of many species. 

Cytochrome c_ is highly conservative in its amino acid sequence, indi

cating that the protein must require a high degree of organization and 

that it most likely functions by the same mechanism(s) in all species. 

Ferro-HIIC interacts vjith the cytochrome oxidase and in the 

process HHC is oxidized. The binding of HHC to cytochrome oxidase with 

a stoichiometry of 1 HHC per cytochrome oxidase heme moiety is well-

established (Stotz, Altshul, and Hogness 1958; Smith and Conrad 1956; 

Nicholls, Mochan, and Kimelberg 1969). Lysine 13 of HHC has been shovm 

to be required for binding and electron transfer to occur (Wada and 

Onuki 1969). 

A term that must be defined prior to further discussion of the 

mechanism of electron transport in HHC is "the crevice." Many ferro-

hemeproteins form complexes with neutral ligands like CO, O2, and NO, 

while ferrihemeproteins form complexes v/ith anionic ligands such as F , 

CN , and N^". It has been shown that ferro-HHC will bind ligands only 

after the protein is denatured, while the ferri-type complexes will 

form within the native molecule. These observations suggest that the 

heme is accessible to the solvent in the ferri form but not in the 

ferro state. Based on the ligand binding studies George and Lyster 

(1958) proposed that the heme of HHC was situated in a crevice with the 

heme held firmly in place by its thioether linkages and the out-of-

plane ligands provided by the protein. The restrictions due to the 

heme position in the crevice prevented the entrance of even very small 
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molecules to the heme in a ferro state. In the ferri form the heme 

crevice is opened sufficiently to allow entrance of the small anions to 

the ligand binding site. This proposed opening and closing of the 

crevice has received substantial support from CD studies. Dickerson et 

al. (1971) and Takano et al. (1971) confirmed the presence of a crevice 

and that the sixth coordination position on the heme iron was occupied 

by methionine 80, by determining the three-dimensional structure of 

HHC. The crevice was found to be lined with primarily hydrophobic res

idues, with a small number of basic residues (lysines) also present. 

Histidine 18 extends from one wall of the crevice to coordinate with 

iron and methionine 80 extends from the other wall to also coordinate 

with the iron. Residues 1 to 47 make up the right side of the ffllC 

molecule with the hydrophobic residues closely associated with the heme 

and most of the polar residues oriented toward the solvent; residues 

49 to 91 make up the left side of the molecule.. A portion of the por

phyrin ring extends into the solvent. In the ferric form the crevice 

is slightly open to the solvent, and upon reduction a conformational 

change about methionine 80 moves a portion of the peptide chain (res

idues 76 to 82) over the opening, shutting off the access to the 

crevice. 

The basic types of electron transfer mechanism by metal com

plexes are well-established from studies of inorganic coordination 

chemistry. Two mechanisms are defined which describe two extremes of 

electron transfer mechanisms, based on the structure of the transition 

state, innersphere, and outer sphere electron transfer. In the outer 



sphere mechanism the inner coordinating shells of both metal ions are 

intact in the transition state. In the inner sphere mechanism a bridg

ing ligand connects the two metal ions in the transition state by in

teraction with the coordination shell of each metal ion. Basically the 

difference in the two mechanisms is the degree of interaction betv/een 

the reacting species. The outer sphere mechanism requires a close in

teraction of the coordinating orbitals, while the inner sphere mechan

ism involves the interaction mediated by the bridging ligand, which is 

a small, simple ion in typical metal ion reactions (Cl~, OH", Br~). 

Whether a reaction proceeds via an inner or outer sphere mechanism de~ 

pends upon the ability of donor and acceptor to form a bridged complex 

in the presence of a bridging ligand. Many metal complexes are struc

turally unable to interact with a bridging ligand (substitution inert) 

and can only react via an outer sphere mechanism. 

A number of theories have been postulated for the mechanism by 

HHC transfer electrons, but very little experimental evidence has been 

obtained which bears directly on this problem. The actual functioning 

of HHC may involve several mechanisms of electron transfer depending 

upon the chemical nature of the electron donor, or acceptor and solvent 

conditions (ionic strength, pH, temperature). 

Ehrenberg and Thorell (1956) proposed a theory of electron 

transport based on studies of the interaction of histidine 18, which 

serves as the one of the out-of-plane ligands and the heme moiety. 

From studies with an eleven-residue peptide from HHC, they concluded 

that electron transfer occurs through the Tf cloud of the out-of-plane 



histidine and that a donor molecule would directly overlap with the 17" 

cloud of the imidazole ring of the histidine. The histidine was 

thought to be accessible to the solvent as the binding of CN~ by HHC 

displaces it as the out-of-plane ligand. This model is no longer ten

able as it has been shown that methionine 80, not histidine 18, is dis 

placed by CN and that histidine 18 is not accessible to the solvent. 

Urry and Eyring (1965) proposed the "histidine pump" model for 

HHC, an inner sphere type mechanism for electron transfer. Urry and 

Eyring based their proposal on the observation that electron transfer 

within the actively respiring mitocliondrion is very fast [k(M ^sec ^) 

7 R 
10 - 10 ] (Chance and Williams 1956). The goal of their model was to 

optimize the rate determining factors (lower the energy of activation) 

to obtain the fastest possible rate which would be comparable to the 

measured biological rate. The model is based on the conservation of 

symmetry and spin between the reactants and products for maximal rates 

of electron transfer. Conservation of symmetry implies that in the ac 

tivated complex, where orbital overlap occurs between donor and accep

tor, the bond distances betvjeen the bridging ligand and the respective 

donor and acceptor are identical and the complex is symmetrical. This 

model obviously would only apply to electron transfer between molecule 

of the same general chemical composition, such as the heme-containing 

m.olecules of respiratory cytochromes in a membrane with the out-of-

plane histidine serving as the bridging ligand, Histidine has the un

usual symmetry properties among amino acid side chains which enable it 

to form the symmetrical bridging complexes, A unique feature of the 
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histidine pump model is that it suggests that a pair of electrons is 

transferred from a donor cytochrome to an acceptor cytochrome. Histi

dine forms a covalent bridge betv^een the coordination orbitals of the 

heme irons, one electron is then transferred between the iron atoms of 

adjacent cytochromes and the other electron is passed in the bond 

formed between histidine and iron, as the histidine is actually passed 

from donor cytochrome to acceptor cytochrome in an inner sphere group 

transfer. This theory is unique in that it accounts for the transfer 

of a pair of electrons (l to the iron and 1 in the histidine-iron bond) 

simultaneously. This is compatible with the experimental observation 

that tv70 electrons must be transferred to a coupling site per ATP 

formed. Other theories are forced to postulate either a storage of an 

electron or a multistep mechanism to generate an ATP molecule. No ex

perimental evidence has been obtained to date which bears on the Urry-

Eyring proposal. 

DeVault and Chance (1966) propose a tunneling mechanism for 

electron transfer between cytochromes based on the temperature depend

ence of cytochrome c_-552 photo-oxidation in Chromatium. The transfer 

of electrons from ^-552 to P890 (P890 is the bacterial chlorophyll 

molecule which is the primary light absorbing species in Chromatium) is 

temperature-independent below 100°K, so that molecular movement is ex

cluded from the electron transfer process in Chromatium. The lack of 

an appreciable potential barrier (no low temperature rate effect) pre

dicts that the electron must penetrate the potential barrier, or tun

neling occurs. This mechanism demands direct overlap of the 7T clouds 



of the participating components since the probability of high rates of 

electron transfer decreases with the distance of transfer. The proper 

orientation of heme and acceptor is required to enable the proper 

energy levels of the donor and acceptor to overlap for efficient tun

neling to occur. The Chance model of tunneling is of restricted util

ity as ̂ -552 is the only cytochrome known to show such a temperature 

independence of its rate of oxidation and possibly is a unique case of 

an artifact. 

Kowalsky (1969) has studied electron transfer by HHC using 

chromous ion as a probe. Kowalsky's work is based on the premise that 

chromous ion is substitution labile and chromic ion is substitution 

inert. Thus, if an electron is transferred by an inner sphere mechan-

+2 +3 
ism between the Cr and the ferri-HHC, the resulting Cr will remain 

+3 
bound to the bridging ligand. Kowalsky found that Cr remains tightly 

bound to the protein, indicating that the protein was providing the 

bridging ligand; hov/ever, the nature of the amino acid side chain serv

ing as the bridging ligand was not determined. Kowalsky postulated an 

inner sphere mechanism in which ligand interacts with the heme at the 

point where the porphyrin ring extends out of the crevice into the sol

vent. It is interesting to note that all of the cytochromes whose 

three-dimensional structures are known (HHC, Bonito cytochrome c_, Rhodo-

spirilium rubrum cytochrome and cytochrome from calf liver) have 

a portion of the heme extending out of the crevice. 

The most recent mechanism to be suggested was by Dickerson et 

al. (1971) and Takano et al. (1971) based on their analysis of the 



three-dimensional crystal structure of HHC. They suggest that electron 

transfer could occur through the aromatic side chains to the heme. The 

molecule clearly contains a right and left hydrophobic channel, both con

taining parallel pairs of aromatic rings. Seven of the nine aromatic 

residues are found within these two channels, and six of the residues 

found in the channels are invariant in all species of cytochrome c_. 

Each channel has its aromatic rings surrounded with hydrophobic groups 

and at the surface of both channels a cluster of lysine residues is 

found which could provide a recognition site for binding to other 

macromolecules. The right channel is more open than the left channel 

and it was suggested that a hydropliobic peptide chain from cytochrome 

oxidase might interact with HHC at this point in the binding of HHC 

to the oxidase. A solid state model of the electron transport chain 

v/ould have HHC with cytochrome oxidase firmly bound to the left channel 

and the reductase bound to the right channel. Electrons from the re

ductase would transfer through the stacked aromatics of the left channel 

to the heme and on through the right channel to cytochrome oxidase. No 

chemical evidence has been obtained which supports the Dickerson mech

anism, which was derived solely from the reported three-dimensional 

crystal structure of HHC. 

The mechanisms briefly discussed above are not the only ones 

that have been proposed nor might only one mechanism apply, but they 

are representative of the present thinking concerning biological elec

tron transport. 



A major question arises from these proposals—what is the role 

of the protein side chain in electron transfer? The tunneling hypothe

sis would predict the function of the protein is to hold the heme in 

the proper orientation for electron transfer to occur. The Kowalsky 

model would predict a role of protein in heme orientation and in pro

viding the bridging ligand. The Dickerson model and the imidazole pump 

model propose that the peptide portion is directly involved in the 

transfer of electrons. 

Application of solvent perturbation to HHC shed some light on 

the effect of denaturants on the heme and protein aromatic environments 

as detected by absorption spectra and circular dichroism. Herskovitz, 

Gadegbeku, and Jalliet (1970), Stellewagon (1967), Greenwood and Wilson 

(1971a, 1971b), and Kaminsky and Davidson (1969) have studied the ef

fects of short-chained alcohols, glycols, amides, and alkoxyethanes on 

the absorption spectra. Changes in the absorption spectra can be de

fined as unspecified changes in the heme environment, due either to 

movements of the protein side chains interacting with the heme or di

rect interaction of the perturbant with the heme. Stellewagon (1967) 

reported that the solvent perturbation effects were substantially 

greater with the heme fully exposed as in the heme hexadecapeptide of 

HHC. Titration of the effect of short-chained alcohols and glycols on 

intact HHC yields two types of spectral changes. At low concentrations 

of short-chained alcohols (belov/ 10 mole %) small changes v;ere observed 

in both the heme spectra and the aromatic region (290 to 250 nm). 

These small changes were interpreted as movements of the peptide side 



chains in the region of the heme, changing the heme environment. In 

the titration the region from 10 mole % to about 50 mole % showed no 

further spectral changes in the heme spectra. Above 50 mole °/o perturb-

ant larger spectral changes were observed. These larger spectral 

changes were apparently due to direct interaction between the perturb-

ant and the heme. This interpretation was supported by the CD studies 

of Kaminsky and Davidson (1969), who reported the same trends when the 

solvent perturbation was followed by CD. Large changes in the spectra 

came only after HHC was denatured to the point that it would bind CO. 

Moreover, 8 molar urea enhanced the solvent effects on the HHC spectra 

indicating again that substantial chain disruption enhances the solvent 

effects, possibly due to increased access of the perturbants to the 

heme. 

Dickerson's model would predict a decrease in the rate of re

duction upon disruption of the aromatic side chain structure that was 

postulated to occur below 10 mole % for short-chained alcohols and gly

cols. The Kowalsky model would predict little effect due to low con

centrations of perturbants and perhaps no great effect even at high 

concentrations of perturbants. Measurement of the rates of electron 

transfer in the same regions of perturbant concentration as in the 

spectral studies should bear directly upon the question of the protein 

involvement in electron transport. 

Another promising area of study on the mechanism of electron 

transport in HHC is the autoreduction studies of Brady and Flatmark 

(1971). They have characterized a reaction where HHC is reduced in the 



absence of an added electron donor. The autoreduction reaction is pH 

dependent with no appreciable reduction taking place at pH 7.0 and the 

maximum rate at pH 9.9. Above pH 9.9 the rate of autoreduction drops 

markedly with this decrease in the rate attributed to a pH-dependent 

conformational change with a pK of 9.3 which moves a portion of the 

peptide chain away from the heme and inhibits the transfer of electrons 

from the peptide to the heme. Brady and Flatmark propose from unpub

lished data that the rate limiting step of autoreduction is the gener

ation of reducing equivalents by tyrosine or phenylalanine residues and 

that electron transfer takes place within the peptide chain to the heme. 

Tliese studies on the autoreduction of HHC have stimulated the direction 

of the photoreduction studies of HHC to be reported in this work. 

Reduction of HHC with a variety of reductants over the pH range 

of 7 to 10 shows a sensitivity similar to that observed by Brady and 

Flatmark (1971) for autoreduction. Greenwood and Palmer (1965) re

ported two kinetic species in the reduction of HHC with ascorbate or 

tetrachlorohydroquinone at alkaline pH's. Similar results were ob

tained with the reduction of HHC with ferrocyanide in alkaline solution 

(Brandt et al. 1965). These results have been interpreted to indicate 

that the high pH species was not reduced by ascorbate or tetrachloro

hydroquinone. The slow rate of reduction observed v/ith these reductants 

at alkaline pH's was due to small amounts of the low pH species still 

present equilibrating between the two species. 
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Specific Goals 

As originally conceived it was the aim of this work to accom

plish two major goals: (a) to investigate in detail the interaction 

and properties of the flavin and heme subunits of C-552 and to use the 

information obtained to deduce how the two chromophores participate in 

the function of the molecule, and (b) to obtain information bearing di

rectly on the mechanism of electron transport as catalyzed by c_-type 

cytochromes in general. 

With these goals in mind the v/orks reported here present data 

bearing on the following main topics: 

1. The chemical and physical parameters mediating the inter

action between the flavin and heme peptides of ^-552. 

2. The iiiteractions of reduced sulfur compounds and ̂ -552. 

3. The oxidation-reduction properties of ̂ -552. 

4. The effect of solvent perturbation, pH, and denaturation 

on the spectral and redox properties of ̂ -552. 

During the course of the studies outlined above, it was found 

that £_-type cytochromes readily undergo photoreduction in the presence 

of nitrogenous bases. This observation led to study of the photoreduc

tion reaction with HHC and a model heme compound. The results of this 

study bear directly on the goals of this work and are also presented in 

the text to follow. 



MATERIALS AND METHODS 

Preparation of Chromativim Cytochrome c_-552 

Cytochrome j^-552 was isolated from heterotrophically grown 

Chromatiiim vinosum. The photosynthetic bacteria were grown in 70-liter 

batches in 1-liter prescription bottles by the method of Cusanovich 

(1957), The protein was isolated by a modification of the method of 

Bartsch and Kamen (1960), The preparation involved the following steps: 

1. Chromatium vinosum was harvested by centrifugation in a 

Sharpies motor-driven centrifuge. The packed cells were suspended in 

four volumes of 0.1 M Tris and adjusted to pH 7,3 with concentrated 

NaOH, The pH was periodically checked throughout the procedure as re

lease of the cell contents resulted in a large drop in pH. If the pH 

remained below pH 6.0 for any period of time, a sizable portion of the 

cytochrome c_-552 was irreversibly denatured, 

2. The cell suspension was stirred overnight to form a homoge

neous slurry, and the cells were broken by treatment with a Ribi cell 

fractionator, model RF-1 (Sorvall) at 20,000 psi, with the temperature 

O 
during fractionation maintained below 20 , Chromatium could alterna

tively be broken down by sonication; however, the cytochrome yields were 

significantly lower using this technique. 

3. Large particles were removed from the effluent of the Ribi 

by centrifugation at 20,000 rpm (31,000 x g) in a Beckman J-21 refrig

erated centrifuge for 30 min. Small particles were removed from the 



J-21 supernatant by centrifugation at 50,000 rpm (275,000 x g) for 90 

to 120 min in a Spinco L3-50 preparative ultracentrifuge. The large 

and small pellets were re-extracted with 0.1 M Tris buffer, pH 7.3, and 

the centrifugation steps were repeated. After the second extraction, 

the pellets were discarded and the combined supernatants subjected to 

further purification. The supernatant following high-speed centrifuga

tion V7as a deep brown coloi", with little ox" no red-purple color due to 

the carotenoids. Based on absorption spectra, this crude extract con

tained approximately 0.04 to 0.06 umoles of cytochrome £;-552 per gram 

wet cells extracted. The crude extract was desalted for later chroma

tography by either dialysis against 0.02 M Tris, pH 7.3, or gel filtra

tion on Sephadex G-25 (Pharmacia). 

An alternative method of removing the particulate material v;as 

to make the Ribi effluent 457o in ammonium sulfate and stir for 2 hr at 

5°. The particulate material was removed by centrifugation at 16,000 

rpm (20,000 x g) for 15 min. The supernatant was then dialyzed over

night against two changes of 0.02 M Tris buffer, pH 7.3, to remove re

sidual ammonium sulfate. 

