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ABSTRACT 

Cytochrome c was immobilized to several supports to study the 

effects of immobilization on the molecule and to serve as a model for 

the in vivo system. Immobilization was accomplished by covalent 

attachment of cytochrome c to the support surface, either Sepharose 6MB 

or glassy carbon. 

The effect of the coupling conditions on the covalent attachment 

reaction was studied with Sepharose 6MB. The reactive groups were 

monitored colorimetrically and were highly susceptible to hydrolysis. 

Correction for hydrolysis indicated that the covalent attachment reac

tion was first order with respect to reacted groups and zero order in 

cytochrome c. Coupling conditions most affecting the amount of 

attached cytochrome c were the initial cytochrome c concentration, 

temperature, and pH. 

A detailed study of the resulting immobilized cytochrome c was 

conducted based on its three characteristic properties: spectra, 

oxidation reduction potential, and biological activity. The spectral 

properties demonstrated that no major conformational changes had 

occurred upon immobilization since the spectra were essentially the 

same. The redox potentials for most samples of immobilized cytochrome c 

loaded with different amounts of protein were found to be 20-25 mV 

lower than native cytochrome c (+ 270 mV). Two samples, the heaviest 

loaded, were approximately equal to the native protein suggesting that 

they may be least affected by immobilization. 

x 



The biological activity measurements provide an indication of 

the ability of the molecule to function properly. The Michaelis 

constant (K ) for cytochrome oxidase and reductase with immobilized m 

cytochromes c were significantly higher (20-400X) than the K for m 

soluble cytochrome c. The higher K s reflect that about 1% of the 
m 

immobilized cytochrome c is available for reaction in agreement with 

distribution and exclusion studies. Correction of the immobilized 

xi 

cytochrome c K s for available protein results in values similar to the 
m 

soluble cytochrome c K • 
m 

Immobilization of cytochrome c to glassy carbon was performed 

by two procedures employing a carbodiimide or 4-vinylpyridine as the 

coupling reagents. The former resulted in electrodes with higher 

specific activities and lower protein loadings than the latter. In 

both cases up to 60% of the immobilized protein was held by adsorption 

on the surface. Protein coverages were approximately 10-8 to 10-9 

moles/cm
2 

which corresponds to 100-800 layers. 



INTRODUCTION 

Cytochrome c 

Cytochrome c is a small globular protein which is associated 

with the mitochondrial membrane in eukaryotic organisms. Electron 

transport between its physiological reductase and oxidase is its func

tion in the mitochondrial respiratory chain. The overall reaction of 

the respiratory chain results in the oxidation of NADH and succinate 

with a subsequent reduction of molecular oxygen (Fig. 1). In the 

process the large change in free energy associated with these reactions 

is coupled at several points to the synthesis of ATP, which serves as a 

source of energy in other cellular processes. The importance of cyto

chrome c in electron transport has led to numerous studies on its 

structure and function. 

Largely due to its unique spectral qualities, cytochrome c was 

first discovered and reported by MacMunn (1887) after extraction and 

isolation from pigeon breast muscle. After being forgotten for over 

forty years it was rediscovered by Keilin (1930). The spectral 

properties of cytochrome c have been used extensively in research on 

the molecule. These spectral properties are due primarily to the 

presence of a heme ring which in cytochrome c is iron-protoporphyrin IX 

(Fig. 2). The two vinyl side chains form thioether bonds with 

cysteines 14 and 17 in the polypeptide of horse heart cytochrome c 

(Theore11, 1938, 1939a, 1939b). The iron atom is hexacoordinate with 

1 
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Figure 2. Structure of Protoheme IX Found in Cytochrome C. 
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four of the ligands provided by the nitrogen atoms of the pyrro1e rings. 

The other two axial ligands are the imidazole e-nitrogen of histidine 

18 and the thioether sulfur of methionine 80 (Harbury et a1., 1965). 

The iron atom can exist in the +2 (reduced) and +3 (oxidized) oxidation 

states. 

Heme 

These oxidation states result in two distinct visible spectra 

for cytochrome c (Fig. 3) which can conveniently be used for the 

measurement of cytochrome c in e.ach of the two oxidation states. The 

spectral bands are due to the ~-~* transitions in the porphyrin ring. 

In one transition the electronic excited state has an angular momenta 

similar to the ground state, represented at 416 nm (Soret band). Two 

other transitions have quite different angular momentum between the 

ground and excited states, represented by the ~- and S-bands, 

respectively, at 550 and 520 nm (Fa1k, 1964). Upon oxidation the Soret 

band shifts toward the blue and decreases in intensity while a 

broader band appears at 530 nm. A very weak charge transfer band 

appears at 695 nm in the oxidized form due to the methionine su1£ur

heme iron bond (Schechter and Sa1udjian, 1967). Hines and Kreishman 

(1981) examined the temperature dependence (12°-50° C) of this band and 

indicate that the decrease in peak height at increasing temperatures is 

accompanied by peak broadening. The result is a constant total 

integrated peak intensity. The authors suggested that the protein is 

not heat denatured and that the 695 band may best be explained as due 
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Figure 3. Oxidized and Reduced Spectra of Cytochrome c. 
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to a d-+ d transition instead of a 'IT ~ d transition (Eaton and 

Hochstrasser, 1967). 

Wrapped around the heme iron center is the polypeptide chain 

composed of 104 amino acids in horse heart cytochrome c (Margo1iash 

6 

et a1., 1961) as given in Figure 4. The polypeptide encloses the heme 

in such a manner as to give a globular protein that is a prolate 

spheroid, 30 x 30 x 34 R including side chains (Dickerson et a1., 1971). 

Studies using X-ray crystallography have illustrated that the heme is 

buried in a hydrophobic pocket with a slight exception for several 

hydroxyl containing amino acids along the lower portion of the molecule 

as seen in Figure 5. The lysine residues close to the heme have their 

polar E-amino groups in contact with the solvent. The heme is exposed 

to the solvent along one edge, that being pyrro1e ring 2 and the edge 

between ring 2 and 3. This point of contact with the solvent is 

referred to as the heme crevice. This crevice is due to the folding of 

the polypeptide chain on the two sides of the heme with an ,overlapping 

section of the polypeptide running across the bottom of the molecule 

connecting the two sides. The two propionic acid side chains on the 

heme are buried in the pocket and are stabilized by hydrogen bonds with 

various amino acids. The propionic acid on ring 3 is partially exposed 

to solvent. This stabilization of the propionic acid side chains may 

also help to hold the heme in place. 

The heme crevice of ferricytochrorne c is apparently stabilized 

by two surface electrostatic interactions. Osheroff, Borden, 

Koppeno1 et a1. (1980) have suggested the existence of a salt linkage 



Acetyl-Gly-Asp-Val-Glu-Lys-Gly-Lys-Lys-Ile-Phe-Val-
10 

H~E 

Gln-Lys-Cys-Ala-Gln-Cys-His-Thr-Val-Glu-Lys-Gly-Gly-
20 

Lys-His-Lys-Thr-Gly-Pro-Asn-Leu-His-Gly-Leu-Phe-Gly-
30 

Arg-Lys-Thr-Gly-GlIl-Ala-Pro-Gly-Phe-Thr-Tyr-Thr-Asp-
40 50 

Ala-Asn-Lys-Asn-Lys-Gly-Ile-Thr-Trp-Lys-Glu-Glu-Thr-
60 

Leu-Met-Glu-Tyr-Leu-Glu-Asn-Pro-Lys-Lys-Tyr-Ile-Pro-
70 

Gly-Thr-Lys-Met-Ile-Phe-Ala-Gly-Ile-Lys-Lys-Lys-Thr-
80 

Glu-Arg-Glu-Asp-Leu-Ile-Ala-Tyr-Leu-Lys-Lys-Ala-Thr-
90 100 

Asn-G1uCOOH 

Figure 4. Amino Acid Sequence of Horse Heart Cytochrome c. 
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between the E-amino group of lysine 13 and the y-carboxyl of glutamic 

acid 90, forming a "top heme crevice bond". The presence of this bond 

was. based on the difference in the acid-base and thermal transitions of 

the 695 nm band between native and several cytochromes c modified at one 

lysine residue.- The "bottom heme crevice bond", due to a hydrogen bond 

between the E-amino group of lysine 79 and the hydroxyl group of 

threonine or serine 47, was suggested from the same experiments with 

several different species of cytochrome c. The latter interaction had 

been previously observed with X-ray crystallography (Dickerson, 1977; 

Takano et al., 1977). The binding of anions such as phosphate and 

citrate at a site close to the "top heme crevice bond" appears to 

stabilize the heme crevice even at low concentrations of the added 

anions. 

Cytochrome c contains 21 basic amino acids, most of which are 

located on the front surface of the protein. In comparison there are 

only 12 acidic amino acids located largely on the back side. This has 

resulted in a relatively high isoelectric point of 10.0 (Barlow and 

Margoliash, 1966) and a large dipole moment of 303 debye (Koppenol, 

Vroonland, and Braams, 1978). Of these basic amino acids, 19 are 

lysine residues, the largest number for any amino acid in the 

molecule. Some of the lysine residues have been identified with the 

region of interaction of cytochrome c with cytochrome oxidase and 

reductase (Nicholls, 1964; Salemme, 1977) and the. mitochondrial 

membrane based on electrostatic interactions (Tsou, 1952; Estabrook, 

1961; Kimelberg and Lee, 1969). 



Binding to the Mitochondrial Membrane 

Studies on the structural organization of the mitochondrial 

membrane have shown that cytochrome c reacts with cytochrome oxidase 

10 

and reductase while it is on the outside of the inner membrane (Nicholls 

et al., 1971). Both the oxidase and reductase are embedded in the 

membrane (Yu, Yu and King, 1972; Hackenbrock and Hammon, 1975), 

allowing cytochrome c to alternately contact them (Wagner and Erecinska, 

1971). Actual binding to the phospholipid membrane has been demon

strated by use of fluorescent chromophores (Fromherz, 1970; Vanderkooi, 

Erecinska and Chance, 1973; Teissie and Baudras, 1977; Teissie, 1981) 

and EPR spin labels (Brown and Wuthrich, 1977; Vanderkooi, Erecinska 

and Chance, 1973a,b). There has been some evidence that oxidized cyto

chrome c has a larger binding constant for the membrane than the 

reduced form based on a decrease in the potential of cytochrome c on 

binding (Vanderkooi et al., 1973a,b). Recent work (Denis, Neau, 

Agalidis et al., 1980; Kula et al., 1981) has shown the same potential 

after binding indicating that neither oxidation state is preferentially 

bound. From several studies a specific area on cytochrome c has been 

implicated in binding to charged phospholipid microvesicles. This 

specific area, around methionine 65 on the back left side, appears to 

be different from the area involved in interaction with cytochrome 

oxidase and reductase implying different classes of binding sites for 

cytochrome c on the mitochondrial membrane. Nicholls (1974) has 

reviewed cytochrome c binding to enzymes and membranes. 



Since cytochrome c can exist in both an oxidized and reduced 

oxidation state there has been considerable interest in possible 

differences in their structures. For example the oxidized state was 

found to be more susceptible to proteolytic digestion (Nozaki et al., 

1958). Since that time differences in thermal stability (Butt and 

Keilin, 1962), the ability to bind inorganic ions (Schejter and 

Margalit, 1970; Margalit and Schejter, 1973b, 1974), the rate of 

hydrogen-deuterium exchange at peptide bonds (Ulmer and Kagi, 1968; 

Nabedryk-Viala, 1976), immunological reactions (Margoliash, Reichlin 

and Nisonoff, 1967), NMR spectroscopy (Moore and Williams, 1975), and 

protein unfolding (McLendon and Smith, 1978; Drew and Dickerson, 1978) 

have suggested a change in conformation with oxidation state. 

Bosshard and Zurrer (1980) used the technique of differential 

chemical modification to show a local conformational change on the 

lower left and lower middle surface of the molecule upon varying the 

oxidation states. Moore and Williams (1980) using NMR spectroscopy. 

observed a small structural change in the same region about isoleucine 

57. Most recently Takano and Dickerson (1980) have confirmed this 

conformational change from the X-ray crystallographic data on tuna 

heart cytochrome c. It was observed that a buried water molecule 

located to the left of the heme crevice sinks toward the bottom of the 

molecule after the heme moves farther into the pocket upon reduction. 

In the process the bottom portion of the protein around asparagine 52 

also moves downward and to the left. Timchenko, Denesyuk and Fedorov 

(1981) did not find a conformational change between oxidation states 

11 
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by use of large-angle X-ray diffuse scattering techniques. These small 

changes in conformation seem highly unlikely to account for some of the 

experimental results. Dynamic state changes, resulting in larger 

conformational changes, may occur which cannot be detected by X-ray 

crystallography (Salemme, 1978), as suggested by the work of Timchenko 

et al. (1981). 

Oxidation -- Reduction Potential 

Cytochrome c has a commonly reported oxidation-reduction 

potential of +260 mV at a pH 7.0 (Stotz, Sidwell and Hogness, 1938; 

Margalit and Schejter, 1973a). Its potential may be higher by as much 

as 40 mV as has been indicated by several other studies (Dutton, Wilson 

and Lee, 1970; Vanderkooi et al., 1973a; Denis, Neau and Blein, 1980 

Earl, 1981). It appears that the potential is dependent on the buffer 

system used, since the buffer anion may bind to the molecule (Margalit 

and Schejter, 1973b), and on the ionic strength of the solution 

(Margalit and Schejter, 1973a; Earl, 1981) though the correct inter

pretation of the latter point is uncertain. The in vivo potential also 

is in question since Dutton et al. (1970) have reported +227 mV at 

pH 7.2 while recent work has indicated a much higher potential of 

+285 mV at pH 7.0 (Denis, Neau, Agalidis et al., 1980). Binding of 

cytochrome c to the mitochondrial membrane has been suggested as the 

cause for the lower potential in comparison to the in vitro 

potential. Support for this point has come from potential measurements 

of cytochrome c associated with phospholipids which also showed a 

similar decrease in potential (Vanderkooi et al., 1973a). A lower 
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potential would indicate that ferricytochrome c would preferentially 

bind to the membrane. Centrifugation studies have found the binding 

constant for ferricytochrome c to be four times larger than that of 

ferrocytochrome c, in good agreement with that expected by the potential 

data (Vanderkooi et al., 1973b). 

The high positive potential of cytochrome c in comparison to a 

simple exposed iron protoporphyrin IX (-50 to -150 mV) may be a result 

of several factors. Kassner (1972) has the nonpolar heme pocket of the 

protein structure as the major stabilizing factor while the limited 

exposure of the heme to the solvent has been proposed by Stel1wagen 

(1978). A combination of both is the probable cause of the potential 

shift. 

Reactions with Enzyme Systems 

A ring of lysine residues appears around the heme crevice in 

cytochrome c. This is especially important since the heme crevice has 

been shown to be the probable site of electron transfer with non

physiological reactants (Ahmed and Millett, 1981; Cusanovich, 1978) 

and may serve the same function with cytochrome oxidase and reductase 

by formation of electrostatic interactions. In view of this, several 

studies of selective chemical modification of lysine residues on 

cytochrome c have been performed to determine which residues are 

important in complex formation and thus for electron transfer. 

Carboxydinitrophenol (CDNP) lysine derivatives singly modified at 

positions 7, 8, 13, 25, 27, 39, 60, 72, 73, 86, 87 and 99 were studied 

with the oxidase (Ferguson-Miller, Brautigan and Margo1iash, 1978; 



14 

Osheroff, Brautigan et a1., 1980), reductase (Speck et a1., 1979; 

Konig et al., 1980) and the peroxidase (Kang et al., 1978). The ability 

of these modified cytochromes c to react with the individual enzymes has 

led to the mapping of interaction domains. These domains represent 

modified lysine cytochromes c which demonstrate a slower rate of electron 

transfer with the respective enzymes than is observed with the native 

molecule. The modified lysines are the suggested reason for the slower 

rates and must be involved in complex formation. Those 1ysines which 

are located at the top front surface of the molecule have had the 

greatest effect since they are near the heme crevice. These 1ysines 

include 13, 72, 86, S7, 27, 8 and 73 in approximately decreasing order 

of effect. Others have effected the transfer but to a lesser degree. 

Millett and coworkers have used trifluoroacety1ated lysine 

derivatives singly modified at positions 8, 13, 22, 25, 27, 55, 72, 79, 

87, 88, 99 and 100 to study the problem (Smith and Millett, 1980; 

Ahmed et a1., 1978; Smith et al., 1980). Their derivatives have an 

advantage in that the modifying group is not as bulky as the carboxy

dinitrophenol group used by Margo1iash and coworkers, thus resulting in 

fewer steric hindrances. The results with the trifluoroacety1ated 

lysine derivatives was similar with 1ysines 13, 72, 79, 27, 8, 87 

producing the largest effects 

A different approach to the problem has been taken by Rieder and 

Bosshard who have used the differential reactivities of lysine 

residues toward acetylation before and after binding to the oxidase and 

reductase (Rieder and Bosshard, 1978, 1980). The lysine residues most 

shielded from acetylation after binding were 8, 13, 72, 86 and 87 for 



both complexes. Others affected to a lesser extent include 5, 7, 25, 

27, 79 and 88. These three studies have shown that approximately the 

same residues are involved in cytochrome c interaction with the two 

enzymes. 

Mechanisms of Electron Transfer 
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The process of electron transfer between cytochrome c and its 

physiological reactants is not well understood. Electron transfer can 

occur by one of three possible mechanism~; 1) inner-sphere, 2) outer

sphere, or 3) non-adiabatic electron transfer which is also called 

electron tunneling. Inner sphere electron transfer is characterized by 

sharing of one or more of the ligands associated with the two reacting 

ions. The shared ligand(s) serves as a bridge between the reacting ions 

in this activated complex. The oxidation reduction reaction may occur 

by a transfer of an electron through the bridging ligand or by direct 

exchange since the two metal ions may have overlapping orbitals. This 

mechanism of electron transfer is highly unlikely for the cytochrome c 

system since the two reacting heme rings would have to overlap 

resulting in a substantial protein rearrangement and displacement of 

one of the axial heme ligands. In outer-sphere electron transfer both 

reactants retain their coordination shells and an electron is passed 

through both shells. This mechanism can be differentiated from the 

inner-sphere mechanism since the electron transfer will occur more 

rapidly than will ligand exchange between the two coordination shells. 

The rate of electron transfer will become faster if the transition 

state is symmetrical, that is if the two metal complexes are identical. 



In the case of cytochrome c and its physiological reactants, which all 

contain heme prosthetic groups, the rate would be fast because of the 

symmetry of the hemes. 
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In the previous two mechanisms the electronic interaction 

energy between the two reactants is fairly large, approaching 1 kilo

calorie. This amount of energy is sufficient to establish a unit 

probability for electron-transfer. In electron tunneling the electronic 

interaction energy is very much smaller than 1 kilocalorie. The 

reactants experience very little electron transfer while in the 

activated complex, thus a low probability of electron transfer exists. 

Several studies have recently suggested electron tunneling with cyto

chrome c. Potasek and Hopfie1d (1977a,b) observed a weak charge

transfer absorption band in the near infrared region characteristic of 

vibronica11y coupled electron transfer between cytochrome c and iron 

hexacyanide. This band had been predicted by theory with a tunneling 

distance of 8-10 R. Mauk, Scott and Gray (1980) found a comparable 

distance of 10 R for the same system based on kinetic data. Electron 

tunneling was observed in the complex of cytochrome c with cytochrome 

peroxidase with a 7R distance between heme edges (Potasek, 1978). 

Using fluorescent derivatives of cytochrome c the distance from the 

center of the heme to the center of several reacting prosthetic groups 

have been measured by resonance energy transfer (Leonard and Yonetani, 

1974; Vanderkooi et al., 1977; Glatz, Chance and Vanderkooi, 1979; 

Vanderkooi et al., 1980). The calculated distances have been feasible 

for electron tunneling with cytochromes peroxidase, oxidase, and b2 as 
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the other reactant molecules. Hypothetical models of cytochrome c 

electron transfer complexes based on known crystallographic structures 

have disagreed on the possibility of electron tunneling (Salemme, 1976; 

Poulos and Kraut, 1980) with the latter study suggesting electron 

transfer through aromatic amino acids to the heme, also known as the 

Winfield mechanism (Takano et al., 1971). 

Interaction Domains 

Differing views have been expressed concerning the site of 

interaction of cytochrome c with cytochrome oxidase and reductase. The 

large body of chemical modification data previously mentioned indicates 

that only one site on the cytochrome c molecule is involved in electron 

transfer, that being the front surface at the heme crevice. Some of 

the photoaffinity binding studies have also led to this conclusion 

(Bisson et al., 1978, Broger, Nalecz and Azzi, 1980; Bisson, Jacobs and 

Capaldi, 1980), though other photoaffinity studies (Erecinska, 

Vanderkooi and Wilson, 1975; Erecinska, 1977, 1980; Waring et al., 1980) 

have suggested that there are two sites on the molecule for separate 

reactions with cytochrome oxidase and reductase. Immunological studies 

using cytochrome c specific antibodies have also resulted in differing 

views. Smith et al. (1973) showed that some antibodies completely 

inhibited the reaction of cytochrome c with its oxidase but only 

decreased the reaction with the reductase. Osheroff et al. (1979) 

prepared antibodies directed against certain regions of the molecule to 

demonstrate that both the oxidase and "reductase activities were equally 

affected. 
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Mechanisms of Cytochrome c Transport 

Interaction of cytochrome c with its physiological enzymes at 

only one site could be facilitated by two separate transport mechanisms. 

The first mechanism would involve diffusion across the membrane between 

the oxidase and reductase. The second one-site mechanism would require 

the dissociation of cytochrome c from one enzyme (depending on oxidation 

state) followed by diffusion in the intermembrane space. Association of 

cytochrome c with the other enzyme and electron transfer would then 

occur followed by the dissociation-association back to the first 

enzyme. If two sites of interaction exist on cytochrome c a mechanism 

requiring the close association of cytochrome oxidase and reductase can 

be postulated. In it the cytochrome c molecule would sit between the 

two enzymes interacting with both and serving as a "wire" for electron 

flow (Chance et al., 1968). These three transport mechanisms are 

illustrated in Figure 6. Further experimental evidence has accumulated 

favoring these various mechanisms and should be considered. 

The association-dissociation mode of transport has been the most 

extensively studied of the three mechanisms since high concentrations of 

cytochrome c and high ionic strengths have usually been employed in 

measurement of biological activity. Under these conditions, considered 

to be similar to that found in the cytosol surrounding the mitochondrion, 

most of the cytochrome c will be in solution. Cytochrome c, though, is 

found in the intermembrane space between the inner and outer mito

chondrial membranes, not in the cytosol. This may result in a lower 

ionic strength for this solution in comparison to the cytosol, thus 

more of the protein would be bound, especial:ly in view of the high 
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Figure 6. One- and Two-Site Interactions of Cytochrome c with Its 
Physiological Enzymes. 
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-6 affinity of the membrane for cytochrome c (~~10 M). Another indica-

tion that cytochrome c would be bound is the high concentration of 

cytochrome c expected in the intermembrane space if 50% of it were free 

in solution (0.25 roM, Erecinska et a1., 1975). Recently, intermembrane 

electron transfer has been observed between NADH-cytochrome c 

reductase on the outer membrane and cytochrome oxidase on the inner 

membrane (Bernardi and Azzone, 1981). Cytochrome c serves as the 

electron shuttle, but at a slow rate of transfer in comparison to the 

transfer between cytochrome reductase and oxidase. This mediated 

electron transfer occurred at high ionic strengths (0.125 M in KC1) 

which suggests physiological conditions similar to the cytosol or 

intracellular space. 