4. The "particle"-free, desalted crude extract was next chro

ma tographed on DEAE Cellulose Type 40 (Brown Company). The Type 40 

column V7as equilibrated with 0.02 M Tris, pH 7.3, and the cytochrome 

extract charged onto the column. After loading, the column was washed 

with 0.02 M Tris, pH 7.3. Tliis V7ash removed some residual bacterial 

chlorophyll containing material and the cytochrome c_-552-c_-556. High 

potential iron protein (HPIP) was eluted with 0.04 M NaCl, 0.02 M Tris, 



pH 7.3. Cytochrome c_' was eluted with 0.08 M to 0.11 M NaCl, 0.02 M 

Tris, pH 7.3. At least 40-column voliimes of this eluent were passed 

over the column to insure the complete removal of cytochrome c_'. The 

bulk of the cytochrome ̂ -552 was eluted with 0.12 to 0.15 M NaCl, 0.02 

M Tris, pH 7.3. The index of purity used was the absorption due to the 

protein divided by the Soret absorption due to the heme ^^280'^^410 

termed P/S). A P/S for purified C;-552 has been established by Bartsch 

et al. (1968) as 0.53. Bartsch et al. (1968) also reported that the 

native cytochrome c_-552 had a flavin to heme ratio ^^475/^525^ 1.25. 

The cytochrome c_-552 eluted with 0.12 to 0.15 M NaCl, 0.02 M Tris, pH 

7.3, generally had a P/S of from 1.0 to 2.0, and a ^-25 to 

1.30, Additional cytochrome c-552 could be eluted from tlie DEAE column 

with higher NaCl concentrations (0.20 to 0.35 M), but the P/S of this 

material was significantly higher and the •'^475/^525 ^^^io was generally 

belov'j' 1.0. This "poor" quality cytochrome £_-552 was usually discarded. 

The 0.12 to 0.15 M NaCl fraction usually yielded 30 to 35 umoles heme 

from 1,000 g of wet v?eight Chromatium. Gel filtration on Sephadex 

G-lOO and/or DEAE Type 20 chromatography were employed to reduce the 

P/S of the cytochrome £_-552 below 0.60 and tliis material was considered 

purified. The purified material used in this work 

was 1.25 or above. Gel filtration was carried out on Sephadex G-lOO in 

0.02 M Tris, 0.02 M NaCl, pH 7.3. The procedure for DEAE Type 20 chro

matography was essentially the same as for DEAE Type 40. Typically, 

1,000 g of wet cells yielded 18 to 25 ̂ wmoles of purified cytochrome 

c-552 heme. 
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Preparation of Horse Heart 
Cytochrome c_ (HHC) 

Horse heart cytochrome Type VI, was purchased from Sigma 

Chemical Company. The protein was further purified by gel filtration 

on Sephadex G-75 (Pharmacia) in 0.02 M Tris, 0.20 M NaCl, pH 7.3 at 5° 

to remove dimeric material. Only the fractions with a P/S less than 

0.25 were used, with the bulk of the cytochrome having a P/S of 0.20. 

The purified protein contained from 3 to 5% ferrocytochrome c_ and was 

not fully oxidized as the addition of oxidants became suspect when it 

was found that HHC tightly bound ferricyanide. 

Preparation of Cytochrome 
^-552 Subunits 

Cytochrome c_-552 was dissociated into subunits by three differ

ent techniques. 

1. A solution of cytochrome £_-552 buffered with 0.1 M Tris, pH 

7.3, was made 8 M in urea and incubated for 12 hr in the dark at 5°. 

The separation of the subunits v/as accomplished by gel filtration on 

Sephadex G-75 in the same manner as described for the purification of 

HHC. Gel filtration quantitatively separated the heme and flavin sub-

units as the flavin subunit aggregates and migrates with the solvent 

front. 

2. A solution of cytochrome j^-552 buffered with 0.1 M Tris, pH 

7.3, was made 4 M in guanidine-HCl and incubated overnight at 5° in the 

dark. The subunits were separated as described on Sephadex G-75. 

3. Subunits were also prepared by incubation at pH 11,0 in the 

dark at 5° for 12 hr, and the subunits again separated on Sephadex G-75. 
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The homogeneity of the subunit fractions was determined quali

tatively by cellulose acetate electrophoresis in diethyl barbiturate, 

pH 8.6, at an ionic strength of 0.075. The electrophoresis was carried 

out at a potential of 100 volts for 30 min. The fractions were assumed 

to be homogeneous if they migrated as a single, narrow band as detected 

by staining with Coomassie Brilliant Blue R-250 (Mann Research Labora

tories). 

Preparation of Fe(lll) moso-Tetra-
(4-N-methyIpyridy1) Porphin (MTMP) 

The water soluble heme compound Fe(lII) meso-tetra (4-N-methyl-

pyridyl) porphin and its porphin analog were obtained from the labora

tory of Dr. G. Wilson and were prepared by B. Neri according to their 

published procedure (Neri and Wilson 1972). 

Spectroscopy 

Absorption spectra were recorded on a Gary 11 or a Gary 14 re

cording spectrophotometer. Aerobic spectra were taken in 1.5 ml volume, 

1.0 cm pathlength quartz cuvets. Anaerobic spectra were taken in Pyrex 

Thunberg cuvets that were evacuated and flushed with purified nitrogen 

(purified nitrogen is defined in the stopped flow section). Special 

cuvets that were used in the pH and oxidation-reduction titrations will 

be discussed in the titration section. 

Gircular dichroic (CD) spectra were taken with a Gary 60 spec-

tropolarimeter, with a 6001 GD attachment. Cylindrical, quartz cells 

with a 1.0 cm pathlength were used for spectra in the visible and near 

UV ranges. In the far UV 1.0 mm pathlength, quartz cells were used. 



The calibration of the instrument was checked with d-1—camphorsulfonic 

acid, and its rotation was found to be within 5% of the theoretical 

value. With each CD spectra taken a buffer baseline was also traced. 

The absorption spectra was also recorded for the same sample in the 

same cell, for both concentration and anistroscopy data. 

Fluorescence was measured on an Aminco-Bovmian Spectrofluorom-

eter. 

Stopped-flow Techniques 

The rates were measured in the Durrum Stopped-flow, with the 

data recorded on a Tektronics 564B storage oscilloscope and photographed 

for analysis. In general, cytochrome buffered with 0.02 M Tris, pH 7.3, 

was placed in one syringe and the ligand or reductant dissolved in the 

same buffer in the other syringe. Purified nitrogen was prepared by 

passing nitrogen through a copper furnace (450°), then through a column 

packed with BASF catalyst R3-11 (Wyandotte Corporation), and finally 

passed through a wash bottle to equilibrate with water. 

All solutions were prepared from buffers which were carefully 

degassed by extensive bubbling with the purified nitrogen. The protein 

solutions were degassed by directing a stream of purified nitrogen over 

the protein solution for 30 min to one hour. All transfers and dilu

tions were accomplished through septa with gas-tight syringes. Consid

erable care was taken to keep oxygen contamination to a minimum. Dilu

tions with buffer were drawn from a flask that was constantly purged 

with purified nitrogen. The entire gas train was constructed with 



glass and copper. For special applications requiring a flexible con

nection, butyl rubber tubing was used. 

Approach to Equilibrium 

Approach to equilibrium data was taken on a single beam spec

trophotometer constructed in this laboratory. The spectrophotometer 

consisted of a Heath monochromator, an EMI A524/A photomultiplier tube, 

the raonitering beam (a Quartzline [GE] 100-watt, 6.6 amp lamp), and a 

ISO-watt projection lamp (Sylvania DNE) as an actinic source. The out

put of the photomultiplier was recorded on an Esterline-Angus 10 mv, 

100-volt recorder. The spectrophotometer was equipped with a jacketed 

cell holder (constructed in this laboratory) which allowed the passage 

of both monitoring and exciting beams at 90° to each other. Tlie cell 

holder v/as cooled by water circulation with a Forma Bath (model 2095). 

The actinic light was directed through 5 cm of water and a columnating 

lens to the cuvet. The exciting light was shuttered on and off manu

ally. The intensity of the exciting light was controlled with a vari

able resistance potentiometer. Light intensities were measured with a 

YSI Kettering model 65 radiometer. 

The'most critical factor in the approach to equilibrium stud

ies was the preparation of the samples. Ferrocytochrome £_-552 was 

equilibrated with CO, the cuvet, with a septum at the top, was sealed 

avoiding loss of CO or the presence of a gas space in the cuvet. The 

cuvet, containing the appropriate amount of CO, was placed in the spec

trophotometer and allowed to come to thermal equilibrium in the dark. 

The shutter was opened and the dissociation was monitored at 414 nm. 



When dissociation was complete at a particular light intensity, the 

shutter was closed and the CO binding reaction followed. The slopes 

and intercepts of the first-order plots for the dissociation and asso

ciation rate constants were determined by least squares analysis. 

Photoreduction Techniques 

The rates of photoreductions of cytochromes were measured on 

the single beam spectrophotometer as described above. The photoreduc

tions were carried out in Pyrex Thunberg cuvets that were exhaustively 

evacuated with special attention to avoid bubbling of the proteins. 

The exciting light was the same as was used in the approach to equilib

rium experiments, except for the wavelength dependence studies. In 

this latter case, a 650-watt projection lamp (Sylvania DWY) was di

rected through 5 cm of water and a Bausch and Lomb High Intensity Mono-

chromator to the cuvet. In addition, a third monochromator was placed 

in the monitoring beam in front of the cell holder to minimize the ex

citation of the sample by the monitoring beam. Absorption spectra were 

taken before and after irradiation to insure that reduction was com

plete and that the spectrophotometer was monitoring the entire reaction. 

Titrations 

Both pH and oxidation-reduction titrations were carried out on 

cytochrome ̂ 552. The methodology of the two techniques were vei-y sim

ilar, the main differences being the titrant and the type of absorbance 

changes that were monitored. 
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A SO-rnl glass, graduated cylinder was reduced to 20-ml total 

volume. A small septum nipple was inserted through the side arm through 

which titrant could be added and additions were made with a gas-tight 

syringe. A rubber stopper was fitted into the top of the cylinder, 

through which either a pH or a platinum electrode was inserted into the 

protein solution. Three syringe needles were inserted through the 

stopper, two of these were to allow the continual purging of the cylin

der with purified nitrogen (gas inlet and gas outlet). The other needle 

was placed in the protein solution and connected to a flow-through cuvet 

in the Gary 11 spectrophotometer cell compartment. This connection from 

the cylinder to the flow-through cell was made with a Teflon needle in

side a butyl rubber tube with Kel-F fittings on both ends. The other 

end of the flow-through cell was connected to a gas-tight syringe v?ith 

a Teflon-butyl rubber comiection as previously described. The protein 

solution could be dra^'m from the cylinder to the flow-through cell by 

the syringe and returned to the cylinder by discharging the syringe. 

For a typical experiment, the reaction vessel was clamped on to 

a magnetic stirring motor to hasten equilibrivim of the added titrant. 

When equilibriim was reached, the pH or potential was recorded and a 

portion of the protein solution was drawn into the flow-through cuvet. 

The absorption spectra were then recorded over the desired range and the 

protein was returned to the reaction vessel for further additions. 

Often a difference spectrum was recorded, with the same protein solu

tion in both the sample and blank cuvets at the beginning of the titra

tion. For low potential titrations special precautions were taken to 



insure complete removal of oxygen from the system. A Teflon needle was 

inserted into the electrodes to degas the internal volume and prevent 

the diffusion of gases from the electrode into the system. The syringe 

used to draw the protein solution to the cuvet was also continually 

purged. 

Both pH and potential were measured with the IL DIGI-matic pH-

meter-205 (instrumentation Laboratory, Inc.). The electrode used for 

the potential measurements was the Instrumentation Laboratory, Inc., 

platinum combination glass electrode (catalogue #15023) with a Ag/AgCl 

reference half cell which was calibrated relative to the hydrogen elec

trode with quinhydrone. The pH electrode used was the Instrumentation 

Laboratory, Inc., general all-purpose 0-14 combination glass electrode 

(catalogue #14063). 

Flash Photolysis 

Flash photolysis experiments were performed with the flash ap

paratus constructed in the laboratory of Dr. G. Tollin. The details of 

the flash unit have been previously described (Barman 1972). The sam

ples to be studied were exhaustively degassed with 6 freeze-thav? cycles. 

In a freeze-thaw cycle, the sample was frozen to liquid nitrogen tem

perature under vacuum in a thick-walled flask with a side arm which 

connected it to a 10-cm pathlength cylindrical cuvet. All connections 

were ground glass joints and the side arm was equipped with a Teflon 

screw valve. The valve enabled the cuvet to be detached from the vac

uum flask at the side arm connection. After the sample was frozen, it 

was attached to the mercury diffusion pump vacuum line and evacuated 



for 15 min. The sample was then thawed slowly to room temperature to 

avoid bximping the solution. After 6 cycles the protein or heme solu

tion was transferred to the cuvet through the side arm. The valve was 

closed and the vacuum flask removed. The flash power was run at 120 

joules, and photomultiplier tube output was recorded on Polaroid film, 

from an oscilloscope. 



RESULTS 

Physical Properties of Cytochrome c-552 

Spectral Properties 

The absorption spectra of ferri- and ferro-^-552 are presented 

in Figure 1 (A). Figure 1 (D) shows the ferri-ferro difference spec

tra. The absorption spectra indicate that C_-552 is a low spin protein 

based on the ferri Soret maximum at 410 nm and distinct cv- and p-bands 

in the ferro form. The appearance of the cv-band at 552 nm in ferro-C-

552 suggests that the out-of-plane ligands of ̂ -552 could have somewhat 

greater donor character than that of histidine and methionine in HHC. 

Brill and Williams (1961) showed that for "purely" low spin iron-

porphjnrin complexes the greater the ft donor character of the out-of-

plane ligands, the longer the wavelength of the Cki-band. This effect 

of increasing donor character could be due to a closer interaction of 

the out-of-plane ligand with the heme or perhaps C_-552 has out-of-plane 

Uganda. The flavin bands are distinct in ferri-^-552 and bleach upon 

reduction. 

The effect of pH on the absorption spectra was investigated 

over the pH range 5 to 11.5. Table 1 summarizes the effect of pH on 

the Soret absorption spectra over the pH range indicated. The ferri 

spectrum shows a shift in the absorption maximum to 406 nm at pH 11.0, 

with no appreciable change in extinction. The ferro spectrum shows 

the same absorption maximum (416 nm) at all pH's, with an increase in 
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Figure 1. Absorption spectra of cytochrome c-552. 
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Table 1. The effect of pH on the Soret absorption maximvim.* 

pH 
Ferri 

nm 

Ferro 
(416 nm)^ 

Ferro-CO 
(416 nm) 

6.85 410 125 145 193 

10.61 408 120 152 213 

11.05 406 120 160 245 

11.48 406 120 154 238 

*, Conditions: 0.1 M phosphate, pH adjusted with 4 N NaOH or 
6 N HCl. 

a.- Only the ferri Soret maximum shifts; hence, the wavelength 
for the ferro and ferro-CO are listed in parentheses. 



extinction with increasing pH. The ferro-CO Soret spectrum shows the 

same effect with pH as does the ferro spectrum. The ferro-CO spectrum 

in the visible region at pH 7.0 and pH 11.5 are presented in Figures 

2 and 3, respectively. The ferro-CO-^-552 spectrum in the visible at 

pH 11.5 appears very similar to the CO spectrum of typical high spin 

heme proteins at pH 7.0. This apparent change in the nature of the 

iron-porphyrin complex is not noted in the ferro- or the ferri-C-552 

spectra at pH 11.5. The possible explanation for the unusual ferro-CO 

spectrum will be discussed further at the end of the heme peptide 

section. 

Redox Potential of the Heme 
and Flavin in ^-552 

It was of interest to determine the oxidation-reduction poten

tial of the two chromaphores of ̂ -552 in order to deduce their relative 

position in oxidation and reduction reactions. 

The redox potential of C_-552 was determined using two reduc-

tants, sodium dithionite and benzyl viologen. Two different redox 

/ 0 
couples were also used, iron-EDTA (10 M FeCl^ and 10 M EDTA) and 

iron oxalate (10 ̂  M FeCl^ and 10 ^ M sodium oxalate). The midpoint 

potentials of the heme and flavin were determined from the titration 

data, treated according to the Nernst equation. 

F _ „ RT_ , (oxidized protein) 
h ~ m NF (reduced protein) 

Where Ej^ is the measured potential corrected to the potential of the 

hydrogen-electrode by calibration of the electrode with quinhydrone by 
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Figure 2. Ferro-CO spectrum of C_-552 at pH 7 
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Figure 3. Ferro-CO spectrum of C_-552 at pH 11.0, 
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the established method (Cusanovich 1967), and is the midpoint poten

tial of the component being studied, N is the equivalence of electrons 

involved in the reaction. 

Figure 4 presents a plot of versus log (oxidized)/(reduced) 

for the redox titration of ̂ -552 in iron-EDTA with Na2S20^ as the re-

ductant. The open circles represent the heme titration with the solid 

line through the open circles equal to the theoretical curve for N = 

1.0 and E =8 mV. The darkened circles are for the flavin titration 
m 

with its dark line equal to a theoretical curve of N = 2.0 and E = 
m 

8 mV. 

Since some of the oxidation products of dithionite could inter

act with the flavin, the redox titration of ̂ -552 was also undertaken 

with benzyl viologen as the reductant. Titrations of ^-552 with the 

reduced benzyl viologen in both the iron-oxalate and the iron-EDTA 

couples gave identical results as summarized in Table 2. The data pre

sented is obtained from the slope and intercept of the log (oxidized)/ 

(reduced) versus potential plot (similar to Figure 4). These values 

are the least squares fit to the data with the standard deviation also 

shown. 

Table 2. Redox properties of C_-552 with benzyl viologen as the 
reductant. 

Couple 
Heme Flavin 

Couple 
Em (mV ) N Em (mV) N 

Iron-EDTA 29.8 ± 1.19 1. 03 i 0. 025 27.8 ± 1.90 1.15 ± 0. 068 

Iron-oxalate 27.8 ± 1.90 1. 10 ± 0. 033 19.9 ± 2.00 1.30 i 0. 028 



Figure 4. Dithionite redox titration of C^552. 

The dark circles are the data for the flavin titration; the line through 
these points has a slope of N equal to 2.0. The light circles are the 
heme titration data. The line through these points has a slope of 1.0. 
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Using dithionite or benzyl viologen as the reductant similar results 

are obtained for the titration if the heme with an N value of approxi

mately 1,0 and an value of between 8 and 30 mV. However, an anomaly 

was observed in the N value for the flavin titration with benzyl violo

gen. For a normal flavin redox system with no complications a value of 

2,0, as observed in the dithionite titration, is expected. It appears 

that a specific interaction between the benzyl viologen and the oxi

dized flavin occurs, possibly due to the formation of a flavin-benzyl 

biologen dimer (Clark 1960). More studies are nccessary in this area 

before any conclusions can be dra\m. In summary both heme and flavin 

have redox potentials of approximately 20 mV. The difference in the 

potential obtained with the different couples probably is not signifi

cant. In spite of the complication in the flavin titration, the fact 

that the heme yields an N value of about 1,0 suggests that the heme and 

flavin moieties do not strongly interact in the redox process. 