Numerous experimental results point to lateral diffusion on or 

in the membrane. The high mobility of phospholipids (Scande11a, 

Devaux and McConnell, 1972; Keough et a1., 1973) and low viscosity of 

the lipid bilayer (Feinstein, Fernandez and Sha'afi, 1975) point to a 

very fluid inner mitochondrial membrane. This suggests that the 

integral proteins may diffuse in the plane of the membrane and should 

be randomly oriented. This latter point has been shown to be correct 

(Wrigglesworth, Packer and Branton, 1970). The ability of integral 

proteins to diffuse was demonstrated by applying an electrophoretic 

force across a membrane and observing the integral proteins move to 

one end (Sowers and Hackenbrock, 1980). When the electrophoretic force 

was removed the proteins rapidly returned to a random orientation by 

lateral diffusion. Rapid lateral diffusion has been observed with 

thermotropic phase transition (Hoch1i and Hackenbrock, 1976) and on 
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addition of cytochrome oxidase specific antibodies (Hochl5. and 

Hackenbrock, 1979). An elaborate set of experiments by Hackenbrock and 

coworkers using a liposome-membrane fusion technique to enrich membranes 

in lipid (Schneider et al., 1980a) further illustrates the point. Inner 

membrane lipid enrichments of 30-700% were shown to increase the 

distance between integral proteins dramatically using freeze-fracture 

electron microscopy. The rate of electron transfer between the various 

redox proteins was also observed to decrease as the membrane was 

enriched with lipid (Schneider et al., 1980b). This further confirmed 

that each protein complex is structurally independent and freely dif

fusing. The rate of electron transfer between 'cytochrome reductase 

and oxidase was not found to decrease as rapidly as electron transfer 

between other protein complexes (Hackenbrock, 1981). One explanation 

is that the distance between the two proteins increases only slightly 

even though an "independent relationship" may exist. 

Hackenbrock (1981) has calculated that cytochrome c can diffuse 

a relatively large distance in the time period needed to transfer one 

electron from the reductase to the oxidase. Based on a diffusion 

coefficient of 1 X 10-8 cm2/sec (Lee, Birdsall and Metcalfe, 1973; 

Overfield and Wraight, 1980) for cytochrome c on a bilayer surface, a 

distance of 335, nm was calculated. Electron microscope studies 

(Miller-Hammon et al., 1975) of the inner mitochondrial membrane have 

shown the distance between cytochrome oxidase and reductase should not 

exceed this value, suggesting that the "round trip" is less than 100 nm. 

This large distance of diffusion for cytochrome c may partially explain 
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the slow decrease in the rate of biological activity bet.ween cytochrome 

oxidase and reductase observed in the liposome-membrane fusion experi-

ments (Schneider et al., 1980b). 

Another set of calculations has also shown that two-dimensional 

diffusion can account for the observed rate constants and equilibrium 

binding constant of cytochrome c with cytochrome oxidase (Roberts and 

Hess, 1977). These authors used a set of equations previously derived 

by Richter and Eigen (1974) to explain the increased reaction rate of 

substrates with membrane-bound enzymes. In this particular model 

(Richter and Eigen, 1974) a nonspecific interaction occurs between the 

substrate and the membrane followed by rapid two-dimensional diffusion 

toward the "target" enzyme. A similar situation is suggested with 

cytochrome c and the oxidase (Roberts and Hess, 1977). A dissociation 

rate constant (kdiss ) of the nonspecifically bound cytochrome c can be 

calculated from the diffusional distance and two-dimensional diffusion 

coefficient. A value very similar to that postulated by Nicholls and 

Chance (1974) was obtained. This postulated value fit experimental data 

under conditions in which the dissociation would occur fairly rapidly. 

An association rate constant (k ) was calculated at zero ionic strength on 

to be 4 X 1010M-ls-l . Experimental values for the reaction rate 

f h . h h a are around 107 M-ls-l 
constant 0 cytoc rome c W1t cytoc rome 

(Gibson et al., 1965; van Buuren et al., 1974) while the rate constant 

of complex formation is expected to be more rapid. An equilibrium 

binding constant can be calculated from kdi and k and was found ss on 

to be 2 X lO-7M, which is near the experimental value for the Michaelis 
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constant (K ) of 3.5 X 10 M (Roberts and Hess, 1977; Ferguson-Miller, m 

Brautigan, and Margoliash, 1976; Smith, Davies, and Nava, 1979). 

Further evidence for lateral diffusion and random displacement 

comes from the unusual stoichiometry found in the inner membrane of 

1:2:3:7:9 for Complexes I, II, III, IV, and cytochrome c, respectively 

(Hatefi and Galante, 1978) and the ability to isolate the various 

complexes after detergent treatment of the membrane (Hatefi et al., 

1979). Wohlrab (1970) has demonstrated that cytochrome c catalyzes the 

rapid equilibration of cytochrome oxidase molecules with one another. 
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Maybe one of the most convincing arguments has come with the observation 

that cytochrome oxidase rotates around the normal to the plane of the 

membrane with speeds under a millisecond (Kawato et al., 1980; Swanson, 

Quintanilha, and Thomas, 1980). This may lend support for rotational 

mobility (lateral diffusion) of other proteins. 

These results have not proven to be an insurmountable data 

base for lateral diffusion. In the same studies which demonstrated the 

rotational mobility of cytochrome oxidase a fraction was also observed 

to be relatively immobile. This immobile fraction consists of large 

protein aggregates, most likely complexed with other cytochrome 

oxidase molecules (Jost et al., 1973; Quintanilha, Swanson, and Thomas, 

1979). These immobile fractions displayed biological activity (Swanson 

et al., 1980), thus the rotational mobility of cytochrome oxidase may 

not be necessary for electron transfer from cytochrome c to oxygen. 

The presence of immobile cytochrome oxidase in the inner membrane has 

previously suggested (Hackenbrock and Hammon, 1975). Swanson et al. 
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(1980) observed that the phospholipid could also be immobilized or free, 

and that this observation was directly related to whether the protein 

was immobilized or free, not to the ratio of lipid to protein as pre

viously indicated (Jost et al., 1973; Jost, Nadakavukaren, and Griffith, 

1977; Marsh et al., 1978). This implies that the immediate environment 

around aggregated protein is viscous while that around the mobile 

protein is fluid. Other studies have indicated that densely packed 

protein in the inner membrane would result in high viscosity and little 

lateral diffusion (Sjostrand and Barajas, 1970; Sjostrand and Cassell 

1978). Ternary complexes between cytochrome c
l

' c, and aa3 have been 

suggested from steady-state kinetic measurements (Ferguson-Miller 

et al., 1976; Nicholls, 1976) lending support to the two-site mechanism. 

Interestingly, the chemical modification studies mentioned previously 

by Margo1iash and coworkers indicate a one-site mechanism. 

Kinetics 

The steady-state kinetics of cytochrome c with cytochrome 

oxidase have been studied quite extensively. An investigation by Smith 

and Conrad (1956) demonstrated several important facts; the reaction was 

apparently first order with respect to cytochrome c, it did not become 

saturated with cytochrome c, and the first order rate constant varied 

with total cytochrome c concentration. From the latter point and pre

viously observed anomalies, both oxidation states of cytochrome c were 

suggested to have an inhibitory effect on the enzyme. An active complex 

involving ferrocytochrome c and an inhibitory complex involving ferri

cytochrome c, based on equal binding of both to the oxidase, was 
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suggested by Minnaert (1961). First order kinetics were obeyed by the 

time course of the reaction when the inhibitor and Michaelis constants 

were equal (Yonetani and Ray, 1965). This further confirmed that 

ferricytochrome c could form a complex with cytochrome oxidase which was 

as strong as that of ferrocytochrome c. The question of the variability 

of the first order rate constant with cytochrome c concentration was 

unresolved. 

Errede, Haight and Kamen (1976) suggested two mechanisms of 

complex formation, both based on the binding of two cytochrome c 

molecules per cytochrome oxidase. These two mechanisms, extensions 

from Minnaert, are referred to as productive complex formation and non

productive ("dead-end") complex formation. In the former a reaction 

between one or two cytochrome c molecules and cytochrome oxidase results 

in a stable complex in which electron transfer can occur. The rate 

constant for the reaction is second-order and may be defined by the 

rate constant for complex formation under conditions where electron 

transfer occurs more readily than dissociation of the complex. In 

dead-end complex formation binding of cytochrome c occurs in such a 

manner that interaction with the electron transfer region of the 

molecule is unlikely. A transition-state intermediate is necessary for 

electron transfer. The measured rate constants are considered to be 

due to the rate constants for the electron transfer steps. 

Ferguson-Miller et a1. (1976) demonstrated that there was a 

good correlation between the kinetic and binding data of cytochrome c 

from several different species. This seems to enhance the probability 



that productive complex formation is actually occuring. These studies 

were performed at low ionic strength (.025M) and low concentrations of 

cytochrome c (.02-8].lM) which made it possible to observe the "high

affinity" reaction between cytochrome c and the oxidase. This 

"high-affinity" reaction, along with the previously known and studied 

"low-affinity" reaction, gave further credence to the supposition that 

two cytochromes c could bind per oxidase. This observation had not 

been made before due to the relatively high buffer concentrations 

(.1M) and high cytochrome c concentrations (~ 1].lM-150].lM) used in 

kinetic studies. Another important observation was the inhibition of 

the activity and binding of cytochrome c when anions of phosphate, ADP 

and ATP were added to the solution. Previously phosphate buffers had 

been used as the buffer system in kinetic measurements, and at con

centrations in excess of that needed to cause the disappearance of the 

high affinity site (Ferguson-Miller et al., 1976). Margalit and 

Schejter (1973b) had shown that phosphate binds to cytochrome c, thus 

it became necessary to use a "non-binding" buffer in kinetic studies. 

Lower ionic strengths may further be beneficial to study since the 

physiological ionic strength of the intermembrane space may be low as 

previously discussed. The biphasic reaction makes it necessary to 
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study the kinetics over a wide range of cytochrome c concentrations in 

obtaining the correct kinetic parameters for each affinity site. This 

necessitates the use of low concentrations of cytochrome c (~O.Ol].lM) 

which can not be adequately measured using spectrophotometric techniques. 

Polarographic (amperometric) measurement of the decrease in 02 
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concentration has been used with continuous recycling of cytochrome c 

to the reduced state by use of ascorbic acid and N,N,N',N'-tetramethyl

p-phenylenediamine (TMPD). At cytochrome c concentrations sufficient 

for accurate spectral determinations, 98% of the total cytochrome c 

was reduced during steady-state conditions (Ferguson-Miller et al., 

1976). Thus the reaction between TMPD and cytochrome c, even that 

bound to the oxidase, is not rate limiting at saturating concentrations 

of TMPD, but reflects the dissociation constant of the complex 

(Ferguson-Miller et al., 1978). 