Preparation and Properties 
of the ^-552 Heme Peptide 

Meyer and Kamen (1970) reported the dissociation of ^-552 into 

heme and flavin containing subunits by treatment with 8 M urea. For a 

better understanding of the C_-552 molecule and how the subunits inte

grate to produce the properties of the intact molecule, a survey of the 

heme peptide properties was undertaken. It would be of interest to 

also study the flavin peptide in detail; hovjever, it has only been iso

lated in an aggregated form and presently is not amenable to study. 



The heme peptides for the purposes of this work were isolated 

by three independent techniques, as described in the methods section, 

to determine if the subunits dissociated in a specific manner, or 

whether by changing the denaturing conditions, subunits with different 

properties could be isolated. 

The molecular weights of the heme peptide were determined by 

gel filtration on Sephadex G-75. The coliomn was calibrated by chro-

matographing hemoglobin (mol. wt. = 67,000), myoglobin (mol. wt. = 

17,000), HHC (mol. wt. = 12,400), Blue dextran (mol. wt. = 10^), and 

chymotrypsin (mol. wt. = 25,000). Figure 5 shows the plot of log mo

lecular weight (MW) against V,/V , where V is the void volume and V 
i' e o e 

is the elution volume of the substance in question. The heme peptide 

eluted with apparent molecular weights of 31,000 to 33,000 for all 

three methods of preparation. In contrast Meyer (1970) reported a 

molecular weight of 10,000 to 15,000 for the heme peptide and Kennel 

and Kamen (1971) reported a value of 22,000. 

The heme peptide isolated in this work was homogeneous on cel

lulose acetate electrophoresis. The flavin subunit is thought to have 

a molecular weight of approximately 40,000. It seems likely that the 

heme peptide isolated in this work contains tvra hemes/33,000 molecular 

weight. This peptide may be dissociable into smaller subunits as im

plied by Meyer (1970); however, it is interesting to note that in this 

work identical peptides by all studied criteria were isolated by three 

different methods. 



gure 5. Molecular weight of the heme peptide. 

The molecular weight of the heme peptide was determined from 
the plot shown. The darkened circle represents where the 
peptide eluted. 
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Figure 5, Molecular weight of the heme peptide. 
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Figure 6 presents a representative visible absorption spectra 

for the ̂ -552 heme peptide in the ferri-, ferro-, and ferro-CO forms. 

Several changes are obvious in comparing the heme peptide spectra to 

the intact ̂ -552 spectra. 

Table 3 presents the Soret maxima and extinction and the visi

ble maxima and extinction for myoglobin, ̂ -552, and the ̂ -552 heme pep

tide and £_-552-CO-complex (pH 11.5). These data indicate that the high 

pH CO and the peptide CO are very similar in maximum location in the 

visible and the extinction. The visible spectra of the peptide CO com

plex and the ̂ -552-CO complex at 11.5 are in between the typical low 

spin ̂ -552 and the high spin myoglobin spectra. Tlie extinction of the 

Q'- and P-bands in ferro-CO-C-552 at pH 11.0 as the ferro-heme peptide 

are less than the molar absorptivity of ̂ -552. The changes in the 

hemc~CO spectra of C_-552 are tov7ard a myoglobin-like (high spin) spec

tra, either by disaggregating the protein or by raising the pH. The 

high pH heme-CO visible spectra are very similar to myoglobin in shape 

and extinction (myglobin visible maximum has 13.9, high pH 

12.0). The heme peptide CO spectra had a visible maxima at 552 with 

E „ of 12.7, also more similar to myoglobin. 
mM ' 

These observations could be interpreted in terms of Brill and 

Williams (1961) model for iron-porphyrin complexes to mean that the 

out-of-plane ligand has less '17 donating character in the heme peptide 

and high pH spectra. This suggests that a change in the nature of the 

out-of-plane ligand to heme bond occurs. The exact nature of this 

change cannot be determined at this point. 
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Figure 6. Absorption spectra of ̂ -552 heme peptide. 
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Table 3. Comparison of the Soret and visible maxima in heme proteins. 

Soret Visible 
Maximum E ,, Maximum E 

mM mM 

Metmyoglobln 435 

Myoglobin-CO 424 

Ferri-C;-552 410 

Ferro-^-552 416 

Ferro-CO-£-552 414 

Ferro-CO-£-552 (pH 11.5) 415 

Heme peptide (£-552) 

Ferri- 407 

Ferro- 417 

Ferro-CO 415 

121 560 13.0 

207 579 13.9 

125 525 10.4 

145 552 25.0 

193 552 23.0 

150 552 12.0 

149 525 10.2 

141 552 18.6 

160 552 12.7 
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Heme Liaand PindiriR 

It was of interest to determine the properties of the CO bind

ing to ferro-^-552 for comparison with other heme proteins and possibly 

to detect any unique features concerned with the ̂ -552 heme environ

ment. 

For the CO binding studies all results were analyzed relative 

to the myoglobin-CO system as it provides an example of a simple single 

step mechanism as given by Equation 1. 

k 
CO + ferro-heme ===== f erro-heme-CO (1) 

off 

In Equation 1, k^^ represents the second order rate constant for CO 

binding and k^^^, the rate constant describing the dissociation of the 

complex. The dissociation constant (K^) can be defined as = 

k • 
ofr on 

For a reversible single step process, 

M _ ^-kobs' (2, 
M 
o 

where AA is the absorbance change at time t, AA^ is the maximum ab-

sorbance change, and k , = k [CO] + k 
° ' obs on off 

Typically ferro-heme-CO complexas are photo-dissociatible into 

ferro-heme and free CO. This means that constant illumination of a so

lution of the ferro-^-552-CO will lead to the establishment of a new 

equilibrium dependent on the intensity of the actinic beam. The rate 
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at which the new equilibrium is achieved is given by Equation 3 as de

rived by Warburg, Nagelein, and Christian (1929): 

k + 106 (3) 
off off 

where k is the rate of CO dissociation observed at light intensity 
off ° •' 

I, with 0 the quantum yield, € the mean molar extinction coefficient 

vV 
over the wavelength of excitation, and k the dark dissociation rate 

o r 1" 

constant. 

At any light intensity the fraction of the ferro-C_-552-C0 

complex dissociated (X) is given by Equation 4 or 5: 

k 
X = r (4) 

off on(CO) 

k 
l/X = 1 +r — (5) 

off(CO) 

Equations 1 through 5 only apply for a single step ligand bind

ing mechanism. Thus, by conducting stopped-flow and approach-to-

equilibrium experiments (with actinic illumination) 

can be measured. Further, any deviations from a single step mechanism 

will be manifest by a departure from one or more of the equations given. 

Based on the relationships introduced above, the following cri

teria must be established in order to assign a simple single step mech

anism for CO binding to ̂ -552. 



1. should be directly proportional to (CO) and should 

be independent of (CO). 

2. determined in the approach to equilibrium studies 

should be proportional to the actinic light intensity and k^^ should 

be independent of actinic light intensity. 

3. k , k and values determined from the stopped-flow 
on' off D 

and approach to equilibrium data should be in good agreement. 

4. The plot of 1/X versus should be linear and the in

tercept should equal 1.0 and the slope equal to k^^/(CO). 

Figure 7 shows a plot of determined in the stopped-flow, 

versus CO concentration. The plot is linear with k (M ^ sec ^) de-
' on 

termined from the slope, and k (sec ^) determined from the inter-
' off 

cept at zero (CO) concentration. For ten stopped-flow experiments the 

average values for the three constants were calculated: 1^1 ± 

23 M sec k 0.0299 ± 0.003 sec and K„, 1,56 x 10 ̂  M. 
' off D 

Figure 8 presents the plot of determined in approach to 

equilibrium experiments, against actinic light intensity. The plot is 

linear, shov/ing that k^^^ is proportional to I, and it extrapolates to 

a dark reaction of apparently zero. 

The following data presents a comparison between the kinetic 

constants for CO binding as determined by stopped-flow and approach to 

equilibrium techniques (Table 4). These results show fair agreement 

between the kinetic constants determined by two independent techniques. 
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Table 4. A comparison of the stopped-flow and approach to equilibrium 
rate constants. 

Approach to equilibrium Stopped-flow 

S 1.45 X 10"'^ M 1.56 X 10'^ M 

k 138 M ^ sec ^ 191 M ^ sec ^ 
on 

k f- 0,02 sec ^ 0.03 sec ^ 
off 

The final criterion for assigning the single-step mechanism for 

CO binding in 0^552 is summarized in Figure 9 and its inset. The plot 

of 1/X versus 1/k is linear with the k values determined at differ-
off on 

ent CO concentrations yielding an average value which compares well with 

that determined in the stopped-flow. An average value of about 1 x 

-4 
10 M for was determined from the fraction dissociated which is in 

reasonably good agreement with the measured K^. 

Based on the data presented it can be concluded that ferro-C-

552 binds CO by a single-step mechanism. Comparing Kj^ of ^-552 v/ith 

— 8  
the known value of myoglobin (3 x 10 M, it can be concluded that ac

cess to the ligand binding site in ferro-^-552 is greatly restricted. 

Experiments were performed to determine if the ferri-heme of 

^-552 would bind sodium azide or sodium cyanide, a reaction which oc

curs with HHC. There was no spectral indication that azide binds to 

C_-552. Cyanide forms a complex with the flavin moiety as will be de

scribed in a later section, but there is no evidence that the ferri-

heme of ̂ -552 binds cyanide. It is concluded that access to the heme 



Figure 9. Double reciprocal plot for the dissociation of ferro-CO ̂ -552. 

A darkened triangles are for CO concentration of 0.5 Atmos 
• darkened circles represent the data for 0.375 Atmospheres CO 
o light circles represent the data for 0.25 Atmospheres CO 
A light triangles represent the data for 0.125 Atmospheres CO 
The inset shows the values of k determined from these data 

on 
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Figure 9. Double reciprocal plot. 
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is open to some degree in the reduced cytochrome while the access to 

the ferri-heme is closed. Although the ferro-£;-552 binds CO, it has an 

—8 
affinity much less than observed with myoglobin (3 x 10 M). 

Heme Peptide CO Binding 

The kinetics of CO binding to the heme peptide was studied in 

order to determine if the access to the heme in the heme peptide was 

similar to the situation observed in the intact molecule. Table 5 pre

sents the values for k , k and measured in the stopped-flow 
on' off D 

for the heme peptide prepared by the three techniques. 

Table 5. CO binding of the heme peptides. 

Peptide „ , , -1 _ -U , -1 
a k (M sec ) i-j- (sec ) (M) 

preparation on off D 

8 M urea 9 x 10^ 0.08 9 x 10~^ 

4 M guanidiiie-HCl 17 x 10^ 0.06 3.5 x 10 ̂  

pH 11.0 11 X 10^ 0.20 2 X 10"^ 

a. Detailed discussion of peptide preparation is in the 
methods section. Conditions of the binding experiments were 0,02 M 
Tris, pH 7.3, 20°, in 10'*^ M dithionite. 

The most striking feature of this data is the large increase in k^^ as 

compared to the intact C_-552. Thus, it appears that the heme moiety in 

the heme peptide is considerably more accessible to the solvent than 

the heme of intact ̂ -552. The off constant is similar to that measured 

with the intact ̂ -552. It is significant that the heme peptide 
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prepared by these three different methods has essentially the same li-

gand binding properties, indicating the same general heme environment. 

Ligand Binding to the 
Flavin Moiety of ^-552 

The oxidized flavin moiety of ^-552 reacts with a number of li-

gands (CN~, HSO^", ^£'^3 ' cysteine, and reduced glutathionine) at pH 

5,5 to form a molecular species with spectral properties distinct from 

those observed in the oxidized or reduced cytochrome (Meyer, Bartsch, 

and Kamen n.d.). 

Since reduced sulfur compounds are thought to naturally react 

with C_-552, it was of interest to Investigate the interaction of C_-552 

with these compounds. 

Figure 10 (A) shows the aerobic absorption spectrum of the cy

anide complex. Figure 10 (B) presents the ferri-^-552-CN complex dif

ference spectrum which is representative of all of the complexes. The 

complex was formed by the addition of excess ligand (solid) to the pro

tein buffered in 0,1 M acetate pH 5.5. The spectral change was not ob

served above pH 6.0 except the CN~ complex which will form at pH 7.4. 

The determination of equilibrium binding constants, the rate of 

ligand binding, and the CD spectra of the ^-552 complexes was under

taken in order to more fully understand the ligand-flavin interactions. 

Table 6 presents the equilibrium dissociation constants for the 

552 complexes of CN~, HSO^", and Figure 11 presents a double 

reciprocal plot representative of the three equilibriiam titrations (cy

anide titration). In all cases the ligand binding process as described 
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Figure 10. Absorption spectra of the cyanide complex and ferri-^-552 minus cyanide complex 
difference spectrtrai. 

The solid line in part A is the complex spectrim; the dashed line is the ferri-C_-
552 spectrum. 
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Table 6, Equilibrium bind constants for the sulfur ligands with 
C-552. 

Ligand (M 

NaCN 8 X 10"^ 

NaHSO^ 1.55 X 10~^ 

Na^S^O^ 5.6 X 10~^ 
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Figure 11. Equilibrium titration of ^-552 with cy/im'flo. 



by the double reciprocal plot is consistent with a simple, single-step 

binding mechanism. These data indicate that cyanide has the greatest 

affinity for the flavin of the ligands investigated, but the values 

reported in all cases suggest a loosely bound flavin complex. The CN 

complex difference spectrum [Figure 10 (B)] is consistent with a flavin 

derivative. The extent of bleaching in the flavin region (440 to 480 

nm) is substantial. Due to the overlapping of the heme and flavin 

absorbance in this region, the quantitative determination of the extent 

of flavin bleaching is difficult, but at least 757o of the flavin ad

sorption is bleached between 440 and 480 nm. 

The rate of flavin bleaching and the appearance of the near IR 

band centered about 700 nm were measured anaerobically in the stopped-

flow at 475 nm and 700 nm, respectively. All experiments were per

formed at pH 5,5, The second-order rate constants for the formation of 

the flavin complexes are presented in Table 7, Two significant rela

tionships are contained in these data: (l) the rates of binding for 

NaCN and HSO^~ are biphasic with the slow phase contributing less than 

207o of the total reaction, and (2) the rate of appearance of the band 

at 700 nm corresponds well with the rate of the fast phase for both the 

cyanide and thiosulfate reactions. 

It could be suggested that the rate variation and biphasic na

ture result from multiple forms of the ligands. Each of the ligands 

used in the complex studies has a different charge at pH 5.5. Cyanide 

vrauld be exclusively in the acid form (HCN), making it neutral. At 

pH 5.5 sulfite would exist almost entirely as the bisulfite form HSO^" 
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Table 7. Second-order rate constants for the formation of flavin com
plexes in ̂ -552.'' 

a " b 
Ligand k^ % Fast phase ^700 

Na2S203 163 - 100 132 

NaHSO^ 3400 0.17 80 

NaCN 305 2.44 80 285 

*. Conditions: 0.10 M acetate, pH 5.5, 20° anaerobic. The 
units for k^, k^, and k^Q^ are sec"^-, k^ and kg were monitored at 
475 nm. 

a. k^ is the rate constant for the fast phase of complex for
mation. 

b. k is the second-order rate constant for the slow phase of 
complex formation. 

with a negative charge (pK's 1.90 and 7.25). Thiosulfate has a charge 

of -2 at pH 5.5 (pK's 0.5, 1.56). However, (single negative 

charge) binds the fastest with the neutral (HCN) and double negative 

(820^") both at similar rates of binding. Moreover, the neutral ligand 

(HCN) has the greatest affinity. Tliere appears to be no correlation be

tween the ligand charge and the rate of binding. Further, the fact 

that both Na2S20^ and NaHSO^ exist in a single charge form at pH 5.5 

argues against multiple ligand forms being i-esponsible for the biphasic 

reactions observed, 

A significant observation was made in that, if the CN~, ^2^3"' 

and complexes are formed anaerobically after a substantial lag 

period (15 min), heme reduction occurs. The rate of heme reduction 
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is slow (T% = 10 hr), but complete reduction will occur. This observa

tion suggests that HSO^", and CN~ are able to reduce the heme 

moieties indirectly through the flavin-ligand complex. 

A possible explanation for the heme reduction by the complex is 

that a flavin semiquinone is formed by reduction of the flavin by the 

ligands. To study this possibility the ESR spectra for the cyanide and 

thiosulfate complexes were examined to determine if a free radical was 

present. There was no detectable signal at room temperature, in a sam

ple which formed the complex. This indicates that no appreciable semi

quinone is formed at room temperature in the presence of oxygen. It is 

possible that anaerobically small amounts of semiquinone are formed and 

are responsible for the heme reduction, but the dominant form of the 

complex does not appear to be semiquinone. Both anaerobic and low tem

perature ESR studies would conclusively show if any free radical is 

present in the complex under any conditions. 

Circular Dichroism Studies of ̂ -552 

The circular dichroic spectra of C_-552 are studied in order to 

probe changes in the protein backbone, aromatic residues, and the heme 

environment due to changes in the oxidation state of the cytochrome 

binding of ligands and the dissociation of the intact molecule into its 

subunits. 

Far Ultraviolet (UV) Region (250-185 nm) 

The UV region of the CD spectrum is the most extensively stud

ied region "iri the spectra of biological macromolecules. The far UV 
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TJU 
CD spectriim involves the amide n- transitions of the protein backbone 

and therefore provides information on the organization of the secondary 

and tertiary structure. 

The four common types of protein structures are cv-helix, anti-

parallel and parallel p-pleated sheets, and random coil. The wave

length maxima of the n- * transitions in the CD spectrum have been 

shown in model systems, and proteins to vary depending upon the peptide 

structural organization. Table 8 reviev/s the positions of the CD peaks 

and troughs for the four common protein conformations, as deduced from 

model compounds. 

Figure 12 gives the far UV spectrum of ferri-, ferro-, and 

ferro-CO ̂ -552 in 0.1 M phosphate buffer, pH 7.0, Table 9 summarizes 

the maxima and their mean residue ellipticities. The mean residue 

ellipticities reported in this work are based on the degrees rotation 

per amino acid residue, as shown in Equation 6: 

where L is the path length in centimeters, c' is the concentration of 

protein in grams per milliliter, M is the molecular weight of the pro

tein, and R is the number of amino acid residues per protein molecule. 