The formation of especially reactive complexes was suggested due 

to the presence of oxidized cytochrome c in the complex during steady

state amperometric measurements (Smith et al., 1979). Multiple 

attachments might be necessary to properly align cytochrome c with the 

oxidase for maximal electron transfer, and could be affected to varying 

degrees by the experimental conditions. Smith et al. (1979) also 

pointed out that the rate constant of the high affinity reaction cannot 

be a measure of the dissociation constant of the complex since the 

reduction of cytochrome c in the complex is assumed to occur more 

rapidly than dissociation of the cytochrome c-cytochrome oxidase complex. 

Comparisons of purified oxidase and the oxidase contained in sub

mitochondrial particles (SMP) has indicated that the latter is 

substantially more likely to form this highly reactive complex with 

cytochrome c (Davies, Smith and Nava, 1981). This has been suggested 

to be due to the aggregation of purified oxidase in solution. 
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The steady-state kinetics between cytochrome reductase (Complex 

III) and cytochrome c have not been studied thoroughly. In almost every 

case the kinetics have been complicated by the presence of the NADH or 

succinate dehydrogenase complexes (Complex I and II, respectively) 

which serve as an initial source of reducing equivalents for cytochrome 

reductase. Smith, Davies and Nava (1974) observed a biphasic time 

course with the succinate-cytochrome reductase assay measured 

spectrally. The initial zero-order portion of the time course was 

thought to be due to a rate-limiting electron transfer step prior to 

reduction of cytochrome c by cytochrome c
1 

of complex III. The first

order portion which followed was ascribed to electron transfer with 

cytochrome c. As with studies on cytochrome oxidase (Smith and Conrad, 

1956), the calculated rate constants were observed to decrease with 

increasing cytochrome c concentration. 

Using amperometric 02 measurements and spectral methods 

Ferguson-Miller et a1. (1976) found a different rate constant from each 

of the assays. The rate constants from the amperometric method and 

spectral method were the same as those observed for the high and low 

affinity sites, respectively, from the cytochrome oxidase assay. This 

led to the suggestion that the same binding site on cytochrome oxidase 

is involved in both the oxidation and reduction reactions. 

Errede and Kamen (1978) used the NADH-cytochrome reductase assay 

in correlating the kinetic differences of cytochrome c from a variety of 

species with their mid-point potential and isoe1ectric point. The 

authors suggest that both the zero-order and first-order rates are 
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important in these comparisons since the zero-order will give some 

indication of what to expect from the first-order rate. In cases where 

the zero-order rate for other species of cytochrome c was <3% of the 

rate for horse cytochrome c the reaction times were too lengthy to 

measure the first-order rate. 

Cytochrome reductase was solely used by Speck et a1. (1979), 

while an analog of Coenzyme Q2 provided the reducing equivalent for the 

enzyme. This was done to eliminate the rate-limiting initial phase of 

the reaction when NADH or succinate dehydrogenase were used to 

indirectly reduce cytochrome reductase (Smith et a1., 1974; Errede and 

Kamen, 1978). The effect of ionic strength on the reaction of cyto-

chrome reductase with cytochrome c was studied (Speck et a1., 1979). 

The rate constant (K ) was found to increase by a factor of three over m 

a specified ionic strength range while the dissociation constant of the 

complex increased by approximately two orders of magnitude. This would 

indicate that Km and ~ are not equivalent, at least for this complex. 

Caution was suggested in applying these results since the highly 

purified enzyme was used which may not reflect its properties while 

membrane bound. 

Immobilized Cytochrome c 

Model systems which duplicate the ordered environment of cyto-

chrome c associated with the inner mitochondrial membrane have been 

synthesized by covalently attaching (immobilizing) the molecule to 

solid matrices. The effect that the surface has on the spectral, 

oxidation-reduction, and biological properties of cytochrome c are of 



prime importance. Changes in these properties from those of soluble 

cytochrome c may be correlated to the ordered environment resulting 

from interactions with the surface. The observed properties might 

reflect those of cytochrome c when it is "attached" to the membrane 

through electrostatic interactions. 

Previous Studies 
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The first two studies on immobilized cytochrome c were con

cerned with the conformation of the protein after attachment. Moore 

and Greenwood (1975) studied the temperature dependent changes on the 

695nm band of both soluble and immobilized ferricytochrome c. As 

mentioned earlier, the 695nm band has been shown to reflect the 

integrity of the methionine sulfur-heme iron bond, and thus the 

stability of the heme crevice. Immobilized ferricytochrome c was found 

to be less susceptible to heat denaturation than the soluble form, and 

this should reflect a smaller entropy change for the former. Other 

denaturants were studied by Greenwood and Moore (1976). The ionic 

strength of the solution did not affect the immobilized protein as much 

as the soluble while the effect was reversed on varying the urea con

centration. On addition of urea only one transition point was observed 

for the immobilized cytochrome c in comparison to three transitions for 

soluble. This was interpreted as a limited opening of the heme crevice 

in immobilized cytochrome c. A slight shift towards alkaline pH was 

observed in the pKs of immobilized cytochrome in comparison to soluble, 

possibly due to residual sulfate groups on the agarose support. This 

may have produced a lower pH at the support surface than in the 
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surrounding solution. Carboxymethylation studies seem to indicate that 

methionine-80, the sixth ligand of the heme iron, is not modified in the 

immobilized form as it is in the soluble protein. All these experi

mental lines seem to indicate a stabilization of the molecule upon 

covalent attachment. 

Colosimo, Brunori and Antonini (1976) found that the spectral 

properties of immobilized cytochrome c were essentially the same as that 

of the soluble molecule, at least in the region from about 600-450nm, 

though only a qualitative comparison was made. The redox potential was 

assumed to be similar to the native protein based on measurements of the 

equilibrium constant for electron exchange between the immobilized and 

soluble forms. Immobilized cytochrome c was observed to undergo a very 

slow oxidation reaction in the presence of cytochrome oxidase. Upon 

addition of catalytic amounts of soluble cytochrome c this rate 

increased and was correlated to the rate of electron transfer between 

immobilized and soluble protein. The rate obtained was more than two 

orders of magnitude below that of homonuclear electron transfer in solu

tion. These last results have led the authors to suggest that some 

restriction to the diffusion of soluble cytochrome c through the support 

is occurring. 

Steric hindrance between the approach of cytochrome oxidase to 

immobilized cytochrome c was the conclusion of Silvestrini, Colosimo 

et al. (1978), who extended the work of Colosimo, Brunori, and.Antonini 

(1976). Three types of cytochrome c were used in this study: soluble, 

immobilized, and resolubilized. The last was formed by enzymatic 
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digestion of the support material used to originally immobilize the 

protein. The resolubilized cytochrome c, which had a long carbohydrate 

moiety attached through only one lysine residue, was observed to have 

similar kinetic reaction rates with ascorbate, the ferro-ferricyanide 

couple, and oxygen in comparison to the soluble protein. The kinetics 

with cytochrome oxidase were quite different between these two 

molecules, and were explained as being due to chemical modification in 

the case of resolubilized cytochrome c. The difference in kinetics 

between immobilized and resolubilized cytochrome c with cytochrome 

oxidase indicated that chemical modification was not the major factor in 

the slow kinetics in the case of immobilized protein. This led to the 

conclusion of steric hindrance in the approach of cytochrome oxidase 

with the immobilized molecule. 

In another study Silvestrini, Martini, et al. (1978) investigated 

the possibility that certain lysine residues were involved in the 

covalent attachment of the Sephadex support material. After resolubili

zation of the support the cytochrome c molecule was cleaved with 

trypsin. The resulting polypeptide fragments were separated by chroma

tography and electrophoresis as had been done previously (Kreil and 

Tuppy, 1961; Tuppy and Kreil, 1962). Silvestrini and coworkers con

cluded that a random attachment orientation with respect to lysine 

residues had resulted. Unfortunately the one piece of experimental data 

presented did not verify this conclusion and further identification of 

specific peptide fragments was not done. 
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Effect of Chemical Modification 

Knowledge of the effects of chemical modification on cytochrome 

c is important when considering studies on the immobilized molecule. 

Two good reviews on this area have been compiled previously (Ferguson

Miller, Brautigan, and Margo1iash, 1979; Brautigan, Ferguson-Miller, 

and Margo1iash, 1978a), as well as the general review on chemical 

modification of proteins (Means and Feeney, 1971). Of particular 

importance are chemical modifications of lysine residues on cytochrome 

c since most commonly used immobilization procedures utilize the E-amino 

group of lysine for covalent linkage. The literature on lysine 

modification is too extensive to enumerate, and overlaps to some degree 

with that previously mentioned on the interaction domains of cyto

chrome c. Some general remarks can be made though, from this large 

amount of accumulated data: a) extensive or complete modification of 

the lysine residues has usually resulted in the loss or a substantial 

decrease in biological activity, a decrease in the oxidation-reduction 

potential, and a slight altering of the visible spectra in comparison 

to the native protein; b) lysine modifications in which approximately 

5 or less residues were actually derivatized have usually resulted in a 

substantial decrease of cytochrome reductase activity and occasionally 

a decrease in redox potential; c) modifications which result in the 

retention of the same charge on the residues do not produce effects as 

large as modifications which change the charge; d) modifications of 

certain specific residues can result in large biological activity 

changes, thus heterogeneous mixtures containing several different 
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singly-modified residues are often hard to interpret; and e) large 

modifying groups usually have a more pronounced effect than small 

groups. One major problem has arisen in the interpretation of the 

results from these chemical modification studies. In most studies only 

one or two of the major characteristics of cytochrome c, spectra, 

redox potential, and biological activity have been addressed resulting 

in many ambiguities, serving only to muddle the picture. Probably the 

least studied characteristic has been the redox potential, which in many 

cases might serve to clarify the results. Knowledge about the redox 

potential will help to distinguish between kinetic and thermodynamic 

effects. This lack of study has led to the suggestion that the redox 

potential should be reported as routinely as the presence or absence of 

the 695nm band (Dickerson and Timkovich, 1975). 

Some recent studies have looked at the effect of chemical modi

fication of cytochrome c in detail. Fully me1ey1ated cytochrome c was 

Qbserved to undergo drastic conformational changes based on spectro

scopic properties (Schejter, Zuckerman, and Aviram, 1979) while chemical 

reactivity indicated that the oxidized form was conformationally less 

stable than the reduced form after modification (Aviram and Schejter, 

1980). In a study of the progressive ma1ey1ation of cytochrome c the 

modification of up to 14 lysine residues did not affect the methionine

iron bond while circular dichroism showed minor conformational changes 

with 8 modifications (Aviram, Myer, and Schejter, 1981). Even more 

striking was the observation that the redox potential changed after only 

one modification and continued to decrease with increasing substitution. 



This further serves to indicate the importance of measuring the redox 

potential as a useful source of information. 

Effect of Immobilization on Kinetic Behavior 

Immobilization may also effect the kinetic behavior of the 

protein. These effects have been reviewed by Goldstein (1976) and 

placed into four classifications: conformational and steric effects, 

partitioning effects, microenvironmental effects, and diffusional or 

mass-transfer effects. Experimental results which have led to 

establishing these effects should be considered along with an expanded 

explanation of each. 

Conformational and Steric Effects 
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Conformational and steric effects have often been involved when 

a decrease in the specific activity of an enzyme has been observed upon 

immobilization to a solid support. A conformational change in the 

tertiary structure of the protein when immobilized could destabilize 

the protein, resulting in the observed decrease in activity. In several 

cases though, the covalent attachment of the protein to the support has 

resulted in a stabilization of enzymatic activity following treatments 

which would result in the denaturation of the soluble protein 

(Klibanov, Kaplan, and Kamen, 1980; Klibanov, 1979; Martinek et al., 

1977). If the protein is attached so that it is less accessible to 

other molecules which react with it then a steric limitation may be the 

cause. This effect can result from the immobilization of the protein in 

a region near or at its active site, attachment too close to the 
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support, or attachment in a manner which will not allow the reactant to 

get to the protein (molecular sieving). When high molecular weight 

reactants are observed to have a lower reactivity a steric limitation is 

usually the case. Conformational and steric effects are the least 

understood of the factors affecting kinetic behavior. 