2 
The units of [0] are degrees-cm /decimole amino acid residue. The mean 

residue molecular weight was taken as 112. The far UV spectra of ̂ -552 

has four characteristic features: a broad negative trough at 220 nm, a 

prominent shoulder at 210 nm, a large positive at 195 nm, with the 

crossover point at 202.5 nm in the ferri, ferro, and ferro-CO spectra. 
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Table 8. CD characteristics of protein structures. 

Protein organization Extrema 

cv-helix 224-225 (-), 207-208 (-), 

190-191 (+) 

P-antiparallel pleated sheets 217 (-), 195 (+) 

P-parallel pleated sheets 216 ( - ) ,  181 (+)  

Random coil 235 (-), 217 (-), 202 (+), 

197 (+) 
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Figure 12. Far UV CD spectrum of ̂ -552. 

The ferri, ferro, and ferro-CO spectra were all identi

cal . 
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Table 9. Far UV CD extrema for £-552. 

£-552 

(nm) Polarity 
CQ3 X 10^ degrees-cm^/ 

dmole residue^ 

HHC 

220 (-) 10.25 11 

210 (-) 9.04 9.4 

195 ( + ) 19.5 12.2 

crossover 202,5 nm 202.5 

a. [9] is in terms of mean residue notation and can be compared 
to molar ellipticities by multiplying by 64.3. 

Within the limits of detection the ferri, ferro, and ferro-CO 

forms of C_-552 have identical far UV CD spectra. This implies that 

changes in the oxidation state of the heme iron do not alter the con

formation of the protein backbone. Horse heart cytochrome £_ also has 

an identical far UV spectra in both the ferri and ferro forms, but the 

X-ray work of Dickerson et al. (1971) and other chemical evidence point 

to a conformational change coupled with a change in the oxidation state 

of the heme' iron. It has been postulated that the conformational 

change in HHC upon reduction is internally compensated (peptide moves 

but maintains its conformation). 

Comparison of the position of £-552 CD extreme in the far UV 

with those of model compounds (Table 8) point to a large contribution 

of anti-parallel p-pleated sheet structure for £-552. The two promi

nent cv-helical peaks [225(-) nm and 190(+) nm] are not observable in 



the ̂ -552 spectrum. They could be present but masked by the stronger 

absorption transitions at 220 and 195 nm. The shoulder at 210 nm in 

the ̂ -552 CD spectrum is not consistent with a 100% p-structured mole

cule. Horse heart cytochromc c_ has a similar shoulder and was taken as 

evidence for some cy-helical content. Unlike HHC, C^552 has no trough 

between the two negative extrema, positioned at 220 and 210 nm. When 

compared to Q?-helical and P-structure CD spectra of poly-l-lysine, it 

would appear that the 210 nm shoulder is indicative that some cy-helical 

structure is present in ^-552 since the p-form has no shoulder in the 

spectral region 208 to 210 nm (Sakar and Doty 1965). 

The most noticeable difference between HHC and ^-552 far UV 

spectra is the much larger peak at 195 nm in ^-552. A molar elliptic-

2 
ity of 71,000 degree-cm /decimole at 190 nm has been used as a stand

ard for 1007o helix in poly-l-ly sine and polyglutamic acid P-structure 

for the same molecular species has lower molar ellipticities. The 

larger peak in the C;-552 CD spectrum could be indicative of a greater 

a-helix content than with HHC. 

Aromatic CD Region (360-250 nm) 

The possible implication of the aromatic side chains in elec

tron transport in HHC makes CD analysis of the aromatic region of con

siderable interest. In the region of 280 to 360 nm, the aromatic amino 

acids, tyrosine, phenylalanine, histidine, and tryptophan all have ab

sorption maxima, with the possibility of having induced asymmetries. 

Flavins also have a potentially asymmetrical transition at 270 nm. The 
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heme has at least two potentially asymmetrical bands in the near UV, 

making the analysis of this region complicated. 

Figure 13 shows the CD spectra for ferri-, ferro-, and ferro-

CO-C_-552 in the near UV. It is obvious that there are substantial dif

ferences between the spectra for the three forms. In Table 10, the 

extrema of the CD spectra of the three £-552 forms are tabulated. 

In the spectral range 275 to 300 nm, all three show strong pos

itive peaks with the ferri form yielding largest ellipticity (1170 

2 
degree-cm /decimole residue) and apparently two peaks (280 and 288 nm). 

Ferro-£-552 has a maxima at 295 nm and is intermediate between the oxi

dized and the CO complex in terms of ellipticity. The ferro and ferro-

CO forms both show a slight negative trough at about 272 nm and a 

strong peak at approximately 260 nm. The 260 nm maximum is the most 

Table 10. CD extrema in "aromatic" region. 

Ferri--£-552 Ferro -£-552 Ferro--CO-552 

A (nm) [e]^ ^ (nm) [0] ^ (nm) [6] 

338 (+) 135 345 (-) 530 345 (-) 800 

320 (+) 210 315 (-) 150 315 (-) 250 

300 (+) 315 288 (+) 590 290 (+) 830 

287 (+) 1120 278 (+) 70 277.5 (-) 20 

283 (+) 1070 271 (-) 30 258 (+) 1300 

280 (+) 1170 260 (+) 1000 

268 (+) 210 

262 (-) 100 

a. The units of 
r -1 2 
[0J are degrees-cm /decimole residue. 
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Figure 13. Near l)V spectra of C_-552. 



interesting feature of this region of the CD spectrum, since the ferri-

o 2 
C^55Z spectra show only a slight shoulder at 260 nm (-120 -cm /decimole 

residue). The data presented in Figure 13 and Table 10 show that the 

UV CD spectrum depends upon the oxidation state of the heme iron and 

that the orientation of the ciromatic residues changes upon oxidation or 

reduction of the cytochrome. The flavin has some contribution in this 

region, but it is not possible, from these data, to determine its mag

nitude. 

The near UV region of the CD spectr\.im of ̂ -552 has three sig

nificant regions: 330 to 350 nm, 275 to 300 nm, and the peak at 260 

nm. The detailed assignment of the peaks in the near UV is complicated 

for C=552 because heme, flavin, and the aromatic groups all have ti-an-

sitions in this range. However, five species of cytochrome c_ (Vino

gradov and Zand 1968), horseradish peroxidase (Wi.llick, Schonbaum, and 

Kay 1969), ferri-myoglobin (Hsu and Woody 1971), sperm whale myoglobin 

(Willick et al. 1969), Rhodospirillum rubrum cytochrome c_2 (Flatmark 

and Robinson 1968), Chromatium vlnosum cytochrome c_J (Cusanovich n.d,), 

and the undecapeptide of HHC (Urry 1968), all have negative elliptic-

ities in the range from 300 to 350 nm. This indicates a common property 

of heme proteins. The negative trough shifts more negative upon re

duction to the ferro form. The dependence upon the oxidation state and 

the appearance in many heme proteins of this trough suggest that it 

arises from a heme transition. Urry (1968'> reported CD extreme at 317 

and 353 nm in the heme undecapeptide of HHC which is devoid of aromatic 

residues. The two transitions were assigned to heme. 
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Cytochrome c_-552 has this characteristic heme negative trough 

between 300 and 350 nm in the ferro and ferro-CO forms. Ferri-C_-552 

shows a positive ellipticity in this wavelength region, a departure from 

most reported cytochromes and heme proteins. Flavins (Edmondson and 

Tollin 1971) can have broad positive extrema at about 350 nm, possibly 

accounting for the positive ferri ellipticity. The flavin peptide CD 

spectra have not been studied and would bear on this question. The 

heme peptide CD spectrum (see peptide section) in this region shows 

that the ferri form has a negative ellipticity similar to the ferro 

form which is consistent with the flavin moiety producing the positive 

ellipticity in this region. 

The region of the spectrum around 280 nm is quite different for 

^-552 as compared to other £_-type cytochromes. In cytochrome c_, the 

region near 280 nm is negative in the ferri form (cross over 275 nm) 

and two positive extrema at 253 and 263 nm. The positive peaks in 

^-552 appear at nearly the same wavelength as the two small peaks at 

about 280 and 290 nm in HHC. However, the orientation at the transi

tions and the ellipticity are much different. The peak at 288 nm is 

generally attributed to tryptophan, as is any band near 280 nm (278 to 

,/V 
282 nm). The tyrosine (N - TT ) transition is usually weaker and is at 

270 to 272 nm; in addition, phenylalanine has a weak transition nearer 

260 nm. Urry (1967) reports that the heme undecapeptide from HHC in 

imidazole showed two positive extrema at 278 and 260 nm. In that case, 

histidine serves as an out-of-plane ligand and a strong interaction 

would be predicted. It appears that in ferri-_C;-552 at least one 



tryptophan and possibly a histidine have large asymmetries whose ellip-

ticities are quite dependent upon the oxidation state of the cytochrome. 

The 280-nm peak all but disappears in the ferro form and the 288-nm 

peak decreases markedly in ellipticity. 

Hsu and Woody (1971) propose that for hemoglobin and myoglobin 

the CD spectrum can be accounted for by a coupled oscillator two-

electron model. The chromophore, heme, interacts with several aromatic 

side groups through dipole-dipole coupling to induce the asymmetries 

which appear in the CD spectrum. Using this coupled oscillator theory 

as a working model, the ellipticity is an inverse function of the dis

tance between the two interacting dipoles. It can then be implied that 

the aromatic side chains in ̂ -552 (tryptophan and/or histidine) move 

upon reduction, since the magnitude of the ellipticity would be in

versely proportional to this distance between interacting species. 

An alternative theory to explain the CD transitions is that 

the n-1T transitions of the aromatic side chains interact with the d-d 

transition of the iron, resulting in the induced asymmetries (Hsu and 

Woody 1971). This model would predict large changes in [9] between the 

oxidized and reduced cytochrome or upon changing the out-of-plane li-

gand. There are some differences in the CD spectrum between oxidized 

and reduced cytochromes (280 nm and 260 nm). But no changes in the CD 

spectrum based on changing of the out-of-plane ligand have been re

ported. It is unlikely that the interaction of the aromatic dipoles 

with the d-d transition of the iron is significant in producing the 

asymmetries depicted in the UV CD spectrum. 
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Flatmark and Robinson (1968) proposed that the 263 nm peak in 

cytochrome c Rhodospirillim rubrum cytochrome and the undecapeptide 

of HHC is due to an iron-porphyrin-histidine complex, since either re

moval of the iron by anhydrous HF or removal of histidine results in 

the loss of the 263-nm peaks. Re-insertion of the iron restored the 

263-nm peak, as did histidine. The ferro-£;-552 CD spectrum has a peak 

at 260 nm, but there is only a shoulder at 262 nm in the ferri state. 

Applying Woody's coupled oscillator model, the changes in the peak el-

lipticities V70uld imply that a histidine only weakly interacted with 

the heme in the ferri state. Upon reduction, the appearance of the 

strong positive peak would indicate that the out-of-plane histidine 

moved closer to or re-oriented itself to interact more strongly with 

the heme. 

It can be inferred from this data that at least one of the out-

of-plane ligands to the hemes in ^-552 is histidine. There is no di

rect chemical evidence to support this suggestion, but it does seem 

likely since both cytochrome c_^ and HHC have a similar peak (260 to 

263 nm) that increases upon reduction like the ^-552 peak at 260 nm 

and both are kno^m to have a histidine as an out-of-plane ligand. 

Soret Region (350-450 nm) 

CD spectra of ^-552 in the Soret region is shown in Figure 14 

and is characterized by two nearly equal extrema that are oppositely 

oriented and crossover near the peak of the absorption spectra. As 

can be seen by the values in Table 11 the mean residue ellipticity in

crease from ferri to ferro and to ferro-CO forms. Both the peak 
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Table 11. Soret CD extrema. 

Negative peak maximum (nm) 

2 
Negative peak 0 degrees cm /dmole 

Crossover point (nm) 

Positive peak maximum (nm) 

2 
Positive peak 0 degrees cm /dmole 

Band width at half peak 

Height (positive extremum) (nm) 

Ferri Ferro Ferro-CO 

415 420 416.5 

-19 -25.5 -84 

409.5 415.5 413.5 

400 410 407.5 

+24 +47.5 +87 

20 10 9.5 

heights increase and the band widths decrease, respectively. The only 

heme complex reported to give a similar CD spectrum is the undecapep-

tide of HHC. 

Bartsch et al. (1968) originally reported the Soret CD spectrum 

of ̂ -552. The position of the peaks and their ellipticities are in good 

agreement with those values presented in Table 11. Bartsch et al. in

terpreted the spectrum to indicate that the IT clouds of the two hemes 

were close enough to interact, resulting in the mirror image distortion 

of the absorption spectra. Urry (1968) has reported similar spectra 

for the undecapeptide of HHC and termed the phenomena the "exciton 

splitting" model. The possibility exists that the Soret CD effect is 

due to heme-flavin interaction, not heme-heme interaction. Evidence 

implicating the flavin moiety of ̂ -552 in Soret asymmetry is the fact 

that when £^552 binds CN~ the Soret CD spectra (see complex section) 

appear similar to the typical heme protein spectra as exemplified by 



myoglobin. It appears that CN~ binds only to the flavin and not to the 

heme. CN~ breakdown of the symmetrical Soret appears to be mediated 

through the flavin; however, CN could interact with heme directly in a 

nonspectral manner. It is interesting to note that the ̂ -552 heme pep

tide does not bind CN~, further indication that any CN~ effects must be 

mediated by the flavin moiety. 

Lactate dehydrogenase, an FMN-containing cytochrome, has a Soret 

CD spectrum similar to IIHC, with positive and negative extremes near 

the absorption maximum. The peaks are not symmetrical and there is no 

sharpening of the Soret CD transition as you go from ferri to ferro and 

to Ferro-Co. Itie indication is that the heme CD in lactate dehydrogen

ase is independent of the interaction of another chromophore (heme or 

flavin). 

Visible Region (430-650 nm) 

The visible region of the CD spectrum of heme proteins is the 

least studied of the spectral regions. In most published studies the 

visible region is scanned at the same protein concentration as the Soret 

and at the Soret concentration the resolution in the visible region is 

too low to detect any transitions in this region. The ellipticities in 

the visible region are at least an order of magnitude less than the 

Soret. 

The visible CD spectrum for C_-552 is presented in Figure 15. 

For the purpose of discussion the visible region will be divided into 

three sections: (1) above 500 nm where the heme transitions predominate, 

(2) from 450 to 500 nm the portion of the spectrum that is primarily 
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due to the flavin moiety, and (3) the anamolous peak at 437.5 nm that 

seems to be unique to ^-552. 

Above 500 nm there are the two distinct transitions due to the 

(y- and P-bands of the ferro-heme. Both of these transitions are near 

the absorption maximvmi and consist of more than a single, simple peak. 

It is not possible to decide if the peaks are doublets because of the 

low magnitude of the ellipticities in this region. (The alpha [0] is a 

factor of 40 less than the Soret [93.) The ferri-C-552 spectrum shows 

a broad structureless positive ellipticity from 430 to 650 nm. 

The flavin region has a broad negative extremum from 430 to 510 

nm in the oxidized cytochrome, with distinct shoulders at 475 and 450 

nm. There is a detectable change in the flavin region upon reduction. 

The shoulders at 475 and 450 nm are much less distinct and the entire 

extremum becomes more negative. Neither Yong and King (1970) or 

Bartsch et al. (1968) reported any transitions due to the flavin or the 

visible heme transitions. 

Finally, in the visible region there is a small but distinct 

peak at 437.5 nm in the ferro and ferro-CO CD spectra. Tlie ferri spec

trum shows a relatively large negative ellipticity in this region, and 

upon reduction the positively oriented peak appears. There are no re

ported CD transitions in this region for heme proteins or flavins. The 

nature of the chromophore which gives rise to this peak was not estab

lished. The HHC CD spectrum was measured in the visible region and it 

contained very similar peaks in the alpha and beta transitions. It is 

very doubtful that the visible heme CD peaks arise from heme-heme 
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interaction as HIIC has very similar peaks and it does not have heme-

heme interaction. 

CD Spectra of Flavin 
Complexes of C-552 

The three complexes whose CD spectra were studied were the cy

anide, thiosulfate, and sulfite complexes. In studying the CD spectra 

of the complexes it was hoped that they might show any alterations of 

the heme-heme, heme-flavin, and aromatic environments. 

The near UV spectra indicate that the complexes do in fact al

ter the heme and aromatic environments or possibly the heme-heme or 

flavin-heme interaction. 

The CD spectrvim of the complex (Figure 16) in the near UV looks 

very similar to HHC and other typical heme proteins with a broad nega

tive trough from about 280 nm to 350 nm, and a strong positive peak at 

about 260 nm. The inference here is that histidine again serves as an 

out-of-plane ligand. There are also prominent shoulders at 268 nm and 

280 nm. Fine structure due to the aromatics was much reduced when com

pared to the intact ̂ -552 spectra. 

The sulfite and thiosulfate complex CD spectra are different 

from the CN~ spectra (Figure 16). These species give only negative el-

lipticity in the aromatic region. The HSO~ complex spectra does become 

slightly positive at 260 nm but much less than the cyanide complex 

spectrum. 

These near UV data suggest that in all cases the heme, flavin, 

and protein environment is certainly altered by the presence of the 
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ooooô ooo 0̂ 

_̂ C) 

y 

<0 

«oO° 

^0 260 280 300 320 

WAVQ-ENGTH (NM) 

340 360 

,urc 15. Near UV GD spectra of the flavin complexes of C-552. 



ligands, and the CN~ species appears to fom a different type of com

plex than 520^" and HSO^". The S202~ and HSO^" change the histidine-

iron-porphyrin complex transition at 260 drastically more so than the 

CN-. 

The Soret CD spectra of both the HSO^" complexes are 

the same as ferri-^-552, in that they have the same general shape and 

crossover point and the [0] values are also in good agreement. The ab

sorption peak at 410 nm, the normal ̂ -552 peak wavelength. Slight 

changes in magnitude are indicated between ^20^" and CD spectra. 

It is not certain how significant these are (Figure 18). 

The cyanide completely abolishes double peak effect and yields 

a single CD peak centered about 411 nm very near the absorption maxi

mum. Cyanide, like ^202" and HSO^", does not appear to bind to the heme 

portion of ̂ -552. Tlie effect of CN~ on the heme Soret transition must 

be through the flavin moiety as discussed previously. 

The visible region of the ligand ^-552 CD spectra was not par

ticularly informative. The near IR band has a weak positive ellipticity 

with no fine structure in the entire region. There is a distinct but 

small change in the flavin region where the [6] becomes more negative 

particularly in the bisulfite and thiosulfate complex spectra. 