Partitioning Effects 

An immobilized protein may participate in electrostatic and/or 

lipophilic interactions with the support and the coupling linkage, 

depending on the chemical nature of the support, linkage, and protein. 

These interactions can result in the formation of an environment around 

the immobilized protein which is different from that found in the bulk 

solution around it. Because of this difference, a partitioning effect 

may occur for small molecules between these two environments (phases). 

This was originally shown to exist in the electrostatic partitioning of 

H+ between a charged immobilized enzyme layer and the bulk solution 

(Goldstein, Levin, and Katcha1ski, 1964). More recently Kl.ibanov, 

Kaplan, and Kamen (1978) used this principle to stabilize the enzyme 

hydrogenase from deactivation with dissolved oxygen by immobilizing the 

enzyme to a highly charged support which effectively salted out the 

oxygen. 

Microenvironmenta1 Effects 

Since two different environments can exist between the bulk 

solution phase and the phase associated with the support surface, the 

reaction parameters of the enzyme, whether it should be free in 

solution or immobilized, may be modified by the chemical nature of the 



support. These microenvironmenta1 effects are often reflected in the 

concentration-dependence of the rate parameters. Johansson and 

Mosbach (1974) covalently immobilized the enzyme horse liver alcohol 

dehydrogenase to cross-linked copolymers of acry1amide and methy1-

acrylate of differing ratios. Upon increasing the hyftrophobic 

component of the copolymer, methy1acry1ate, the K' for the enzyme m 
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decreased by a factor of 4 when the more hydrophobic substrate n-butano1 

was used. In comparison the K' for ethanol was unaffected suggesting m 

that the hydrophobic support will preferentially adsorb the hydrophobic 

substrate as was verified by an independent measurement. 

Diffusional Effects 

The reactions of immobilized proteins can be substantially 

different from that of their soluble counterparts because the former 

reactions are heterogeneous rather than homogensous. The substrates 

which react with the protein must now move to a surface layer, intro-

ducing the probability of diffusion or mass-transport limited 

processes. A diffusiona11y limited reaction will obscure the measure-

ment of the intrinsic rate of the surface process. 

Diffusiona11y limited rates can result from external or internal 

resistances. External diffusion limitations result when the concentra-

tion of reactants is lower at the reaction surface than in the bulk 

solution. This will arise from the diffusion across a boundary layer 

between the bulk solution and the reaction surface, referred to as the 

unstirred or Nernst diffusion layer. Increased rates of flow of the 

reactants toward the immobilized protein surface may reduce but not 
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eliminate the external diffusion limitations. Internal diffusion 

limitations result when the reactants must be transported through a 

porous support matrix, such as Sepharose beads. The effects of these 

two types of diffusion limitations have been described in the past by 

deviations from linearized Michaelis-Menten kinetics for enzyme

substrate reactions (Horvath and Engasser, 1974; Goldstein, 1976). 

Methods are available which may result in a determination of external 

diffusion limitations to a protein immobilized to a solid surface. Shu 

and Wilson (1976) first studied the mass transport properties utilizing 

a rotating ring-disk electrode (RRDE) where an enzyme had been 

immobilized at the disk. These authors demonstrated that the detection 

of product at the disk was either dependent on the enzymatic rate of 

catalysis or on the external mass transport properties, which in turn 

was dependent on rotation speed. More recently, Kamin and Wilson (1980) 

have used a RRDE to demonstrate a superior sensitivity in determining 

the effects of external mass transport at a heterogeneous protein layer. 

Proposed Research 

Since two of the three proposed mechanisms of transfer of the 

electron between Cytochrome reductase and Cytochrome oxidase involve 

cytochrome c associated with the mitochondrial membrane, it becomes 

reasonable to assume that the properties observed for soluble cytochrome 

c may be different from the natural system. The mitochondrial membrane 

is essentially a surface of ordered environment so a system in which 

cytochrome c is associated (i.e. immobilized) at an ordered surface 



would serve as a useful model. The research will particularly be 

focussed towards the following areas: 

1. Immobilization of cytochrome c to supports by various procedures. 

This may provide some information about the attachment mechanisms 

for each procedure and development of optimal conditions. Ideally 

immobilization methods will be developed which would result in a high 

yield of attachment with retention of the biological activity of the 

molecule. These methods should also result in the formation of stable 

covalently bound protein. 

2. Characterization of the immobilized cytochrome c. 
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The immobilized protein will be characterized fully by evaluating 

the physical, chemical, and biochemical properties in an ordered 

environment. Where possible the spectra, oxidation-reduction potential, 

biological activity, and distribution of cytochrome c will be deter

mined and correlated to immobilization procedures and to support matrix. 

Several objectives will be addressed from these data: a) how do the 

immobilized cytochromes c compare with soluble cytochrome c based on 

several of the properties listed? b) Can chemically modified cyto

chrome c provide any insight into possible causes for changes in the 

properties of the immobilized protein? c) What effects on the 

properties, especially biological activity, can be correlated to the 

structure of the support matrix? and d) What information can be gained 

about the support matrix itself? 



3. Evaluation of the effect of external mass transport on the bio
logical activity of immobilized cytochrome c. 
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Using cytochrome c attached to a glassy carbon disk of the rotating 

disk electrode the dependence of biological activity with rotation 

speed will be studied. This should result in an optimization of the 

rate of catalysis which may provide a better indication of the kinetic 

rate parameters. In turn these kinetic parameters may suggest a dif-

ference between soluble cytochrome c and the ordered environment of the 

model system. A better understanding of the mechanism of transport 

might be obtained. 



EXPERIMENTAL 

Apparatus 

A specially designed glass cell was used in the measurement of 

midpoint potentials, as illustrated in Figure 7. The cell was made from 

lcm X lcm square Trubore tubing (Ace Glass Inc., Vineland, New Jersey) 

with a final length of 3.4 cm. One $ 10/18 outer joint was joined at the 

top, three $ 7/25 outer joints attached with two at the sides and one in 

front, and outer Luer joint (F) attached in front. The back surface of 

the cell was flat to facilitate proper positioning in the spectro

photometer cell holder. The reference (A) and auxiliary (B) electrodes 

were composed of silver wires cemented with epoxy into $ 7/25 and 

$ 10/18 inner joints, respectively. The wires were coated with AgCl as 

described by Wilson (1978) and inserted into sleeves containing a 

saturated solution of KCl/AgCl. The sleeve for the reference electrode 

was prepared from a piece of 3mm outside diameter glass tubing with a 

length of 4cm which had been heated and pulled to produce a fine curved 

capillary in a small region of the tubing. The tubing was then cut in 

the capillary region and plugged with a polyacrylamide salt bridge to 

prevent leakage of the internal filling solution. The sleeve was filled 

and gently fitted over the silver wire, being held in place by the tight 

fit over a small loop in the wire at the end of the joint, The sleeve 

for the counter electrode was that described by Earl (1981). 

The generating (C) and indicating (D) electrodes were prepared 

from platinum flags (5mm X l5mm) attached to platinum wire. The wire 
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Figure 7. Spectroelectrochemical Cell. -- Various parts are the 
reference (A), auxiliary (B), generating (C), and indicating 
(D) electrodes; Hamilton valve (E), and a Luer joint (F). 
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was sealed in $ 7/25 inner joints. The working electrode was carefully 

positioned in the cell so that the flag was close to the side of the 

cuvette, thus minimizing its effect on the light beam. The indicating 

electrode was blocked from the light beam by the cell holder, though it 

was positioned similarly. A Hamilton HV-l valve (Reno, Nevada), 

indicated by E in Figure 7, was inserted in the Luer joint. The other 

end of the valve was inserted in a Luer joint on a degassing chamber 

previously described by Ranweiler (1975). After degassing the sample 

the cell was filled through the Hamilton valve. Stirring in the cell 

was achieved with an O.Bcm X 1.Ocm spin fin (Markson Science Inc., 

Del Mar, California) which was inserted through the $ 10/18 joint at the 

top of the cell. 

The rotating disk electrodes used in studying the effects of 

diffusion on the biological activity of immobilized cytochrome care 

shown in Figure 8. The head of the electrode was machined from round 

nylon stock to a final diameter of 0.563 in. and a length of 1.5 in. 

Next a hole of 0.140 in. was drilled completely through the center of 

the head while at one end the hole was enlarged to allow it to be 

threaded with a 1/4"-28 tap to a depth of 0.5 in. At the other end a 

small piece of glassy carbon GC-30 (0.138 in. dia.) or GC-20 (0.130 in. 

dia.), Tokai Electrode Manufacturing Co., Tokyo, Japan, was glued in 

the hole with Super Glue (Ross Chemical Co., Detroit, Michigan). The 

shaft of the electrode was 0.25 in. diameter by 6.75 in. long brass rod 

which had the same threading as the head. The electrode could be used 

in the Model MSR rotator from Pine Instrument Co. (Grove City, 
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Figure 8. Rotating Disk Electrode -- Shroud was made from nylon with a 
glassy carbon (GC) electrode material glued in the end. 
Details given in text. 
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Pennsylvania) without modification. The MSR rotator has a variable 

rotation speed from 0-10,000 rpm. Electrical contact can be made 

between the glassy carbon disk and the brass shaft by filling the head 

of the electrode with mercury. The glassy carbon surface is polished by 

use of Crystal Bay crocus cloth (3M Co., St. Paul, Minnesota) and 

alumina powder (0.3 ~m) in that order. The electrode is finally 

cleaned with absolute ethanol followed by water. 

All spectrophotometric measurements were made using a Cary 219 

spectrophotometer (Varian Associates, Palo Alto, California) equipped 

with a water jacketed cell holder and magnetic stirrers. The Cary was 

interfaced to a Hewlett Packard (HP) 2100A computer for data acquisition 

(Earl, 1981). A Princeton Applied Research (Princeton, New Jersey) 

Model 173 potentiostat with a Model 176 current to voltage converter 

was used to apply a constant potential during midpoint potential 

measurements for electrochemical generation of the mediator titrants. 

A Hewlett Packard 3460B digital voltage meter was used to monitor the 

potential of the solution. 

The temperature of the various water-jacketed cells used was 

controlled by use of a Haake (Berlin, West Germany) FJ constant 

temperature bath and Nes1ab (Portsmouth, New Hampshire) Cryocoo1 

refrigeration unit. The latter was used only when the thermostated 

temperature was near room temperature. 

For the exclusion chromatography a Rabbit (Rainin Instrument, 

Co., Boston, Massachusetts) peristaltic pump was used to control the 

flow rate. An A1tex (Beckman Instruments Inc., Berkeley, California) 
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Model 153 UV detector with a cell volume of 100 ~l, was used to monitor 

the effluent at 254 nm. 

The oxygen cell used for biological activity measurements was 

made by Rank Brothers (Cambridge, England) and consisted of a glass 

thermostated cell connected to a plexiglass base which housed the 

platinum button cathode and annular silver anode. The potential was 

controlled by an "in-house" built potentiostat which has been pre

viously described (Brown, 1981). 

In preparation of submitochondrial particles a Waring (Dynamics 

Corp. of America, New Hartford, Connecticut) blender was used to 

homogenize the heart tissue and a Sorvall (DuPont Co" Wilmington, 

Delaware) RC2-B refrigerated centrifuge was used for the separation of 

the particles from supernatant. 