Heme Peptide CD 

In the far UV (Figure 18) the region 200 to 260 nm more closely 

resembles the shape of the HHC CD spectra than the ̂ -552 spectra with a 

prominent shoulder at 224 nm and through at 218 nm. The mean residue 

ellipticity of the heme peptide is substantially lower than HHC or 
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C_-552. This indicates that the heme peptide must assume a totally 

different backbone arrangement when not associated with the flavin sub-

unit. It would appear that the heme peptide has a greater portion of 

its peptide chain in cy-helix than the intact cytochrome, as indicated 

by the peaks at 225 nm and 207 to 208 nm and the shift of the positive 

peak toward 190 nm (see Table 10). Caution must be taken in quantitat-

ing the CD data in ^-helical determinations, since a greater amount of 

variability has been shown to exist. 

In the near UV (Figure 19) the spectrum very closely resembles 

HHC with the negative trough from 300 to 350 nm in the ferri and ferro 

and ferro-CO forms. All three crossover at 295 nm and the ferro and 

ferri peak at 260 to 265 nm. Tlie fcrro-CO form peaks at 257.5 nm and 

has the strongest [6] in the near UV. There is very little fine struc

ture in the near UV as compared with HHC or ̂ -552. The ferro-C-552 

heme peptide has a shoulder at 280 nm and a peak at 325 nm as the only 

prominent characteristics. The ferrl-heme peptide structure shows a 

broad nondescript shoulder leading up to the peak at 260 nm. This broad 

spectrum suggests that in the heme peptide the heme-histidine complex 

remains intact, but the asymmetry of the aromatic groups diminish. 

The Soret CD spectrum changes drastically from intact ̂ -552 to 

the heme peptide as shown in Figure 20. The ferri and ferro spectra are 

similar to the myoglobin-like CD spectrum with a single peak in the 

Soret region which corresponds with the absorption maximum. The ferro 

CD spectrum is unusual in that it contains tvjo positive peaks in the 

Soret region, one at 410 nm and another at 425 nm. The ferro-heme 
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peptide Soret absorption maximum is at 417 nm. One possible explana

tion for the ferro-heme peptide CD spectrum is that the two hemes have 

different environments in the reduced form and give rise to separate CD 

peaks. This explanation is not completely satisfactory since a double 

peak would be expected in the absorption spectrum if the two hemes were 

that widely separated, and also in the ferri and ferro-CO forms. 

The visible region of the peptide CD spectrum was not informa

tive. No structure was detectable from 450 nm to 650 nm. The elllp-

ticity in this region decreases sharply from £7*552 to the heme peptide. 

A sample with an absorbance of 1,50 at 550 nm in the reduced heme pep

tide showed no CD signal in the visible region. 

Chemical Reduction of Cytochrome £.-552 

The rates of oxidation and reduction of £-552 with a variety of 

donors and acceptors have been examined with the goal of increasing the 

understanding of the process by which C_-552 transfers electrons. Many 

factors are known to effect the rate of redox reactions. For the pur

pose of this study only the effect of donor structure, donor potential, 

and temperature will be examined in any detail. 

Table 12 svimmarizes the second-order rate constants determined 

for the oxidation-reduction reactions of C_-552. Many low potential cyto

chromes are "auto-oxidizable"; that is, the ferro-heme reacts with mo

lecular oxygen to form ferri-heme. The second-order rate constants for 

the heme and flavin reaction with oxygen was determined and both oxida

tions were found to be slow, with the flavin oxidation twice as fast as 
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Table 12. Second-order rates of oxidations and reductions of C-552. 

Oxidant E (mV) 
Heme k(M ^ 

- I .  
sec ) Flavin k(M 

-1 -Is 
sec ) 

Oxidant E (mV) 
Q m 

20 5 20 5 

Oxygen 28 59 

Ferricyanide^ 1.5x10® 9.7x10^ 

Reductant 

-527 1x10^ 1.2x10^ 

Na2S -479 1.8x10^ 1.0x10^ 

2-Mercaptoethanol -60 193 255 

Galocyanine^ 21 1x10^ 5x10^ 

Benzyl viologen -359 T.F.M. T.F.M. 

Indigodisulfonate -143 5x10^ 1.4x10^ 4x10^ 4.2x10^ 

Phenazine 
methosulfate 

80 1x10^ 2x10^ 1.8x10^ 8.9x10^ 

Phenazine 
ethosulfate 

55 3x10^ 3.5x10^ 1.9x10^ 4.5x10^ 

Resazurine^ 51 1.5x10^ 6xl0'^ 

Thionine^ 50 9x10^ 3.4x10^ — — 

Glutathionine -340 N.R. forms complex 

*. All reactions V7ere measured in the stopped-flor in 0.1 M 
Tris, pH 7.3. 

a. k M sec was determined at stoichiometric amounts of re-
ductant and ̂ -552, Tlie average of three determinations is presented. 
The remaining rate constants were determined by serial dilution of the 
reductant, with a plot of the pseudo first-order rate constants against 
reductant concentration. 
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the heme. On the other hand ferricyanide oxidized ferro-£;-552 very 

O 
rapidly, pushing the stopped flow technique to its limit, even at 5 . 

Two possibilities exist which would explain the rate differ

ence between the two oxidants: first, both oxidants must interact with 

a recognition site on the surface of the molecule before reduction, the 

slow rate of oxidation by oxygen being attributed to poor interaction 

of 0^ and the recognition site; secondly, it can be proposed that ferri

cyanide reacts through a protein mediated recognition site to oxidize 

the chromaphore v/hile oxygen reacts with the heme and flavin in an 

access-controlled process; that is, oxygen must collide directly v^ith 

either the heme or flavin. Carbon monoxide binding studies have shovm 

that access to the ferro-heme appears restricted. The rate of oxygen 

oxidation of C_-552 is somewhat slower than CO binding rate (29 to 191 

M sec but they are within the same range. The rate of flavin oxi

dation by oxygen (59 M ^ sec is suggestive that a similar process is 

involved in its oxidation as discussed for the heme. The flavin moiety 

of ̂ -552 does not follow the oxidation mechanism as proposed by Edmond-

son and Tollin (1971), indi eating that it probably is a different flavin 

from the oxidases, dehydrogenases, and flavodoxins. 

''i'he rates of reduction by three sulfur-containing compounds, 

sulfide (Na2S), dithionite (Na^S^O^) and P-mercaptoethanol were studied. 

The rates of reduction by the sulfur reductants were obtained by the de

termination of the pseudo first-order rate constant (k , ) as a function 
^ obs 

of reductant concentration. The second-order rate constant was deter

mined from a plot of k , against reductant concentration. The 
obs 



second-order plots for the three sulfur reductants were linear and 

extrapolated to zero rate at zero reductant concentration, indicating 

that the rate of dissociation is negligible compared to the rate of as

sociation in these experiments. Based on the midpoint potentials of S~ 

and (Table 12), very fast reduction rates would be expected. 

Beta-mercaptoethanol has a potential of -60 mV and thus would be ex

pected to react at a moderate rate. There is a large dispartiy of 

rates between the heme and flavin reductions, particularly in the case 

of dithionite and sulfide where the heme is reduced at a rate about t\70 

orders of magnitude greater than the flavin. This large difference in 

rate of reduction of the heme and flavin by dithionite and sulfide in

dicates that a different mechanism of reduction for each may predomin-

nate. 

The slow rate of reduction of ^-552 by P-mercaptoethanol cannot 

be interpreted in detail but two possibilities seem likely: (l) the 

reduction of ̂ -552 by sulfur-containing compounds are relatively slov/ 

due to a common property and P-mercaptoethanol is the slowest as its 

redox potential is the highest of those studied, and (2) many sulf-

hydryl compounds form disulfides when oxidized, these reactions often 

being very sluggish (Clark 1960). Thus, the rate-determining factor 

for the P-mercaptoethanol reduction of ̂ -552 could be the formation of 

the disulfide. 

Sulfide reacts with one-electron oxidants to form dithionite in 

a multi-step reaction. Dithionite reduction involves the breaking of a 

sulfur-sulfur bond. Quite possibly the relatively slow rates observed 
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with sulfide and dithionite are due to their more complicated reaction 

mechanisms. 

Also investigated was the rate of ̂ -552 reduction by a series 

of reduced aromatic dyes, including galocyanine, indigodisulfonate, 

thionine, resazurine, phenazine methosulfate, phenozine ethosulfate, 

and benzyl viologen. The structures and values for these dyes are 

presented in Figure 21. All of the dyes were reduced by hydrogen gas 

in the presence of platinum catalyst. All reduction reactions were 

conducted with the addition of stoichiometric equivalents of the rcduc-

tant (4e~/molecule ̂ -552) in the stopped-flow. The data reported in 

Table 12 for the reactions of the aromatic dyes with C_-552 are averages 

of three experiments. Equation 7 shows the typical second-order equa

tion used to obtain rate constants in this work. 

( ̂ ^ ) = kt (7) 
a + b b - X 
o o o 

where a and b are the initial concentrations of the two reactants, x 
o o 

is the extent of the reaction at time t and k is the second-order rate 

constant. For stoichiometric reactions Equation 7 reduces to the 

simple first-order equation: 

— + — = kt (8) 
c c 

o 

The plot of 1/c versus time was linear in all cases with the second-

order rate constant determined from the slope of the plot. 



Figure 21. Structure and midpoint potential of selected reductants 
utilized in the chemical reductions of C;-552. 

The number in parentheses is the midpoint potential relative to 
the hydrogen electrode. 
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Benzyl viologen (E^ = -359 nm) reduced with hydrogen-platinum 

forms a semiquinone. The rate of reduction of ̂ -552 by the benzyl viol-

O 
ogen semiquinone was found to be too fast to measure, even at 5 . This 

observation would set the benzyl viologen second-order rate constant at 

—8 ""1 ""1 
greater than 2 x 10 M sec 

Indigodisulfonate rapidly reduces both the heme and flavin but 

at rates considerably below the diffusion-controlled rate (estimated to 

be 10^ to 10^^ M ^ sec ^). The difference between the heme and flavin 

rates of reduction by indigodisulfonate is most striking of all of the 

aromatic dyes studied. The flavin reduction takes place at rates about 

7 times faster than that of the heme. Cytochrome £_-552 reduction by 

O O 
reduced indigodisulfonate was measured at 20 and 5 . It is interest

ing that the flavin showed a larger temperature effect than the heme, 

suggesting along with the large difference in rate that the heme and 

flavin are reduced by different mechanisms. 

The bulk of the 'It donor reductants studied have E values be-
m 

tween +21 and +80 mV, very close to the determined midpoint potential 

value for the heme and flavin chromaphores of ̂ -552. Wliile the poten

tials of these reductants are quite similar, the second-order rate con-

7  5 - 1 - 1  
stants range from 10 to 10 M sec for heme reduction and from 

7  4 - 1 - 1  
4 X 10 to 6 X 10 M sec for flavin reduction. 

It is apparent from this data that redox potential is not the 

only factor determining the second-rate constant for reduction. This 

is especially striking, in comparison to indigodisulfonate which re

duces both the heme and flavin at approximately the same rate as PMS or 
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PES while its redox potential is 220 mV lower than PES. Two factors, 

donor structure and/or charge, could be important in determining the 

rate of electron transfer to the heme and flavin moieties. 

If the structure of the reductants (Figure 21) between poten

tials of 20 and 80 mV are examined, a possible correlation between the 

second-order rate constant and the charge on the reductant at pH 7.0 

is noted. PES and PMS would exist as cations at pH 7.0. Thionine 

would exist in the neutral form and galocyanine would be z itterlon at 

pH 7.0 with perhaps a slight overall negative charge due to the ring 

hydroxide (Clark 1960). Thus, it appears that the rate (K M ^ sec ^) 

can be directly related to the overall charge on the reductant with the 

rate decreasing in order PES, PMS, thionine, and galocyanine. Resazur-

ine is an exception, as at pH 7.0 it v/ould probably exist in the neutral 

form. To fit the model, it is necessary to postulate that,in the pre

dominantly hydrophobic environment of the heme, resazurinc exists in 

the negative form, which would be consistent with the model. Obviously 

this is mere supposition and other explanations exist to explain the 

slow rates of reduction observed with resazurine (see later discus

sions). 

The observations outlined above suggest that ̂ -552 has a nega

tive recognition site (a site on the protein that mediates the transfer 

of electrons from the reductant to the chromophore), in v/hich case the 

more positive reductants approach the site more readily. The more neg

ative compounds would be electrostatically repulsed, thus accounting 

for their slower rates of reduction. 
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It would be interesting to speculate on the effect of substitu-

ent groups on the aromatic nucleus on the rate of reduction; however, 

this is difficult. In general the oxazine ring systems reduce ̂ -552 

more slowly than the phenazine ring structures. The difference in rate 

1 2 - 1 - 1  
(10 to 10 M sec ) between the two types of ring structure may be 

explicable by the simple charge argument, but the oxazine rings also 

have substituent groups on all sides of the molecule. It is conceiv

able that these groups could sterically hinder the interaction of the 

reductant with the recognition site. Both PES and PMS have sterically 

unhindered rings which could interact with a recognition or receptor 

site more easily, consistent with the observed rates. 

All cytochromes v7hose three-dimensional structure is known have 

an essentially hydrophobic environment surrounding the heme. With this 

in mind it would seem consistent that for an electron donor to move 

into the irrunediate heme environment an unhindered hydrophobic portion 

of the molecule would be most efficient, whether the donor interacts 

directly with the heme or an aromatic acceptor. The rationale just 

discussed would be consistent with the rates observed for PES, PMS, 

and thionine. However, with galocyanine, the slowest rates of reduc

tion should be observed by this theory. It is apparent that no one 

single explanation exists consistent with all the data. However, sev

eral significant conclusions can be derived: (l) the simple charge 

arguj-nent is consistent with the suggestion of a negative recognition 

site for reductants interacting with ^-552; (2) the effect of redox po

tential in the determination of the rate is probably important only 



when the two interacting species have widely separated potentials. 

When the reductant and protein are nearly equal in potential, it ap

pears that other factors like reductant structure and charge are more 

important. This is especially pertinent to biological systems where 

the potential jump in redox reactions in general is small, apparently 

to conserve energy that would be lost if interacting components had 

large potential differences. 

The point that donor structure and charge are important factors 

is emphasized by the comparison of two rates of reduction, PES and in-

digodisulfonate, where PES with a potential of 198 mV greater than 

indigodisulfonate reduces ̂ -552 twice as fast. 

Another example illustrating the apparent structural require

ment of the reductant is that reduced glutathionine (-350 mV) does not 

reduce the heme. This is consistent with the conclusion that there are 

definite donor structural requirements for reduction. Glutathionine's 

lack of reaction could be explained by its size or its inability to in

teract with the recognition site; in either case limitations on the re

ductant structure are indicated. Based on the examples above, it can 

be concluded that structural properties of the reductants must be im

portant in influencing access to and interaction with a recognition or 

reaction site. The indigodisulfonate and PES are v/idely different 

structures, with indigodisulfonate having a partial negative charge at 

pH 7.0, vjhlch could interfere with its reaction based on the charge 

model. Also the structure of indigodisulfonate shows no unhindered hy

drophobic ring portions. This fact would undoubtedly influence its 



ability to interact with either an aromatic receptor or the heme it

self. 

In the Introduction one of the key questions posed was the na

ture of the herae-flavin interaction during the course of oxidation and 

reduction. There emerges from the data two patterns of heme-flavin 

rate relationship. First, the sulfur compounds 8202", and indi-

disulfonate show in general large differences in rate between the heme 

and flavin reduction. Tlie remaining reductants (TTdonors) show more 

similar rates of heme and flavin reduction, all with a factor of two 

(ferricyanide oxidation also fits in this category). Thus, it is tempt

ing to postulate that the donor reductants react through a common 

protein recognition site to reduce both the heme and the flavin. This 

V70uld explain the similarity of the rates with theTT donor systems. 

The reduced sulfur compounds and indigodisulfonate are negatively 

charged and not as easily compatible with a XT donor system. They may 

have to diffuse to the heme and flavin to interact directly for reduc

tion to occur, thus explaining the independence of the heme and flavin 

rates with these reductants. 

Photoreduction 

As discussed in the Introduction, the flavin portion of ferri-

^-552 was expected to undergo photoreduction in the presence of EDTA 

and actinic light by analogy to flavin-containing proteins. Indeed, 

this expectation was realized, and in the process of conducting control 

experiments it was found that £_-type cytochromes, in general, underwent 

photoreduction (in the absence of flavin). As this reaction was 



\inreported and because of the possible significance, a detailed study 

was conducted with HHC and a variety of £_-type cytochromes. The photo-

reduction of HHC will be reported next, followed by a discussion of the 

photoreduction of C_-552. 

Horse Heart Cytochrome c. 

General Reaction 

The reaction reported is the reduction of ferri-HHC by actinic 

light. In a typical experiment ferri-HHC was suspended in 0.05 M Tris 

0.05 M EDTA, pH 7.3, and the solution was evacuated as described in 

Methods. The absorption spectra were recorded and the cuvet placed in 

the single beam spectrophotometer and allowed to reach thermal equilib

rium in the dark. The sample was then irradiated v;ith a high intensity 

actinic beam and absorption changes at 550 nm followed as a function of 

time. A typical experiment is shoim in Figure 22 (A). Unless otVier-

wise specified the reactions studied followed first-order kinetics over 

the entire course of the reaction Figure 22 (B). Following completion 

of the kinetic experiment the sample was reduced with an excess of so

dium dithionite and the absorption spectra measured to determine the 

extent of reduction during the kinetic experiment. 

It was found that the first-order rate constants for experi

ments conducted under "identical conditions" were subject to some vari

ability. Duplicate experiments conducted on the same day yielded 

identical results; however, day-to-day variations of up to a factor of 

3 (usually less than a factor of 2) in the first-order rate constants 

were observed. The reasons for these variations are not clear; however, 
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Figure 22. An example of the time course of a HHC photoreduction 
and the log plot of this photoreduction. 



fluctuations in the temperature and variations in line voltages causing 

fluctuations in the actinic light intensity and aging of the lamp could 

contribute to the observed variations in first-order rate constant. To 

circumvent this problem many of the rate constants will be presented as 

k , where k is defined as a relative rate constant calculated from the 
r' r 

ratio of the observed rate constant (k , ) to the rate constant deter-
obs 

mined for a standard set of conditions (k standard). Standard condi-
s 

tions are defined as: 0.05 Tris-EDTA, pH 7.3, 20 ± 1°, with an actinic 

6 2 
(white light) intensity of 1.95 x 10 ergs/cm -sec. 