Radioactive counting of samples was done using either a Tracor 

Northern (Middleton, Wisconsin) TN-17l0 multichannel analyzer equipped 

with a 3" X 3" well-type NaI (Tl) scintillation detector or a Nuclear 

Chicago Model 4454 manual gamma counter with a model 8725 scaler and a 

2" X 2" well-type NaI (TI) detector (reconditioned by Westchem, San 

Diego, California). Autoradiography samples were sliced using an 

American Optical (Buffalo, New York) rotary microtome equipped with a 

steel knife blade. The autoradiograms were visualized and photographed 

using a Zeiss (Oberkochen, West Germany) Standard RA microscope equipped 

with a Polaroid (Cambridge, Massachusetts) Model 545 holder for 4" X 5" 

land film. 
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Materials 

All water used for experiments was distilled and then deionized 

by passing it through a Barnstead (Sybron Corp., Boston, Massachusetts) 

D8902 mixed bed ion exchanger. All reagents and buffers used were 

reagent grade and used without further purification unless stated 

otherwise. 

Horse heart cytochrome c (type III), lactoperoxidase 

(EC 1.11.1.7,58 units/mg), cyanogen bromide, N,N,N',N'-tetramethy1-p

phenylenediamine dihydroch1oride (TMPD), blue dextran (ave. MW = 

2,000,000), sodium ascorbate, methyl vio1ogen dichloride (MV), glycine, 

bovine serum albumin (BSA) , 1-ethyl-3 (3-dimethy1aminopropy1) 

carbodiimide hydrochloride (EDC) and cytochrome oxidase (EC 1.9.3.1, 

4.2 units/mg) were purchased from Sigma Chemical Co, (St. Louis, 

Missouri). The TMPD was purified by recrystallization from an acidic, 

85% ethanol solution. Cyanogen bromide was sublimed before use as the 

standard in the cyanate ester group determination. 

CNBr-activated Sepharose 6MB and Sephadex G-25 were obtained 

from Pharmacia (Uppsa1a, Sweden). Fisher Scientific (Fair Lawn, 

New Jersey) was the source of pyridine and cacodylic acid. Kodak 

(Rochester, New York) AR-lO autoradiographic stripping plates, and D-l9 

packaged developer, and Polaroid Type 55 Land film were used in various 

autoradiography steps. Potassium ferri- and ferrocyanide and phenyl

hydrazine hydrochloride were obtained from Mallinckrodt (St. Louis, 

Missouri). Sodium dithionite and copper sulfate w~re purchased from 

MCB (Matheson, Coleman and Bell, Cincinnati, Ohio). Aldrich Chemical 

Co." (Milwaukee, Wisconsin) was the source for barbituric acid and 
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4-viny1pyridine. 125 Sodium [ I] iodide (53mCi/m1, carrier free) was 

purchased from ICN (Chemical and Radioisotope Div., Irvine, California). 

Dowex 1-X8 from J. T. Baker Chemical Co. (Phillipsburg, New Jersey) was 

used during radioiodination of cytochrome c. Sodium deoxycholate came 

from Difco Laboratories (Detroit, Michigan). Paraplast (Lancer, 

St. Louis, Missouri) was used in preparing autoradiography casts. Triton 

X-IOO was purchased from Rohm & Haas (Philadelphia, Pennsylvania). 

Absolute ethanol was obtained from U.S. Industrial Chemical Co. (National 

Distillers and Chemical Corp., New York, New York). An 12R glovebag 

Model X-17-17 (Instruments for Research and Industry, Cheltenham, 

Pennsylvania) was used in preparation of coated electrodes. Tobacco 

mosaic virus (TMV) was a gift from Dr. Don Bourque. Keilin-Hartree sub-

mitochondrial particles (SMP) were prepared from a fresh beef heart 

(Jones Meat Packers, Tucson, Arizona) as listed in Procedures. 

Procedures 

Immobilization of Cytochrome c 

For covalent attachment of a protein to a surface several 

criteria must be met. The surface must have an available functional 

group which can be used for direct or indirect attachment of the protein 

or a suitable group must be easily introduced. In the case of indirect 

attachment the functional group must be activated easily by a lcross-

linking reagent. Finally the chemistry of the reaction must be such 

that the protein functional groups are utilized. 
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Sepharose 6MB. The CNBr-activated Sepharose 6MB beads were 

swelled in lmM HCl for two hours and then washed on a glass frit filter 

with the same solution. One gram of the filter-dried material was then 

added to Sml of the coupling buffer, O.1M NaHC0
3

/0.SM NaCl containing 

the desired concentration of cytochrome c. The solution with the beads 

was placed in a vial and sealed, then rotated end-over-end with a 

synchronous motor turning on a horizontal axis. The beads were washed 

on a glass frit filter with the coupling buffer alone at the end of the 

prescribed reaction time. A 1M glycine solution at pH 8.1 was then 

mixed with the beads in the same manner as above for 2 hours. The 

purpose of the glycine solution is to react with any excess activated 

surface groups so that they will not react later with other proteins. 

Final washing of the beads was accomplished by alternately using a 

O.1M acetate buffer (pH 4.1)/O.SM NaCl followed by O.1M borate buffer 

(pH 8.0)/O.SM NaC1 three times each. The cytochrome c immobilized on 

Sepharose 6MB was stored at SoC in a O.1M phosphate buffer (pH 7.1). 

Several parameters of the coupling reaction were varied such as pH, time, 

temperature and initial cytochrome c concentration. The values of these 

parameters and their effect on the amount of immobilized cytochrome c 

and the amount of reacted surface groups is given in the Results and 

Discussion section. The immobilization scheme is shown in Figure 9. 

Glassy Carbon/4-Vinylpyridine. Glassy carbon is a gas

impermeable form of carbon which exhibits a much lower oxidation rate 

at high temperatures than other types of carbons. This latter char

acteristic suggests a greater inertness to chemical attack while the 
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former indicates a lack of porosity. The ability to use this surface 

as a starting point for immobilization will have a smaller surface area 

than other forms of carbon which are porous. Nowak et al. (1978) 

demonstrated that olefinic reagents could be attached to the oxide-free 

surface of glassy carbon by a cycloaddition reaction originally proposed 

by Mazur, Matusinovic, and Cammann (1977). The glassy carbon electrode 

is placed in a glovebag filled with N2 • The glovebag is further purged 

of traces of 02 by passing several "glovebag" volumes through it. The 

electrode surface is then abraided for 5 minutes with a very fine 

polishing paper (Crocus Cloth) to remove the surface oxides. Immediately 

after abrasion the electrode is placed on a drop of 4-vinylpyridine for 

10 minutes after which it is inverted and left to polymerize for at 

least 4 hours, if not overnight. The excess 4-vinylpyridine is removed 

from the nylon portion of the electrode by careful cleaning with 

absolute ethanol. The electrode is dipped in a solution of CNBr/dioxane 

(0.4g/ml) for 5 minutes. After that it is placed in H20 for 20 minutes 

to hydrolyze the pyridine ring. Ring closure is accomplished by 

inserting the electrode into a solution containing an amine, in our case 

cytochrome c. After 30 minutes the electrode is washed off and rinsed 

in water for 15 minutes while rotating at 2500 rpm. The electrode is 

stored in 25mM cacodylate (Tris) buffer (pH 7.8) at 5°. The ring

opening reaction and insertation of an amine back into the ring was 

proposed by Pittner et al. (1980) for use in attachment of proteins to 

polymers containing pyridine function groups. The immobilization 

scheme is shown in Figure 10. It should be emphasized that a large 
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multilayer polymer of viny1pyridine is probably on the surface since the 

electrode is not prepared in the same manner as that used by Nowak 

et a1. (1978). Because of that the activation step shown in Figure 10 

will result in a heavily loaded surface. 

Glassy Carbon/Carbodiimide. Even though glassy carbon is 

relatively inert to chemical attack it can be oxidized under extreme 

conditions. Bourdi11on, Bourgeois and Thomas (1979,1980) have suggested 

a wet, electrochemical method for oxidation of the glassy carbon 

surface which will result in the formation of some carboxyl groups. 

Proteins can then be immobilized to the surface by use of a carbodiimide 

linking agent. 

The electrode is placed in a solution of 10% HN03/2.5% 

K2Cr207• A voltage of +2.24V versus Ag/AgC1 reference electrode is 

applied between the glassy carbon and reference electrode for 1 minute 

while rotating at 400 rpm. The electrode is washed in H20 for 20 

minutes at 2500 rpm to remove any traces of the oxidizing solution. 

The electrode is dried and inverted. One drop of 100 mg/m1 1-ethyl-3 

(3-dimethy1aminopropy1)-carbodiimide hydrochloride in H20 is placed on 

the glassy carbon surface. After 30 minutes the excess EDC is removed 

by rinsing the electrode in H20 at 2500 rpm for 10 minutes. One drop 

of 2.1 mg/m1 cytochrome c in H20 is placed on the inverted electrode. 

After approximately an hour a second drop is added and after another 

hour a drop of H20 is added. These solutions were added to keep the 

e1ectrode'from drying out. After a total of three hours the electrode 

is washed in H20 at 2500 rpm for 20 minutes to remove adsorbed protein. 



The electrode is stored in 25 mM cacodylate (Tris) buffer (pH 7.8) at 

5°. The immobilization scheme is outlined in Figure 11. Since the 

excess carbodiimide is removed prior to addition of cytochrome c the 

amount of interprotein crosslinking should be minimal. This should 

ideally result in a monolayer coverage. 

Determination of Activated Groups 
on Sepharose 6MB 
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The spectrophotometric determination of cyanate ester groups on 

Sepharose 6MB was performed using the procedure of Kohn and Wilchek 

(1978) with slight modifications as listed below. When lOOml of the 

reagent was prepared, 80ml of pyridine was slowly added to l6ml of 

concentrated HCl with stirring. Barbituric acid (O.5g) was dissolved 

in lml of H20 and then added to the pyridine/HCl solution while still 

hot with stirring. This step aids in the quick dissolution of 

barbituric acid in pyridine. The solution was then diluted to lOOml 

with H20. The CNBr standard solution was prepared by weighing out O.lg 

into a sealed 2ml volumetric tube and was then dissolved in aceto-

nitrile. (Care should be used with CNBr since it is a lachrymator. 

It should be added to the tube in a fume hood and be weighed in a 

sealed tube.) A calibration curve was prepared using 1-25m1 of the 

CNBr standard solution to cover the range of O.1-2.5~M CNBr. Kohn and 

Wilchek (1981) have suggested that side reactions may occur between 

CNBr and pyridi~e resulting in a low estimate of the molar absorptivity. 

In succession 5.0Oml of the barbituric acid/pyridine reagent was added 

to the stoppered tubes followed by incubation in a water ~ath at 
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40±0.2°C for 15 minutes. A small stirbar was placed in the tubes to 

facilitate mixing. After the incubation period the contents of the 

tube were diluted to a volume of 10Om1 and the absorbance was measured 

at 582nm. The absorbance maxima have been reported to be at 575nm 

(Kohn and Wi1chek, 1978) and 588nm (Kohn and Wi1chek, 1981). For 

samples of vacuum-dried beads approximately 20-6Omg were used depending 

on the degree of activation. The reagent was added and the solution 

was incubated. Before dilution the beads were separated from the solu-

tion on a glass-fritted filter followed by washing with H20 to remove 

as much of the chromophore as possible. All measurements were made in 

triplicate. The reaction scheme is shown in Figure 12. 

Determination of Immobilized Cytochrome c 

The concentration of cytochrome c attached to the Sepharose 

beads was determined by the pyridine hemochrome method (Falk, 1964) or 

from the visible spectrum of cytochrome c. 