Nature of the Electron Donor 

Implicit in the observation of the photoreduction of HHC is the 

fact that an electron must be transferred to the heme iron, Tv/o possi

bilities exist as to the source of this electron; an intramolecular site 

or an exogenous donor. As discussed previously Brady and Flatmark (l971) 

have shown that HHC undergoes an autoreduction in the absence of added 

electron donor indicating that an endogenous donor is available. At pH 

7.3 the rate of autoreduction is essentially zero (< 10 sec ^). 

Ferri-HHC dialyzed against two changes of triply distilled 

6 2 
water for 12 hr and irradiated with v/hite light (2.0 x 10 ergs/cm -sec) 

""5 ""6 
converts to ferro-HHC with a k , in the range of 10 to 4 x 10 . 

obs 

sec Tliese rates are several orders of magnitvide greater than that 

estimated for autoreduction at this pH and suggest that light facili

tates autoreduction, that is, an intramolecular transfer of electrons 

from an endogenous donor to the heme iron. 



Since it is well established that flavins and porphyrins can be 

readily photoreduced in the presence of nitrogenous bases, it was of 

interest to deduce if such compounds could facilitate the photoreduc-

tion of ferri-HHC. With EDTA or Tris added to anaerobic solutions of 

-4 
ferri-HHC, rates of photoreduction v?ere obtained in the range 10 to 

-3 -1 
10 sec . These rates were two or three orders of magnitude greater 

than those observed in the absence of added nitrogenous base. Figure 

23 (A) presents plotted as a function of both Tris and EDTA concen

tration at a fixed actinic intensity. In both cases tlie rate of photo-

reduction was found to be proportional to the concentration of the 

-3 -1 -] 
nitrogenous base. Second-order rate constants of 3.9 x 10 M sec 

-3 -1 -1 
for EDTA and 1.7 x 10 M sec for Tris vjere calculated from the 

data presented in Figure 23 (A). 

Apparently a synergistic effect exists between Tris and EDTA 

as at concentrations of 0,05 M the sum of the rates measured with EDTA 

and Tris independently = 0.53) is substantially less 

than the rate measured in the two bases simultaneously (k^ = 1.00). 

The addition of NADH to the reaction mixture greatly increases 

the rate of photoreduction; however, in the absence of EDTA a substan

tial dark reaction is observed at pH 7.3. In buffers consisting of 

Tris and NADH reduction took place in the dark at rates 10 to 157o of 

that measured in the light. The addition of EDTA to the Tris-NADH 

system reduces the dark rate to a negligible value. In a buffer of 

0,05 M Tris-0.05 M EDTA, pH 7.3 a second-order rate constant of 2.1 

M ^ sec ^ was determined for the p?iotoreduction of ferri-HHC in the 



Figure 23. Effect of electron donor concentration on the rate of 
HHC photoreduction. 

A - The circles represent the EDTA dependence; the triangles 
represent the Tris dependence. 

B - The NADH effect on the rate of HHC photoreduction. 
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Figure 23. Effect of electron donor concentration on the rate of HHC 

photoreduction. 
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presence of NADH (shovm in B of Figure 23). The second-order rate of 

photoreduction of HHC in the presence of NADH is three orders of mag

nitude greater than the rate constants determined for Tris or EDTA. 

The rate of photoreduction of HHC in the presence of EDTA was stimu

lated by NAD+. In the absence of EDTA no photoreduction occurred with 

NAD+. This last observation suggests that NAD+ is photoreduced by 

EDTA-light to NADH; then the NADH produced serves as the electron 

source for the photoreduction of HHC. 

Neither n-methyl nicotinamide nor nicotinamide stimulated the 

photoreduction of HHC appreciably, indicating perhaps that the adenylic 

acid portion of the intact nucleotide was the electron-donating species 

in the photoreduction. Adenylic acid, AMP, and ADP were added to a 

standard reaction and the rates of photoreduction v/ere not enhanced. 

It seems likely that the nicotinamide portion of NADH provides the elec

tron for the photoreduction, as the free base (nicotinamide) is not 

photoreduced in EDTA-light and the oxidized nicotinamide does not en

hance the rate of the photoreduction. 

A variety of bases were surveyed to determine if any limita

tions were imposed on the photoreduction reaction by the nature of 

electron source. The results of this study are summarized in Table 

13. Pyridine, pijjeridine, triethylamine, diethylamine all completely 

inhibit the photoreduction. 

Photochemical Characteristics 

Simple photochemical reactions should obey the relationship as 

given previously (Equation 3). 
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Table 13. Effect of added bases on the photoreduction of ferri-HHC. 

Base 
Concentration 1 a Base 

(M) k 
r 

Pyridine 0.01 0.0 

Piperidine 0.01 0.0 

Triethylamine 0.01 0.0 

Diethylamine 0.01 0.0 

Nicotinamide 0.01 5.0 

AMP 0.01 1.0 

ADP 0.01 1.0 

NADH 0.002 40.0 

NADPH 0.002 5.0 

a. All reactions were conducted in a buffer consisting of 0.05 
M Tris, 0.05 M EDTA. pH 7.3 at 20 ±1° using a light intensity (white 
light) of 1.95 X 10 ergs/cm^ sec. HHC concentration 20 uM, 
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Figure 24 gives a plot of vs. light intensity for standard 

conditions (0.05 M Tris-0.05 M EDTA, pH 7.3, 20 ). The rate of photo-

reduction was found to be proportional to the actinic intensity up to 

6 2 
2.2 X 10 ergs/cm -sec, with the rate leveling off above this intensity. 

The rate leveling off is unusual for photochemical reaction and will be 

discussed in more detail later. The rate of photoreduction extrapolates 

to zero at zero light intensity as predicted by the lack of measurable 

dark reduction. 

Wavelength of the Actinic Beam 

To demonstrate that the chemical species being excited by the 

actinic light was heme, the photoreduction was studied using a mono

chromatic actinic source light. Two wavelengths were used for irradi

ation, 410 nm and 525 nm, and the intensity of the actinic beam was 

adjusted to the same value at each wavelength. At both wavelengths 

photoreduction was found to occur and the ratio of the rates measured 

(k^.^^/k^,^^) was found to be 8.0 with the ratio of the extinction co-
ob s' ob s 

efficients known to be 9.6 (Margoliash, Frohwirt, and 

Wiener 1959). These results demonstrate that the photochemical species 

mediating the photoreduction is a heme excite state. 

Since it is well established that porphyrin triplet states can 

be formed photochemically (Mauzerall 1962) and that these triplet 

states are capable of abstracting electrons from nitrogenous bases re

sulting in photoreduction, it was of interest to determine if a small 

amount of porphyrin-cytochrome c_ v/as contaminating the samples used in 

this work. Taking advantage of the fact that porphyrins are highly 
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fluorescent, attempts were made to detect porphyrin in ferri-HHC. Both 

the exciting and emission wavelengths of an Aminco-Bo\iraian spectrofluor-

ometer were varied 100 nm above and below the expected excitation (415 

nm) and emission (634 nm) maxima for porphyrin. Ferri-HHC concentra

tions from 1 uM to 1 mM were investigated. In no case was any fluor

escence detected, excluding from participation trace amounts of porphy

rin in the photoreduction of ferri-HHC. 

Triplet Sensitizers and Quenchers 

The data presented to this point are consistent with the photo

chemical formation of a heme excited state v/hich abstracts an electron 

from the appropriate electron donor and results in the reduction of 

ferri-HHC. By analogy to porphyrins a likely candidate for the excited 

state of ferri-HHC is a heme triplet. To test this possibility a vari

ety of known triplet sensitizers and quenchers was added to solutions of 

ferri-HHC in 0.05 M Tris-0,05 M EDTA, pH 7.3 and their effect on the 

rate of photoreduction was measured. The results of these studies are 

summarized in Table 14. The data presented are consistent (but not 

conclusive) v/ith the participation of a heme triplet, as the quenchers 

O2 and KI inhibit photoreduction while the sensitizers acetophenone, 

benzophenone, and acetone strongly stimulate photoreduction. 

Effect of Ionic Sti-ength 

The addition of NaCL to the standard reaction mixture, up to 

concentrations of 1 M, has no effect on the photoreaction, suggesting 

that interaction of charged species is not required for the reaction to 
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Table 14. Effect of triplet sensitizers and quenchers on the photo-
reduction of C-552. 

Compound 421 nm (Heme) 475 nm (Flavin) 

4 
Benzophenone (10 M) 2.9 2.0 

_3 
Acetophenone (10 M) 6.4 8.1 

KI (10"^ M) 1.0 0.06 

KnFe(CN),(2 molar excess) 
3 6 

0.06 — 

Oxygen (10 ̂  M) N.R. N.R, 

*. Values reported are k - (k , A , conditions were 0.05 M 
^ r obs' std ' 

Tris, 0.05 M EDTA, pH 7.3, 20°. 
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proceed. Cyanide inhibited the photoreaction apparently by binding to 

the ferric heme iron and thus preventing reduction. 

£H 

Figure 25 (A) presents the effect of pH on the photoreduction 

in the standard reaction mixture. As the pH is increased from 7 to 13 

there appears to be a regular decrease in the rate of photoreduction. 

Over the entire pH region studied the photoreduction was found to be 

monotonic with no evidence for more than one kinetic species. The re

action goes to completion at all pH's, ruling out the possibility that 

a kinetic species exists which cannot undergo photoreduction. 

Figure 25 (B) gives the effect of pH on the NADH-stimulated 

photoreduction. Two types of experiments are presented: the rate of 

photoreduction in the presence of EDTA, Tris, and NADH, and the rate 

of photoreduction in the presence of NADH and Trie only. As indicated 

previously in the absence of EDTA, a measurable dark reduction of 

ferri-HHC by NADH was observed at pH 7 with a rate 10 to 157o of that 

measured in the light. In the complete buffer, as the pH is increased 

above 7, the rate of dark reduction increases substantially and at pH 

10.6 is 507.. of that measured in the presence of illumination. More

over, at high pH the dark reduction was found to be kinetically com

plex V7ith at least two kinetic species present. Illtomination with 

actinic light at all pH's results in a monotonic kinetic trace, indi

cating the presence of only one kinetic species. The rate of photo

reduction in NADH-Tris is maximum at pH 9 to 9.5, a result qualitatively 

similar to that for the autoreduction of ferri-HHC. 



Figure 25. Effect of pH on the photoreduction of HHC. 

A - The effect of pH on the rate of photoreduction in Tris-EDTA, 

B - The effect of pH on the rate of photoreduction in NADH. The 
circles represent the effect of pH measured in the absence of 
EDTA and the triangles represent the pH effect in the pres
ence of EDTA. 
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Figure 25. Effect of pH on the photoreduction of HHC. 
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In buffers containing Tris, NADH, and EDTA the dark reduction is 

reduced to negligible values (rates less than 57<. of those measured in 

the light) over the entire pH range studied. The effect of pH on the 

photoreduction under these conditions is similar to that observed in 

the absence of EDTA with a pH optimum of 9.5 to 10. 

Solvent Effects 

A basic question bearing on the mechanism of photoreduction is 

whether protein structure plays an important role in the reaction. The 

decrease in the rate of photoreduction at pH 13, as shown in Figure 26 

(A), supports the view that the protein conformation is important as 

HHC is supposedly unfolded under these conditions. To further investi

gate this point the photoreaction was followed in a variety of solvents 

as summarized in Table 15. In 3 M guanidine at pH 7.3 the photoreaction 

Table 15. Effect of denaturation and solvent perturbation on the 
photoreduction of ferri-lfflC, 

Solvent k 
r 

3 M guanidine-HCl 1.3 

6 mole % r^-propanol 1.1 

50 mole 7o n-propanol 0.1 

18% ethanol 0.4 

pyridine hemochrome 0.0 

a. The photoreaction was conducted in 0.05 M Tris and 0.05 M 
EDTA, pH 7.3 in the presence of the indicated concentrations of added 
reagents. The actinic intensity was 1.9 x 10^ ergs/cm^-sec and the 
temperature 20° ± 1°, IfflC concentration 20 /iM. 



107 

was stimulated while formation of the pyridine hemochrome at pH 13 com

pletely inhibited the photoreaction. At high pH the electronic state 

of the heme is substantially altered, which is probably the reason for 

the inhibition. In 3 M guanidine the heme access is opened sufficiently 

to bind CO. The increase in rate could be as a r-esult of increased ac

cess. 

The role of the protein side chair was further examined by sol

vent perturbation with ethanol and n-propanol. At 6 mole 7o rv-]jropanol 

the rate was unaffected; at high propanol concentration (50 mole 7o) the 

rate was much reduced (k = 0.1). Solvent perturbation with ethanol 
r 

also resulted in a decrease in the rate of photoreduction. 

Ferricyanide Treatment 

Since the ferri-HHC used in this v/ork contained approximately 

57o of the ferro-form an effort was made to completely oxidize the IIHC 

with potassium ferricyanide. Following incubation (10 min) of IIIIC with 

5 molar excess of potassium ferricyanide, the mixture V7as passed over 

G-25 Sephadex to remove residual ferricyanide. Ferri-HHC prepared in 

this manner was no longer capable of undergoing photoreduction. Incom

plete removal of unreacted ferricyanide could cause an inhibition of 

the photoreaction; thus samples of HHC were treated with an equal molar 

amount of potassium ferricyanide and then dialyzed against three changes 

of 0,05 M EDTA-0.05 M Tris, pH 7.3 overnight. As before the photoreac

tion was completely blocked. 

The results presented thus far imply that HHC can specifically 

bind stoichiometric amounts of potassium ferricyanide in a manner which 
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totally inhibits photoreduction. As a further test of this, HHC was 

treated with a tenfold molar excess of ferricyanide and then subjected 

to electrodialysis. The HHC treated in this manner was fully capable 

of undergoing photoreduction at normal rates. 

Other Heme Proteins 

To determine if the photoreduction reaction described for 

ferri-HHC was of general interest, we investigated a variety of heme 

proteins as summarized in Table 16. It is clear from the data pre

sented that photoreduction can take place with a wide variety of heme 

proteins. There does not appear to be any relationship between the 

oxidation-reduction potential of the heme protein used and the rate of 

photoreduction. In fact the two cytochromes which shov/ the fastest 

rates of photoreduction have the highest and lowest oxidation-reduction 

potentials of any of the heme proteins investigated, 

Photoreduction of meso-Tetra(4-N-methvlpyridyl) 
Iron Porphin (MTMP) 

Since the photoreduction of heme compounds by visible light has 

not been described in the literature, it was of interest to investigate 

a model system. However, the various heme compounds available either 

are not water soluble or aggregate to a large extent. Recently MTMP has 

been synthesized (Neri and Wilson 1972). This compound is freely water 

soluble and at high pH apparently exists as a monomer (in the presence 

of imidazole). 

The availability of MTMP allows the study of the photoreduction 

reaction in the absence of the protein moiety of HHC; thus it provides 
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Table 16. Photoreduction of heme proteins. 

Protein E ^ (mV) k ̂  
m, 7 r 

Chromatium 
cytochrome c_-552 

Chromatium 
cytochrome c_ 

Hemoglobin (human) 

Rhodospirilium rubrum 
cytochrome 

Rhodopseudomonas spheroides 

cytochrome £_2 

a. Conditions were as described in Table 1 except that the 
temperature was 27° ± 3°. The concentration of the heme proteins used 
were in the range of 2 to 10 

10 

80 

120 

0.75 

0.15 

> 0 . 1 0  

320 1 1 . 8  

-210 7.0 



a model system for the interpretation of the results with HHC. As pre

pared, MTMP is dimeric at neutral pH and monomeric at pH 9.5 in the 

presence of imidazole. There are 4 iodine molecules associated with 

the compound, each bound to an r^-methyl pyridyl group. Further, in the 

absence of added nitrogen bases, the out-of-plane ligands appear to be 

water. Table 17 summarizes the results obtained. At pH 7.3 the di

meric material is photoreduced at 30 to 40 times the rate observed witli 

HHC. However, this dimeric material would be expected to internally 

quench excited states. Photoreduction at pH 9.5 in the presence of 

imidazole gives a rate 3 to 4 times that observed at pH 7.3 and con

sistent with a reduction in quenching. Nevertheless, at pH 9.0 four 

iodine molecules are still bound/heme and since iodine is a strong 

quencher their removal should facilitate the reaction. Passage of a 

solution of the MTMP compound over a Dowex-1 column in the chloride 

form yields a product which is photoreduced at twice the rate of the 

iodine form. 

Formation of the pyridine hemochromogen completely blocks 

photoreduction, suggesting that a very strong field ligand prevents 

photoreduction. 

In summary, rates up to 300 times that observed with HHC can be 

observed with MTMP, even though under the optimum conditions quenching 

probably still takes place (Cl~ quenches but not to the extent of io

dide). The results reported are consistent with the formation of a 

triplet and further suggest that the protein moiety of HHC could in 

part serve to quench the formation of a triplet. 
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Table 17. Photoreduction of the water soluble heme derivative: 
Fe(lll) meso-tetra(4-N-methylpyridyl) porphin. 

Condition^' k , (x 10^ sec 
obs 

0.05 M Tris-EDTA, pH 7.3 130 

0.05 M Tris-EDTA, pH 9.5 250 

0,05 M Tris-EDTA, 0.1 M imidazole, pH 7.3 95 

0.05 M Tris-EDTA, 0.1 M imidazole. pH 9.5 432 

0.05 M Tris-EDTA, 0.1 M imidazole, 
pH 7.3 

Dowex-l-Cl~, 
105 

0.05 M Tris-EDTA, 0.1 M imidazole, 
pH 9.5 

Dowex-l-Cl~, 
1070 

257o Pyridine, 0.05 M Tris-EDTA, pH 13 N.R. 

0.05 M Tris-EDTA, porphin, pH 7.3 1.11 X lo'^ 

a. All reactions were run 
2 X 10 ergs/cm^ sec. The heme or 

at 20°, actinic light intensity a. All reactions were run 
2 X 10 ergs/cm^ sec. The heme or porphyrin concentration was approx-
imately 2 x 10~5 M. 
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To investigate the possibility that the porphyrin derivative of 

MTMP was the photo-active agent in the examples studied, the rate of 

photoreduction of meso-tetra(4-N-methyIpyridy1) porphin was investi

gated (Table 17). The porphyrin was reduced at approximately 100 times 

the rate of the heme compound, indicating that a 1% contaminant would 

be sufficient to account for the rates observed. However, fluorescent 

measurements on both the heme and porphyrin solutions used for photo-

reduction indicated that if porphyrin V7as present it accounted for less 

than 0.067o of the material present in the heme solution and thus could 

not be the photo-active species studied. This analysis was based on 

the fact that the limit of detection of the Aminco-Bo\^/man spcctrofluor-

imeter was 2 x 10 ^ M porphin (excitation at 411 nm, emissions at 650 

-5 
nm) and that a 3.6 x 10 M solution of MTMP yielded no detectable 

fluorescence. 

A heme triplet was postulated for the excited state in the 

photoreduction of HHC and MTMP. The photoreduction of MTMP was mucli 

faster than the HHC reaction, indicating that either the triplet was 

formed more rapidly or that it formed at the same rate, but it was more 

efficient in reacting with the electron donor to reduce the heme. A 

flash photolysis experiment was undertaken to determine if a triplet 

could be confirmed as the excited state involved in the photoreduction 

of MTMP. The details of  the flash experiments were described in the 

-5 
Methods. Approximately 10 M MTMP was degassed; then the flash tran

sient was recorded as a function of the wavelength of the monitoring 

beam. The magnitude of the flash transient is plotted as a function 
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of wavelength of the monitoring beam and presented in Figure 26. It 

was also noted that the half-life of the transient was in good agree

ment with half-lives of well characterized triplets. These data do 

not represent conclusive proof that the excited state is a triplet, 

but it does strongly support the triplet proposal. It was also noted 

that a transient of smaller magnitude but similar half-life was de

tected in IIHC, indicating that the same conclusions that are proposed 

for MTMP may apply for HHC. The IIHC transient was not studied in 

greater detail because great difficulty was encountered in detecting 

the signal in HHC. 

Discussion of Photoreduction 

There is no precedent for the study of heme photo-excited 

states. The intensity data in Figure 24 clearly implicate the partici

pation of an excited state in the photoreduction of HHC. The v7ave-

length dependence data indicate that the rate of the photoreduction of 

HHC is directly related to the molar absorptivity of the heme. Mauzer-

all (1962) reported that the photoreduction of photoporphyrin IX to the 

half-reduced (dihydroporphyrin) state proceeded with a quantum yield 

near unity.• The photoreduction of HHC apparently proceeds with a much 

lower quantum yield. In Figure 24 the rate levels off at high actinic 

light intensity. This observation indicates that at high light inten

sities the rate-determining step is not related to the population of 

the excited state. There are two possibilities why the quantum effi

ciency is low: (l) low efficiency in the formation of the excited 

state, and (2) internal quenching of the triplet by some protein-bound 
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group. The reason for the low quantum efficiency was not unequivocally 

determined, but good evidence for internal quenching is derived from 

the structural perturbation experiments which will be discussed later. 

Shuberth (1959) reported a photoreduction or photo-oxidation of 

heme proteins with intense UV light. The action spectra of the reac

tion rates implicated the aromatic residues as the absorbing species; 

in fact, peptides or proteins without aromatics would not photoreduce 

or oxidize with UV light. Shuberth also noted that the aromatics in 

the presence of UV light extracted an electron from water which then 

passed through the stacked aromatics to the heme. The lov7 efficiency of 

this reaction was postulated as due to poor overlap of the absorption 

and fluorescence spectra of the aromatic residues thus slow electron 

transfer. From comparison of Shuberth's data and the data presented in 

this work it is concluded that there is no correlation between the UV 

and visible photoreductions based on action spectra, electron donor, 

role of the peptide, and most convincingly the fact that free heme 

photoreduces in EDTA with visible light. 

Brady and Flatmark (1971) reported evidence for an endogeneous 

donor in HIIC which under alkaline conditions would allow autoreduction 

to occur in HHC. The pliotoreduction of HHC in distilled water at 

pH 7.0 is consistent with the existence of an endogeneous donor in HHC. 

Two possibilities exist for the role of the endogeneous donor in the 

photoreduction of HHC: (l) it provides the electrons to the heme for 

photoreduction (light facilitation of the autoreduction), and (2) the 

interaction of the exogeneous donor and the photo-excited heme occur 
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much more rapidly than the electron transfer from the endogeneous donor 

to the heme (autoreduction); thus, the autoreduction is masked by the 

photoreduction. Brady and Flatmark (1971) reported minimal autoreduc

tion at pH 7. The pH dependence of the photoreduction in EDTA-Tris, 

and DPNH is consistent with the same pH dependence as reported for the 

autoreduction. It is difficult to resolve the role of the endogeneous 

donor with the direct dependence of the rate of photoreduction of HHC 

on EDTA, Tris, and NADH. It seems unlikely that these nitrogen-con

taining compounds (EDTA, Tris) could reduce the endogeneous donor, 

which would be necessary to explain their rate dependences. Moreover, 

the inhibition of the NADH dark reaction by EDTA argues against facili

tation of the autoreduction by NADH. This is especially unlikely in 

light of the suggestion of Brady and Flatmark (1971) that the "endogen

eous donor" was an aromatic residue near the surface of the HHC mole

cule. Another inconsistency with the endogeneous donor functioning in 

the photoreduction is the effect of denaturants. The autoreduction is 

totally inhibited in the presence of denaturants (urea guanidine -HCl), 

while the photoreduction is enhanced somewhat in urea. It is apparent 

from the rate dependence of the exogeneous electron donor, the role of 

the protein side chain, and the effect of light that the autoreduction 

and photoreduction are independent processes. 

The enhancement of the photoreduction by nicotinic acid deriva

tives was studied in detail in order to try and determine which portion 

of the NADH molecule was donating the electrons to the heme. The fact 

that NAD+ in the presence of EDTA would photoreduce HHC and in the 
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absence of EDTA it would not lead to the conclusion that NAD+ was 

photoreduced to NADH by EDTA-light. The AMP, ADP, adenylic acid, 

adinine, and nicotinamide are all components of NADH. None of the com

ponents stimulated the photoreduction of HHC, indicating that the in

tact nucleotide is required as the electron donor. 

Greenwood and Palmer (1965) introduced the idea of two cyto

chrome c_ species at alkaline pH. They differentiated two kinetic spe

cies with ascorbate and tetrahydrochloroquinone, with the high pH 

species unable to react with either reductant, but the equilibrium be

tween the two species such that at high pH a small amount of the reac

tive species (low pH) was still present. The model of a pH-dependent 

equilibria between two molecular forms has been further substantiated 

by solvent perturbation studies (Greenwood and VJilson 1971a,--b). The 

autoreduction is consistent with the two molecular form theory (pk 

for the transition is 9.1); it appears that only the high pH form auto-

reduces. Extremely slow rates of autoreduction occur at pH 7.0. The 

decrease in the rate of autoi'eduction at high pH was explained as being 

due to the conformational change (pk 9.3), moving the endogenous donor 

away from the heme to make the reaction much slower. 

The photoreduction does not distinguish two molecular forms of 

HHC at any pH. The rate of photoreduction increases v/ith pH of 9.1 to 

9.3. At higher pH the rate decreases, perhaps for the same reason given 

for the high pH rate decrease in the autoreduction, which is the confor

mational change shifting the peptide chain in a position to either 

block access to the heme or perhaps into a position where it quenches 
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the excited state more readily. The conclusion of the data presented 

in this work is that the potential of EDTA-light is sufficiently low 

so that it cannot distinguish the two redox species, whereas a reduc-

tant with an oxidation reduction potential closer to that of HHC (as-

corbate, ferrocyanide) could discern the two species. 

In the absence of EDTA there is a considerable dark I'eduction 

of IIHC by NADH. At pH 10 the dark reaction was biphasic, indicating 

perhaps that NADH can also distinguish between the two pH-dependent 

species of HHC. The fact that EDTA inhibits the dark reaction in HHC 

indicates that a metal ion is required for the dark reduction. 

The data concerning the behavior of HHC in the presence of 

ferricyanide clearly shows that the ferricyanide binds tightly to HHC 

in a position critical to the photoreduction. From the Dickerson et 

al. (1971) three-d imensional structure of ferricytochrome c_, it was 

attempted to limit the possible binding sites based on the following 

criteria: (l) ferricyanide can only bind to a basic amino acid resi

due, (2) binding must occur in an area accessible to the solvent, and 

(3) ferricyanide must bind to a position which either blocks access to 

the heme sterically or changes the properties of a side chain group 

which is required for the photoreduction. Both lysines 13 and 79 fit 

these criteria. Lysine 79 is located on a critical portion of the 

molecule functionally. The Dickerson group and others propose that 

upon reduction HHC undergoes a conformational change, pivoting about 

methionine 80. This conformational change closes access to the previ

ously open crevice. It is conceivable that the binding of a bulky 
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ferricyanide group to lysine 79 could inhibit the conformational change 

and possibly the reduction process. Lysine 13 is on an immobile por

tion of the HHC molecule, is accessible to the solvent, and is in close 

proximity to the heme. It is not located in the crevice excluding any 

steric hinderance at lysine 13. However, lysine 13 is required for 

both the binding of HHC to cytochrome oxidase and the electron transfer 

to the oxidase (Wada and Onuki 1969). If ferricyanide bound to lysine 

13, it could conceivably interfere with its role in electron transfer 

through recognition of the donor. 

The mechanism of the HHC photoreduction to be suggested is 

based on the following five observations: 

1. The rate of HHC photoreduction was dependent on the popu

lation of a heme excited state. 

2. The rate of photoreduction was directly proportional to 

the base concentration over a wide range. 

3. Triplet sensitizers enhance the observed rate of photo

reduction. 

4. Triplet quenchers inhibit the photoreduction. 

5. A flash transient was observed with HHC in the same wave

length region as the transient observed for the free heme compound. 

The following mechanism is consistent with the above data and 

all other data related to the photoreduction data: 

1. Heme 
hv 

Heme Heme^ 
t 

Ferro-heme + R"*" 2. Heme^ + RH 

3. Heme 
II 

t 
+ Protein-X Ferri-heme + Protein X 
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The mechanism proposes that heme is raised to an excited singlet by ac

tinic light. The excited singlet intersystem crosses to form the trip

let. The triplet has two options, to react with an electron donor (RH) 

and form ferro-HHC or to react with a group on the protein which 

quenches the triplet. This mechanism is similar to that reported for 

photoreduction of flavin compounds (Holmstrom 1964). 

The role of the protein side chains in the function of cyto

chrome is a critical question. The Dickerson model would predict 

large rate effect upon small changes in the peptide structure, unless 

in changing the protein structure the reduction reacted with the heme 

via another mechanism (that is, direct interaction). 

The role of the protein in the photoreduction is not easy to 

deduce in detail from the data gathered to this point. The faster 

rates of photoreduction by the soluble heme indicates rather strongly 

that the protein must inhibit the photoreduction by hindering access 

or by internal quenching. The effect of the protein is not entirely 

explained by quenching or that the rate simply increases upon unfold

ing, as at 50 mole n^-propanol or ethanol and pH 13 (unfolded) the 

rate is slow. These extreme effects may be electronic as well as pro

tein. Treatments which should only slightly alter the protein struc

ture 6 mole % propanol and ethanol did not effect the rate. The 3 M 

guanidine-treated HIIC showed a slight increase in the rate of photo

reduction. Tlie 3 M guanidine opens the HHC molecule to the extent that 

CO will bind to the ferro-heme. The conclusion from this data is that 

opening of the access may slightly increase the rate of photoreduction. 
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but some protein structure must be required in HHC for optimal photo-

reduction. 

The out-of-plane ligand effects are striking on the photoreduc

tion. Pyridine as the out-of-plane ligand (pyridine hemochromagen) 

totally inhibits the photoreduction of HHC and the soluble heme. With 

the soluble heme the rate of photoreduction was slightly increased when 

the out-of-plane ligand was changed from water to imidazole. 

The photoreduction of HHC is a model system for HHC electron 

transfer and provides some unique possibilities in the study of HHC; 

the effect of ionic strength, solvents, temperature, etc. on electron 

transfer can be readily studied. Photoreduction data suggest that more 

than one mechanism of electron transfer may occur in HHC, through di

rect interaction of the donor with the heme (photoreduction possibly) 

or transfer of electrons to an endogenous protein receptor and sub-

seqxient transfer to the heme via the TTcloud of the stacked aromatics 

(autoreduction). The possibility also exists for the photoreduction 

that the protein could provide a bridging ligand betv.'cen the heme and 

the donor which might explain the apparent protein involvement in the 

reaction. 

Photoreduction of Cytochrome C.-552 

It was observed that in the presence of 0.05 M Tris-0.05 M 

EDTA, pH 7.3, actinic light reduced both flavin and heme chromophores 

of ̂ -552. These preliminary observations suggested that a substantial 

portion of the heme was reduced (757o) before the flavin reduction be

gan. 
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Figure 28 (A) gives the dependence of the observed rate con

stant of heme photoreduction on the actinic intensity. There is 

a linear dependence on the light intensity for the heme photo-

reduction with the rate extrapolating to a dark rate of zero in agree

ment with the lack of a detectable dark reaction. These results are 

consistent with photo-production of a heme excited state as with HHC. 

The heme reduction was followed by an increase in extinction at 552 nm. 

It was found that photoreduced spectra of C_-552 was identical to the 

spectra obtained by dithionite reduction. 

Figure 28 (B) presents the effect of light intensity on the 

photoreduction of the flavin chromophore of ̂ -552. Similar to the 

heme data, the intensity dependence was linear and extrapolates to a 

dark rate of zero. In this experiment, it was determined that the 

rate of flavin photoreduction was approximately one-fourth of the rate 

of heme photoreduction. The flavin photoreduction v;as followed by 

monitoring the decrease in extinction at 475 nm. Both the heme and 

flavin photoreduction were accurately first order over about 907o of the 

reaction. 

Figure 29 shows the dependence of the rate of photoreduction of 

both chromaphores on the concentration of EDTA. Both demonstrate a 

linear dependence on EDTA concentration; however, neither the heme (A 

of Figure 29) nor the flavin (B of Figure 29) plots extrapolate to a 

rate of zero at zero EDTA concentration. This observation indicates 

that a light-induced reduction takes place utilizing an endogeneous 
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Figure 27. Effect of light intensity on the rate of ^-552, 

A - The effect of light intensity on the heme chromophore. 
B - The effect of light intensity on the flavin chromophore. 
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Figure 28, Effect of EDTA concentration on the rate of C-552 photo-
reduction. 

A - The effect of EDTA on the heme chromophore (monitored at 552 nm). 
B - The effect of EDTA on the flavin photoreduction (475 nm). 
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electron source similar to the autoreduction observed in HHC (Brady and 

Flatmark 1971). 

The second-order rate constant for EDTA with the heme chroma-

-3 -1 -1 
phore, monitored at 421 nm, was 2.1 x 10 M sec with an exciting 

6 2 
light intensity of 2 x 10 erg/cm sec. The flavin second-order rate 

-3 -1 -1 
constant for EDTA was found to be 1.2 x 10 M sec under the same 

conditions as the heme rate constant was determined. 

The photoreduction of HHC was greatly stimulated by NADH. For 

these studies the value of k (k , /k where k is the rate of 
r obs' std' std 

C_-552 photoreduction, heme or flavin, at standard conditions, 0.05 M 

6 2 
EDTA, 0.05 M Tris, pH 7.3, actinic light intensity of 2 x 10 erg/cm 

o _3 
sec, 20 ) for 2 x 10 M NADH was determined to be 10 for the heme 

photoreduction and 4.0 for the flavin photoreduction when measured 

relative to the standard conditions discussed above. As an electron 

source for the photoreduction, NADH has limited utility, since a sub

stantial dark reaction takes place at pH 7.4 with a k^ value of about 

0 . 1 .  

A small, distinct lag phase was detected in both the heme and 

flavin photoreductions of C_-552 (observed at 552 and 475 nm). The 

length of the lag time was proportional to both the Tris and EDTA con

centrations and to light intensity. In 0.05 M Tris-0.05 M EDTA, pH 

6 2 
7.3, with an actinic light intensity of 1.5 x 10 erg/cm sec, no lag 

phase was detected. It appears that the build-up of some factor is 

necessary for maximum rates of ̂ -552 photoreduction. The lag phase was 

even more prominent in denaturing conditions, 8 molar urea and 3 molar 
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guanidine-HCl. At this time, no detailed explanation for the lag phase 

is available. 

The effect of pH on the photoreduction of ̂ -552 in 0,05 M Tris-

0.05 M EDTA is presented in Table 18. The data indicate that the maxi

mum rate of photoreduction of ̂ -552 was near pH 7.0 and that the rate 

decreased at either pH extreme. The rate was most drastically reduced 

in the alkaline range. The photoreduction of the flavin chromophore 

was only studied in detail in the pH range of from 6 to 11.5. Below pH 

6.0, biphasic flavin reactions were observed, which did not resolve 

into two simple first-order processes, making the deter-mination of the 

rate constants impractical. At pH greater than 9.0, the flavin photo

reduction was strongly inhibited (k^ = 0,1), while the heme reaction 

was inhibited to a lesser extent. 

Table 18, The effect of pH on the photoreduction of ^-552. 

pH k"2 
r 

, 475 
k 
r 

3.0 0.81 

5.0 0.61 

7.0 1,0 1.0 

9.0 0.60 

11.0 0.42 0,017 

*. Values reported are k^, conditions; 0.05 M Tris-EDTA, 
actinic light intensity was 2 x 10" ergs/cm^ sec. 
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In the HHC photoreduction studies, a triplet was proposed as 

the excited state responsible for the photoreduction. Table 20 pre

sents the effect of triplet sensitizers and quenchers on the photo

reduction of ̂ -552. 

Benzophenone and acetophenone, triplet sensitizers, enhanced 

the rate of photoreduction of both heme and flavin in C_-552. Acetophe

none was substantially more efficient as a triplet sensitizer than 

benzophenone, just the opposite of what was observed in the HHC system 

where benzophenone was more efficient. The KI (0.10 M) inhibited the 

flavin photoreduction substantially (k^ = 0.12), while not affecting 

the rate of the heme photoreduction. It appears from this data that 

either the heme and flavin are photoreduced by two separate processes 

or that I" is not accessible to the ferri-heme which is consistent with 

the ligand binding studies. 

Stoichiometric amounts of potassium ferricyanide strongly in- -

hibited the photoreduction of the heme portion of C_-552 (k^ = 0.05) 

(flavin not measured). If the ferricyanide effect was due to re-

oxidation of the ferro-heme, as it was reduced by the light a slov^er 

than normal reduction would be expected until the ferricyanide v;as com

pletely reduced. Then the rate would be expected to return to normal. 

The half-time should have been 1.5 times the normal half-time in the 

presence of ferricyanide. This behavior was not observed. Since the 

inhibition by ferricyanide is much greater than expected, a protein-

ferricyanide interaction is suggested. No experiments were perfoniied 

to determine if ferricyanide binds to £_-552 as it does with HHC. 
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Table 19, Effect of triplet quenchers and sensitizers on the photo-
reduction of ferri-HHC. 