In the pyridine hemochrome procedure approximately 50mg of 

vacuum-dried beads were suspended in 2.0Om1 of 0.1M phosphate buffer 

(pH 7.0-7.5) in a cuvette containing a spin fin. To this was added 

0.5m1 of pyridine. The mixture was left to stand for 15 minutes after 

mixing. After this 0.25ml of 1M NaOH and 0.05m1 of freshly prepared 

-3 3 X 10 M K
3
Fe(CN)6 was added. The oxidized spectrum was recorded 

from 600-450nm while stirring. A few grains of Na2S204 were added to 

reduce the mixture and the spectrum was recorded again. From the 

llA550 of the reduced minus oxidized the concentration could be calculated 
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3 -1 -1 
using ~£550 = 20.7 X 10 M cm and was expressed as moles of 

cytochrome c per gram of support. 

In the procedure utilizing the visible spectrum the beads were 

reduced with Na2S204 in a glass-fritted funnel when extensively washed 

with H20 and vacuum-dried. Approximately 60-15Omg of beads were 

suspended in 3.0Om1 of 20mM phosphate buffer (pH 7.0). The reduced 

spectrum was recorded from 600-500rum while stirring. A few crystals 

of K3Fe(CN)6 were added to oxidize the sample, then the oxidized 

spectrum was recorded. From the ~550 of the reduced minus oxidized 

3 -1 -1 
and the ~£550 = 1B.7 X 10 M cm (Margo1iash and Frohwirt, 1959) the 

concentration was calculated expressing the results in moles/g. 

The amount of cytochrome c attached to electrode surfaces was 

measured by immobilizing radio iodinated cytochrome c (method of prepara-

tion described later) and counting its gamma peak by scintillation 

spectrometry. The electrode head was covered with Parafilm at the 

electrode surface after preparation and then counted using Na
125r 

125 
standards as the reference for determining the amount of I present. 

Using a conversion factor based on the moles of cytochrome c per mole 

of 125r which was previously calculated for radioiodinated cytochrome c, 

125 the conversion from I to cytochrome c present could be made. 

Measurement of Oxidation-Reduction Potentials 

The redox potentials of Sepharose 6MB immobilized cytochrome c 

were determined by spectroe1ectrochemistry using the glass cell (Fig. 7) 

described in the Apparatus section. Two mediators, methyl vio1ogen 

2+ (MV ) and K4Fe(CN)6 were used to change the ratio of oxidized to 
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reduced cytochrome c in the solution, thus in effect titrating the 

cytochrome between its two oxidation states. Since the heterogeneous 

electron transfer rate is low for cytochrome c at most electrodes, 

mediators are added which can readily transfer electrons with the 

electrode and can homogeneously transfer electrons to cytochrome c. At 

the various ratios of oxidized to reduced cytochrome c, the potential 

and the spectra of the solution were recorded. From these data a 

Nernst plot could be made as described by Ranweiler (1975), which will 

result in the determination of the mid-point potential. 

The r~dox solution contained approximately 2mg each of methyl 

viologen and K4Fe(CN)6' O.lOmI of O.L~ phosphate buffer (pH 7.0), 

1.0OmI of O.5M NaCI, and enough immobilized cytochrome c to make the 

final solution 10-40~M in cytochrome c. This was diluted to 5.0ml then 

quantitatively transferred to the degassing chamber. After attachment 

of the cell to the degassing chamber both were deoxygenated by quickly 

cycling between vacuum and N2 about 20 times. The Hamilton valve was 

then closed so that the solution in the chamber could be efficiently 

degassed. Again the chamber was cycled between vacuum and N2 a total 

of 3 times with each cycle lasting about 10 minutes, The solution was 

transferred to the cell by applying a N2 back pressure into the 

evacuated cell. The composition of the solution was changed by applying 

a potential of +300 or -630 mV from the PAR potentiostat to produce more 

oxidized or reduced cytochrome c, respectively. Methyl viologen served 

as the reductant while ferrocyanide was the oxidant. After reduction 

or oxidation the solution was stirred until a stable measured potential 
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was reached. This often took several minutes since the mediators had to 

equilibrate with each other, cytochrome c and the measuring electrode. 

The spectra was recorded three times at each measured potential for 

averaging later since noise was introduced by stirring and scattering 

effects. The spectral range recorded was 600-450nm. All spectra were 

collected and analyzed using two HP 2l00A computers as described by 

Earl (1981). The spectra did not have to be corrected for absorbance 

due to the mediator since neither mediator absorbs significantly in the 

spectral region used. Measurements were made in the thermostated cell 

holder at 25±0.5°C. Before and after each potentiometric titration the 

potential of the reference electrode was measured against a thermostated 

saturated calomel electrode (SCE), providing some measure of the preci-

sion of the measurement. The SCE was standardized as described by 

Earl (1981). 

Preparation of Keilin-Hartree 
Submitochondrial Particles 

As stated in the Introduction, submitochondrial particles were 

used in the measurement of biological activity since they are 

essentially fragments of the mitochondrial membrane, thus containing 

cytochrome oxidase and reductase but largely deficient in cytochrome c. 

This provides both physiological reactants in one preparation. 

The submitochondrial particles (SMP) were prepared as described 

by King (1967) with some changes. The bovine heart was obtained fresh 

and transported on ice to the lab. The heart was trimmed of fat and 

connective membranes, cut into smaller pieces, and ground on a coarse 
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setting in a meat grinder in a cold room. The mince was rinsed for 

three or four 20 minute cycles in 4 liters of cold H20 with an overhead 

mechanical stirrer to facilitate mixing. Between each rinse the mince 

was filtered in cheesecloth and squeezed dry by hand. Fresh H20 was 

added for each rinse. The mince was next rinsed for three or four 

20 minute cycles in 4 1 of cold 0.1M phosphate buffer (pH 7) with 

overhead stirring. Again after each rinse the mince was filtered and 

squeezed dry, using fresh buffer for the next rinse. These steps 

result in the removal of cytochrome c leaving the mince tan in color 

after beginning as a dark red material. 

The mince is homogenized in a blender using a minimal volume of 

phosphate buffer. This homogenized material was ground in a mortar and 

pestle with fine, acid-washed sand for 90 minutes. This mixture was 

centrifuged for 30 minutes at 4300g after which the supernatant was 

decanted and recentrifuged at 39,000g for 90 minutes. The resulting 

supernatant was discarded while the pellet was resuspended in a minimal 

volume of 0.15 M phosphate-borate buffer (pH 7.8) using an homogenizer. 

The SMP were stored at 5°C. The oxidase activity is fairly stable for 

several months but the reductase activity is lost in less than a month. 

The oxidase can further be stabilized by mixing with an equal volume of 

glycerol and storing at -20°C. 

Protein Determination and Quantitative 
Measurement of Cytochromes in SMP 

The amount of protein in the SMP was determined by the biuret 

method according to Gornall, Bardawill and David (1949) using bovine 



62 

albumin serum (BSA) as the standard. The biuret reagent was prepared 

by dissolving 0.15g of CUS0
4 

.5H20 and 0.60g of NaKC
4

H406 .4H20 in 

50ml of H20. To this was added 30ml of a 10% NaOH solution, made from 

carbonate free NaOH, and then diluted to 10Oml. If a black or red 

precipitate forms, the solution should be discarded. The SMP is 

solubilized by adding O.lml to 0.2ml of a 5% deoxycholate solution. 

After mixing let the solution stand for 10 minutes. Next add 3.00ml of 

the biuret reagent and measure the absorbance at 540nm. A blank can be 

determined by using O.lml of H20 instead of SMP. BSA solutions ranging 

from l-5Omg/ml are sufficient to establish a calibration curve. 

The quantitative measurement of cytochromes in SMP followed the 

procedure of Williams (1964) except that volumes of all solutions were 

doubled and 5% deoxycholate was used instead of 20% deoxycholate. 

Analysis of data is also as listed. Values obtained are listed in 

Table 1. 

Biological Activity Measurements 

Cytochrome Oxidase. The biological activity of immobilized 

cytochrome c with bovine cytochrome oxidase was measured amperometrically 

using the oxygen cell described in the Apparatus section. 

A procedure similar to that of Ferguson-Miller et al. (1976) and 

Smith et al. (1979) was used. The buffer consisted of 25mM cacodylate 

(Tris) buffer (pH 7.8) with 7mM sodium ascorbate and 0.7mM TMPD. A 

2.0ml volume of this buffer was pipetted into the thermostated 
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Table 1. Cytochrome Concentrations in Keilin-Hartree Submitochondrial 
Particle Preparations. 

Average * Range * Reported** 
Cytochrome (nmo1es/mg) (nmo1es/mg) (nmo1es/mg) 

a 0.612 .835 .515 0.6 

b 0.506 .522 - .493 0.5 

c1 0.094 .121 - .041 0.24 

c 0.107 .126 - .085 0.15 

* Based on five different SMP preparations. 

** Values given by Ferguson-Miller et a1. (1976). 
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(25±0.5°C) oxygen cell. To this was added a volume of SMP to make the 

final cytochrome oxidase concentration 0.027~M. The plastic top to the 

cell was put on so that air was excluded from the cell. The background 

rate, due to the presence of some cytochrome c in the SMP and impurities 

in the buffer, was followed for several minutes. The top was then 

removed and cytochrome c was added to bring its final concentration to 

between 0.002 and 8.3~M. The top was carefully put on again and the 

final rate was followed for several minutes. The solution was removed 

from the cell by aspiration and the cell and cap were rinsed with 0.1M 

phosphate buffer (pH 7.0) to remove cytochrome c adhering to the glass 

when soluble cytochrome c was used. After this the cell was rinsed 

with water 3 times before further use. 

When Sepharose immobilized cytochrome c was tested the beads 

were removed by aspiration but collected by a filter placed in the line. 

The immobilized cytochrome c electrodes were designed to fit into the 

oxygen cell and serve as the top. Care had to be taken on inserting 

the electrode so that air was not trapped. Background rates were 

measured with the top on while final rates were measured with the 

electrode in. 

In all cases the background rate was subtracted from the final 

rate. This corrected rate, in volts/min, was converted to nmo1es 

02/min using a calibration factor calculated using the procedure of 

Misra and Fridovich (1976). The converted values were plotted in the 

Eadie-Hofstee style suggested by Ferguson-Miller et a1. (1976) where 

possible. 
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Cytochrome Reductase. Various procedures as reviewed in the 

Introduction have been suggested for the measurement of the biological 

activity of cytochrome c with the reductase. All appear to have weak 

points in the assay procedure or in the cytochrome reductase preparation 

used. Since cytochrome c immobilized to electrode surfaces can not be 

monitored spectrally, the amperometric 02 detection method (Ferguson

Miller et a1., 1976) was uses as a uniform measurement of cytochrome 

reductase activity with both the Sepharose 6MB and electrode immobilized 

cytochromes c. The cytochrome reductase reaction is rate-limiting in 

this coupled assay with cytochrome oxidase. A volume of 2.0m1 was 

used in the oxygen cell with a buffer of 25mM cacodylate-tris (pH 7.8) 

and 20mM sodium succinate. The background rate was measured for several 

minutes after addition of SMP to a final cytochrome b concentration of 

0.072~M. The Sepharose 6MB immobilized cytochrome c was washed and 

dried on a glass-fritted funnel. Approximately 3-700 mg of Sepharose 

6MB were used in the assay depending on the loading of cytochrome c on 

the support. After addition of the beads the rate was measured for 

several minutes. The beads were collected by suction in a trap for 

further use. When cytochrome c immobilized to an electrode was 

measured, the electrode was carefully lowered into the cell so that no 

air was trapped under the bottom surface of the electrode. The steady

state rate of 02 consumption was measured for several minutes. Initial 

rates for the reaction were calculated from the steady-state rate minus 

the background rate in the same manner as those for the cytochrome 

oxidase assay. 