Added reagent 
Concentration 

(M) r 

KI 0.010 0.33 

0.001 0.50 

Benzophenone 0.001 3.00 

Acetophenone 0.001 49.00 

Acetone 0.001 7.00 

a. Conditions were as described in Table 1. 

The effect of oxygen as a triplet quencher was studied and it 

was found to totally inhibit both heme and flavin photoreductions. The 

rate of oxidation of reducted ^-552 is slow (see oxidation-reduction 

_3 
section), but at 10 M oxygen concentration, the rates of both flavin 

and heme oxidations are faster than the photoreductions. Thus, the ef

fect of oxygen on the photoreduction is probably both re-oxidation and 

triplet quenching. 

Table 20 shows the effect of protein denaturants on the photo

reduction of £;-552. It was observed that 3 M guanidine-HCl and 8 M 

urea enhanced the photoreduction of both the heme and flavin moieties. 

The rate enhancement was greatest in 3 M guanidine with the flavin 

photoreduction at least 20-fold faster than in the absence of the de-

naturant. The heme component was photoreduced approximately 5 times 

faster in the presence of 3 M guanidine. The data presented suggest 
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Table 20. The effect of protein denaturants on the photoreduction of 
cytochrome c_-552.* 

Denaturant Heme Flavin 
Denaturant 

552 nm 421 nm 475 nm 450 nm 

3 M guanidine-HCl 

8 M urea 

46 

24 

44 

18 

104 

38 

98 

29 

*. Values reported are k^., conditions; 0.05 M Tris-0.05 M 
EDTA, pH 7.3, actinic light intensity was 2 x 10^ ergs/cm^ sec. 

that the protein moiety of ^-552 qucnches the photoreduction. The rate 

of the photoreduction of both the heme and flavin in the intact protein 

is considerably slower than when the protein is at least partially un

folded. This suggests that the close association between the protein 

and the heme and flavin moieties inhibits their photorcductions by 

quenching the excited state. Alternatively, the results of the ligand 

binding studies suggest restricted access to the proximal heme environ

ment; thus, mild denaturation may simply increase access of the electron 

donor to the electron transfer site. 

Determination of the wavelength dependence of the photoactive 

species in the photoreduction of C_-552 is technically a difficult exper

iment to perform. The problem is that the reaction is very slovj v.'hen 

catalyzed only by a narrow band of monochromatic light. No suitable 

electron source has been found which will allow the reaction to proceed 

at a sufficient rate in the absence of a significant dark reaction. 

Thus, the results presented belov? cannot be considered quantitative. 



130 

For wavelength dependence studies, NADH was utilized as an 

electron source. The data indicate that heme and flavin have the same 

efficiency as the absorbing species in the photoreduction of ̂ -552. 

When ̂ -552 irradiated with light of wavelengths greater than 550 nm 

(flavin does not absorb appreciably at this wavelength), it results in 

the reduction of both the heme and flavin. Similarly, if light of 

wavelength 475 nm is used (primarily flavin absorption) forexcitation, 

both the heme and flavin are photoreduced at about the same rate. The 

molar absorptivity of heme at 475 nm is only about 10% of the total. 

This last observation suggests that the flavin and heme photoreductions 

must be coupled. 

The data presented to this point suggest that there is a close 

interaction between the heme and flavin, as wavelengths of light that 

excite one of the chromophores result in the reduction of both. For 

this to occur, the heme and flavin must be sufficiently close to ex

change electrons. However, the coupling between the tv/o chromophores 

appears to be sensitive to the specific experimental conditions (pH, 

sensitizers, denaturants). Large variations in the relative rates of 

the photoreduction of the heme and the flavin are obtained, apparently 

depending upon the integrity of the interactions betvyeen the chromo

phores. 

The photoreduction of the heme and flavin peptides was studied 

to compare the rate of the heme and flavin photoreductions in the dis

aggregated and intact system. The preparation of the heme peptide was 

discussed in the Methods. The flavin peptide chromatographs in the 
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solvent front in each of the three separation techniques. The flavin 

peptides used in these studies were the aggregated flavin peptides. No 

method of preparing the monomer has been found to date. 

Table 21 presents the rates of photoreduction by the heme and 

flavin peptides isolated by the three techniques. It is immediately 

obvious that the separated chromophores photoreduced considerably 

faster than in the intact C-552. 

Table 21. Photoreduction of the heme peptide and flavin peptide. 

Peptide ^ (heme) k (flavin) 
preparation ^ r 

8 M urea 116 350 

4 M guanidine-HCl 32.5 310 

pH 11.0 143 375 

*. 0.05 M Tris-0.05 M EDTA, pH 7.3; light intensity was 
2 X 10^ ergs/cm^ sec. 



CONCLUSIONS 

In the Introduction, two basic questions are posed: (l) how do 

the heme and flavin of C_-552 combine to produce the functional proper

ties of the cytochrome? (2) what is the general mechanism by which c_-

type cytochromes transfer electrons? To summarize, several topics 

[access, heme-heme interaction, peptide properties, complex formation, 

and oxidation-reduction mechanism(s)] v.^ill be discussed in the context 

of the findings of this work. 

The Roi.e of the Protein Moiety 
in Electron Transpoi't 

The role of the protein in the function of ^-552 and ^-type 

cytochromes is a key question. Protein involvernent could be postulated 

to take place through direct participation of specific amino acid side 

chains or more sxibtly by the reaction through hinderance of heme access 

by either restricted steric access or electrostatic repulsion. From 

the photoreduction studies both factors appear important. By slightly 

altering the protein structure (3 M guanidine-HCl effect on HHG and 

552 photoreductions), the rate was increased presumably resulting from 

increased access of the nitrogenous electron donor to the immediate heme 

and flavin environment. 

On the other hand the out-of-plane ligands are important in the 

photoreduction, as evidenced by the 1007o inhibition of the photoreduc

tion when pyridine is the out-of-plane ligand (MTMP, IfflC, and C;-552). 

132 
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It is not possible from this data to decide if the effect of the out-

of-plane ligands is due to direct involvement in the reaction or in

directly by altering the immediate heme environment. Slight changes in 

the rate of photoreduction of MTMP were observed when imidazole replaced 

water as the out-of-plane ligand. This suggests that the exact elec

tronic environment of the heme is important in the photoreduction. 

Ligand binding studies have shown that the access to the ferro-

heme is open to the solvent, although restricted. The heme is inacces

sible to the solvent in ferri-^-552 as deduced bj' the lack of azide and 

cyanide binding. It is interesting that exactly the opposite access 

pattern has been shown for HHC. The heme of ferro-HHC is inaccessible 

to the solvent while the ferri-heme binds both azide and cyanide. 

Chromatium c'. a low potential cytochrome (50 mV), shows ligand binding 

properties similar to those of ̂ -552, in that there is access to the 

ferro-heme but not to the ferri-heme. Moreover, studies with cytochrome 

from Euglena gracillus and Porphyria tenura (E^ = 350 59 370 mV) have 

shown that the ferri forms bind cyanide and azide, but the ferro form 

does not bind CO (Wood and Cusanovich n.d.). These observations lead 

to the suggestion that there is a direct correlation between the poten

tial of a cytochrome and the availability of the immediate heme environ

ment to the solvent. 

Dickerson's (in Dickerson et al. 1971) three-dimensional struc

ture of HHC has provided dramatic evidence that the ferri-heme is open 

to the solvent and that a major conformational change occurs upon its 

reduction, resulting in the closing of the crevice. To explain the 
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ligand-binding properties of low potential cytochromes it would be rea

sonable to predict that a similar conformational change must occur in 

^-552 and cj to open the crevice in the ferro form. 

The rates of oxidation and reduction of C;-552 by ft donors lead 

to the suggestion that £^-552 has a negative recognition site that medi

ates the transfer of electrons from donor to the heme and the flavin. 

A recognition site has not been previously suggested for a £_-type cyto

chrome. To date the only characteristic that can be directly ascribed 

to the recognition site is that it is negatively charged (based on 

slower rates of reduction by anionic reductants). The hydrophobicity 

of the reductant could also play in important role. 

The specific conclusions in regard to the protein roles in 

electron transport are: (1) The protein can under certain conditions 

control access of donors and acceptors to the chromophores. Moreover, 

a direct correlation between solvent access to the heme and the poten

tial of a cytochrome can be proposed. At least with ̂ -552 negatively 

charged amino acids participate in the redox process. (2) The struc

ture of the electron donor or acceptor molecule is important in electron 

transport, particularly when electron transfer occurs between species 

with similar potentials. 

The Interaction of the Heme 
and Flavin Cliromophores 

The C^55Z has the unique property of having three bound chromo

phores, two hemes and a substituted FAD moiety. It is of interest to 
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deduce relationships between the chromophores particularly as pertains 

to function. 

Previous suggestions of heme-heme interaction have been based 

on the Soret CD spectrum. There are, in fact, at least three possible 

interpretations of the CD Soret spectrum. Exciton splitting between 

hemes, exciton splitting between heme and flavin, and finally the non-

degeneracy of the Soret transitions. 

Heme-heme exciton splitting would predict splitting of all 

spectral bands which arise from n -TT transition (Soret, ex, P, 6), 

Within the limitations of the CD technique it cannot be determined if 

the visible bands are doublets as their transition dipoles are of such 

a low magnitude that the degree of splitting would be predicted to be 

small. Heme-flavin interaction is postulated in this work based on the 

wavelength dependence of the C-552 photoreduction, the similarity of 

heme and flavin rates with Tj donors, and most dramatically by the ef

fect of cyanide on the ^-552 Soret CD. Direct heme-heme interaction 

appears less likely because of the evidence for heme-flavin interaction. 

The nondegeneracy argument as presented earlier is based on the 

splitting of the two Soret transitions and their opposite polarizations. 

There is no direct evidence to support this rationale. Single crystal 

polarization studies would furnish information on the degeneracy or non-

degeneracy of ^-552 Soret transitions. 

There is circumstantial evidence against exciton splitting in 

that HIIC yields a similar CD spectrum in the alpha region. Thus, by 

analogy to the monomeric HHC, exciton splitting can be eliminated. It 
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It is concluded that either the heme-flavin exciton splitting or non-

degeneracy applies to the CD Soret spectrum and direct heme-heme inter

action is less likely. The two heme groups could be pictured as sym

metrically oriented about the flavin. 

The redox titration of ^-552 heme at pH 7.3 using both dithion-

ite and benzyl viologen indicated no interaction of the heme and flavin 

based on the N value of the heme. In the lactate dehydrogenase system 

N was found to be pH dependent. Thus before discounting heme-flavin 

interaction on the basis of redox titrations, experiments should be 

conducted to discern any pH effects on the N values. 

Conclusions of the Heme 
Peptide Experiments 

Only a survey of the heme peptide properties were undertaken, 

but a consistent pattern was observed, in that the heme peptide proper

ties were independent of the method of preparation. Further general 

ligand-binding properties of C_-552 of ̂ -552 remained intact in the pep

tide. The heme peptide does not bind azide or cyanide in the ferri 

form, and ferro-heme peptides do bind CO, although at a considerably 

faster rate than the intact molecule. Thus the ferri-heme crevice is 

apparently still closed in the heme peptide, arguing against nonspecific 

denaturation. The CO spectra of the heme peptide suggests that the heme 

peptide shifts from predomintly low spin character (_^-552) to a some

what greater proportion of high spin character. The ferro-heme peptide 

shows some indication of a high spin transition as indicated by the de

crease in the alpha and beta extinction. The ferri-heme peptide 
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spectrijm is consistent with a high spin shift as the Soret peak shifts 

to lower wavelengths (Brill and Williams 1961). However, the visible 

ferri spectrum is essentially the same as in ̂ -552, except for the loss 

of flavin absorption. 

The heme peptide CD in the near UV indicates that a histidine-

iron-porphyrin complex is still intact, suggesting that at least one of 

the out-of-plane ligands is the same in both the heme peptide and Cj-552. 

The spectral differences between the heme peptide and ^-552 can be ex

plained in terms of a change in the strength or orientation of one of 

the out-of-plane ligands. 

Based on the observations discussed it appears that the dissoci

ation of the intact ̂ -552 into subunits has only marginal effects on 

the properties of the molecule. 

Photoreduction Studies 

The photoreduction of heme proteins provides a new model system 

for studying the factors affecting cytochrome function. lliere are no 

illusions of physiological significance but the techniques employed are 

simple and provide new information on heme properties. A triplet state 

of heme has been postulated and described. The presence of an endoge

nous donor in both HHG and ^-552 has been suggested. It is tempting to 

make some correlation between the endogenous donor and the recognition 

site. Hov7ever, there is no evidence for such correlation. The ferri-

cyanide inhibition of the HHC and C_-552 photoreduction in stoichio

metric amounts implicates a protein involvement in the photoreducti.on. 

There is additional evidence that the protein participates in the 
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photoreduction. If the rate of photoreduction is compared among in

tact, partially denatured, and the free heme, the rate increases as the 

protein structure about the heme decreases. The high pH rate appears 

to contradict this theory. Hov/ever, there are considerable electronic 

changes in the heme as evidence from the absorption spectra which may 

account for the slow rate at high pH. Further, it has been suggested 

that above pH 11.0 methionine 80 is replaced by lysine as the out-of-

plane 

Another important result of the photoreduction studies impli

cating direct protein involvement is that the rate of photoreduction of 

all of the proteins studied bears no direct relationship to the redox 

potential or spin state of the cytochromes. This observation lends 

support to the suggestion that differences in protein structure—access, 

steric, or electrostatic—must be important. 

The mechanism proposed for the HHC photoreduction in the text 

was not the only mechanism possible. In light of Flatmark's woirk on 

the autoreduction of IIHC (Brady and Flatmark 1971), an obvious mechan

ism would be that the photoreduction was a facilitation of autoreduc

tion where EDTA-Tris stabilized or increased the rate of electron 

transfer from the endogenous donor to the heme. In the free heme 

(MTMP) this mechanism could not apply. However, in HHC it was observed 

in the course of the studies of the effect of DPNH on HHC photoreduc

tion that EDTA and Tris actually inhibit the dark reaction (autoreduc

tion) at high pH which is inconsistent with the facilitation of auto

reduction mechanism. The mechanism proposed earlier seems most appropos. 
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Flavin Complexes of ̂ -552 

The formation of the flavin complexes with ligands probes the 

heme-flavin interaction, particularly in the case of CN~, in which the 

Soret double CD peak is disrupted. The nature of the flavin complexes 

in ̂ -552 has not been firmly established. Three possibilities exist 

in terms of previously published data; (l) flavin adduct, (2) charge 

transfer complex, and (3) flavin semiquinone. 

Muller and Massey (1969) describe an adduct formation between 

flavins and sulfite, with a bleaching of the flavin absorption bands at 

380 and 450 nm. It was determined that 30^=^ (not HSO^") bound to the 

flavin at the N-5 position with a stoichiometry of one-to-one. It v/as 

also reported that CN and mercaptans would not form a flavin adduct, 

Massey et al. (1969) also showed that sulfite adducts formed witli the 

flavin oxidases. They reported adducts formed only with flavo-

proteins which could react catalytically with oxygen as a hydrogen 

acceptor. Based on the data obtained in this work, it seems unlikely 

that a flavin adduct is formed as the pH dependence of the formation 

of the complex indicates HSO^~ is the reacting species. Furthermore, 

flavin adducts show no appearance of the near IR band as observed in 

the ̂ -552 complexes and CN~, cysteine, glutathione form complexes as 

well as HSO^". The equilibrium dissociation constants of the flavin 

complexes are not consistent with an adduct formation (KJ^ approximately 

10 ̂  M would be expected. In this work the flavin semiquinone was 

given serious consideration as the reduction of the heme after complex 

formation requires an electron source. The absorption spectra of the 
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complex could be interpreted as a semiquinone, although more structure 

is usually observed in semiquinone spectra (G. Tollin, Department of 

Chemistry, The University of Arizona, personal communication). The EPR 

studies failed to show a free-radical spectra for the complex at room 

temperature in the presence of oxygen. Under identical conditions the 

complex was formed. The semiquinone cannot definitely be eliminated 

until low temperature EPR is studied anaerobically, but it does not ap

pear to be in agreement with the data obtained to this point. The ap

pearance of the broad near IR peak is consistent with the chargc trans

fer complex, as are the values of the dissociation constants. However, 

the bleaching of the flavin absorption is not consistent with the for

mation of a charge transfer complex, as total or near total flavin 

bleaching in thevisible spectrum is not expected (Tollin, personal coin-

munication). 

In summary, it appears that ̂ -552 forms a loose complex betv/een 

the oxidized FAD moiety and several ligands (820^", HSO^ reduced 

glutathione, cystein). The exact nature of these complexes cannot be 

deduced from the data, but it does appear distinct from any reported 

flavin complexes. The CN~ complex appears to be distinct from the 

other complexes based on the fact that it will form a complex above 

pH 6.0. 

Oxidation-reduction Mechanism 

Prior to this work very little data had been obtained v/hich 

applied directly to the mechanism by which £_-type cytochromes transfer 

electrons. Data obtained in this work bear on this problem in tv70 ways. 
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1. The photorecluction studies leave no doubt that the protein 

plays an important role in this particular type of redox process. This 

indicates that the model proposed by Chance v/here the collision of a 

reductant with a portion of the heme that extends out of the crevice is 

the site of electron transfer. The specifics of the collision must be 

mediated by the protein. The observation that a histidine may move 

during the redox act (CD) does not provide direct evidence for the 

"imidazole pump" model, but it does include it as a viable model for 

^-552 at least. The effects of denaturation and solvent perturbation 

experiments cast strong doubt on the viability of the Dickerson stacked 

aromatics proposal, since it would be predicted to be extremely sen,si-

tive to any changes. 

2. Clearly there is no necessary correlation between photo-

reduction and chemical reduction mechanisms; however, the studies with 

^-552 and the reduced donors lead to the same general conclusions given 

above. In fact, the identification of the negative recognition site is 

good evidence for protein participation in the redox act. 

Summarizing, it seems fair to exclude direct heme-donor inter

action and reaction throug?i stacked aromatics from consideration in the 

discussion of mechanism of electron transport. Based on the data ob

tained to date, it can be suggested that the donor approaches the heme 

either where it is exposed to the solvent or at a recognition site. In 

either case the approach route is protected by specific amino acids. 

The actual act of electron transfer then takes place through direct 



overlap (outer sphere ET) or through a bridging ligand (inner spher 

ET), A choice between these two possibilities will have to await 

further studies. 
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