Preparation of Radioiodinated Cytochrome c 

Radioactively labeled cytochrome c was prepared by use of 

125 Na I in a manner similar to that of Osheroff et a1, (1977). The 

iodide solution was prepared from 400~1 of lomM KI and 70~1 of 25 M 

Na[125I ] (53mCi/m1). The iodide solution was added to a solution of 

cytochrome c and lactoperoxidase in 50~1 a1iquots every 2 minutes 

instead of maintaining the iodide concentration constant by potentio-

metric titration. Hydrogen peroxide (2omM) was added in 50~1 a1iquots 

every 2 minutes to catalyze the reaction in which lactoperoxidase 

produced I2 from the reduction of hydrogen peroxide to water. The 

reaction was terminated after six hours by separation of cytochrome c 

from excess iodide using a Dowex 1-X8 anion exchange column (2.2cm dia 

by 10.8cm high) in the acetate form at pH 7.4. 

Stability of the Cytochrome c-Sepharose Bond 

The isourea bond formed between CNBr-activated Sepharose or 

Sephadex and protein has been shown to be susceptible to nucleophilic 

attack (Schnapp and Sha1itin, 1976). The rate of hydrolysis of this 

bond may vary with the solution conditions (Wi1chek, Oka, and Topper, 

1975; Lasch and Koelsch, 1978). The instability of this bond could 

adversely effect the biological activity measurements if sufficient 
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amounts of cytochrome c are leached from the support and become free in 

solution. Thus it is necessary to establish how much soluble 

cytochrome c can be obtained by this route. 

During one coupling experiment the amount of adsorbed protein 

and/or covalently attached protein which could be removed by washing 



was followed with radioiodinated cytochrome c. It was attached to 

Sepharose 6MB in the usual manner at 23°C for two hours at three 

different initial protein concentrations. After attachment the beads 

were washed in the normal manner. A glycine solution was added to 
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react with excess surface groups overnight. The final three rinses with 

acetate buffer and three rinses with borate buffer were done by washing 

the beads 10 times with only 10 ml of buffer on each rinse instead of 

the normal 100ml used for each rinse. This was done to duplicate the 

rinse buffer volume but concentrate the amount of ~rotein in the wash 

solution. The radioactivity was then measured for a determination of 

soluble labelled cytochrome c. 

Distribution of Cytochrome c 

Sepharose 6MB is a highly porous polysacharride bead. Because 

of this high porosity it is very likely that cytochrome c will be 

distributed throughout the bead matrix upon immobilization. This dis

tribution effect may provide further information about the ability of 

the molecule to function properly. Probably the two extremes in 

distribution have been shown to be a "shell-like" distribution at the 

edge (David, Chino, and Reisfeld, 1974) or a uniform distribution 

throughout (Lasch et al., 1975). 

To study the distribution in Sepharose 6MB radioiodinated cyto

chrome c was immobilized as previously described. After immobilization 

the beads were dehydrated by successively using ethanol-water solutions 

of increasing ethanol composition (25:75, 50:50, 75:25) ending with 

absolute ethanol. Each step lasted about 10-15 minutes. Dehydration 
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was continued by successively using xylene-ethanol solutions with 

increasing xylene concentration (35:65, 60:40) ending with 100% xylene. 

Again a treatment of 10-15 minutes was used for the last which was 

about 8-10 hours. The beads were next added to hot Parap1ast and cast 

in square molds made from aluminum foil. After cooling, the cast was 

sliced using a rotary microtome to a thickness of 15~m. The sections 

were mounted on clean slides (10%K2Cr207/8.79% H2S04 used in cleaning) 

which had been coated with a thin layer of 1% BSA (w/v). After setting 

overnight at 40°C to allow the sections to expand, the slides were 

dewaxed in xylene. Bead sections were rehydrated in ethanol and H20. 

Some of the bead sections will become dislodged by this treatment. 

The slides were coated with Kodak AR-10 stripping film in the 

following manner. A large glass cooking dish was filled with 1 liter 

of 2% sucrose/0.001% KBr solution prepared from a 20% sucrose/0.01% KBr 

stock solution. ~{hi1e in a darkroom the glass stripping plates were 

removed from the package. Using a sharp knife the stripping film was 

cut to dimensions allowing it to fit over the sample on the slide. The 

corner of the cut piece closest to the center of the film was lifted 

from the glass plate with the knife and grasped with forceps. In the 

same motion the film piece was gently pulled off the glass plate and 

placed face down on the surface of the water. The film was allowed to 

expand for about 4-5 minutes. The slide was placed in the water and 

raised underneath the film. When the slide is held at about a 30° 

angle from horizontal the film will be picked up easily, draining the 

water off as the slide is covered. Afterwards the slide is allowed to 



69 

dry in air, then placed in a light-tight box for exposure. This process 

also allows the emulsion on the film to come into direct contact with 

the sample. Exposure time will vary wi~h the amount of radioactivity 

incorporated into the sample. An exposure time of three weeks was 

suitable for samples with approximately 10~Ci/g of beads (dry). The 

film was developed in Kodak D-19 for 10 minutes followed by a 1 minute 

H20 wash, 5 minute fixation in Kodak F-24, and a 5 minute H20 wash. 

Slides were dried in air. The autoradiograms were visualized and 

photographed using the Zeiss microscope previously listed. A shutter 

speed of 1 sec was used. All steps, except those using the microscope, 

were performed in a darkroom under a safelamp fitted with a Safelight 

Filter 'Wratten' Series 1 (red). 

Exclusion Chromatogarphy 

Exclusion chromatography with Sepharose 6MB provj.des a quick and 

simple method for determining the ability of SMP to penetrate the 

Sepharose pores. If penetration is observed then the SMP should be able 

to react with immobilized cytochrome c whether it is located on the 

outside surface or in the pores of the beads. 

A glass column was packed with Sepharose 6MB containing 

-8 1.3 X 10 moles of cytochrome c per gram of bead. The column had a 

porous glass frit at the bottom. The column effluent was passed through 

a UV detector (254nm) and on to a peristaltic pump which controlled the 

flow rate at O.08-0.09ml/min. 

(0.57cm dia X 11.2cm height). 

3 The final column bed volume was 2.86cm 

An elution solvent of 1M KCI was chosen 

since it had previously been shown to elute SMP from an affinity 
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chromatography column of Sepharose-Cytochrome c (Godinot and Gautheron, 

1979). This solvent should prevent electrostatic interaction between 

the immobilized cytochrome c and various components of SMP or resol-

ubilized cytochrome(oxidase. 

Blue dextran, SMP, tobacco mosaic virus (TMV), and resolubilized 

cytochrome oxidase were individually applied to the column for 

exclusion limit determinations. Protein concentrations were: SMP, 

4.4mg/ml; TMV, lmg/ml; and cytochrome oxidase, 1.5mg/ml. The cytochrome 

oxidase was resolubilized in a D.1M phosphate buffer (pH 7.4)/1% 

Triton X-lOO. A 100~1 aliquot of the proteins was applied while 10 ~l. 

of blue dextran was sufficient for UV detection. The elution volume for 

each component was calculated based on the elution time and flow rate. 

TMV was used as a source protein which could not enter the pores of the 

7 beads since it has a large molecular weight (4 X 10 ) and size (lBnm 

dia X 3DOnm long). 

Measurement of Bead Diameters 

The diameter of Sepharose 6MB beads was determined experimentally 

for both the dehydrated and hydrated beads. Bead diameters were 

measured for a large group of beads using the Zeiss microscope with a 

calibrated eyepiece (± l~m). 



RESULTS AND DISCUSSION 

Sepharose 6MB Immobilized Cytochrome c 

. Immobilization Conditions 

The effect of the immobilization conditions upon the attachment 

of cytochrome c to the support may be studied by two independent methods: 

the measurement of reactive surface groups and the determination of the 

amount of immobilized cytochrome, both as described in the Experimental 

section. These two methods should provide a complementary description 

of the immobilization reaction. 

Several conditions could be expected to affect the reaction, but 

the initial concentration of cytochrome c in the coupling buffer and the 

length of coupling time were expected to cause the largest changes. 

Other factors include the temperature, pH, and initial number of cyanate 

ester groups. The two conditions mentioned first were studied 

thoroughly at coupling times of 10, 20, 60, 120, and 240 minutes, and at 

initial cytochrome c concentrations of 0.082, 0.409, 0.832, 3.38, and 

7.80 ~mo1es of cytochrome c per gram of support. 

A study of the effect of coupling time on the reaction of 

surface groups at the five different initial cytochrome c concentrations 

was performed. A family of curves shown in Figure 13 illustrate that 

the number of reacted surface groups increases with the coupling time 

at each initial concentration used. 
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Figure 13. The Effect of Coupling Reaction Time on the Reacted Surface 
Groups -- The coupling reaction was performed in 0.1 M 
NaHC03/0.5 M NaCl at 21°C for the specified times. The 
initial amounts of cytochrome c added were 0.0 (X), 
0.082 (0), 0.409 ([J), 0.832 (<», 3.38 (\7), and 7.80 (~) 
~moles per gram of support. Solution pH was 8.2. Data 
are not corrected for hydrolysis. 
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The observed results may be in part or wholly due to the 

hydrolysis of surface groups. This loss due to hydrolysis has been pre

viously reported by the manufacturer (Pharmacia, 1976) to have a 

half-life of four hours at pH 8.3. This is substantiated by the large 

increase in reacted surface groups within the first 30 minutes of the 

coupling reaction. The effect of the coupling buffer, 0.1 M NaHC0
3

/ 

0.5 M NaC1 (pH 8.2), on the surface groups was studied and is also shown 

in Figure 13. The trend displayed by the coupling buffer alone further 

confirms that the major surface reaction occurring during the coupling 

procedure is the hydrolysis of surface groups and not the covalent 

attachment of cytochrome c. The hydrolysis reaction is very rapid in 

the coupling buffer. Kohn and Wi1chek (1981) have recently reported 

similar results on the hydrolysis of cyanate esters as a function of pH. 

The number of surface groups required to covalently attach each molecule 

of cytochrome c to the surface is far less than the total amount 

available. The calculations in Appendix A indicate that less than 6% 

of the surface groups would probably react with cytochrome c even at the 

highest initial concentrations. 

Correction of the data for the effect of hydrolysis should 

provide some indication of the number of surface groups which react 

with cytochrome c alone. The corrected data appear to follow first

order rate laws with respect to the amount of reacted cyanate ester 

groups (Table 2 and Figure 14). 

When the effect of the coupling time on the amount of immobil

ized cytochrome c was investigated under the same conditions, the set 



Table 2. First-Order Kinetics of Surface Groups with Cytochrome a c. 

Natural Logarithm of Reacted Surface GrouEs 

Time (min) 0.49c 0.832 3.38 7.80 

10 3.03 2.96 3.34 3.10 

20 2.34 2.40 2.56 2.87 

60 2.28 2.57 2.71 2.43 

120 0.47 0.88 1.44 1.36 

240 d d 0.095 0.34 

b 

slope e 
-.0209 -.0167 -.0132 -.0121 

Y-intercept 3.126 3.081 3.218 3.107 

Cor. Coef. -.952 -.916 -.974 -.989 

Half-life (min) 46.0 56.5 74.8 79.0 

a Reaction conditions were the same as given in Figure 13. 

b Reacted surface groups were corrected for hydrolysis. 

c Samples with initial cytochrome c concentrations (~mo1es/g) 
given. 

d Values for reacted surface groups were less than zero after 
correction for hydrolysis. 

e All values obtained by Least Squares analysis. 
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Figure 14. First Order Kinetics of Reacted Surface Groups -- Reacted 
surface groups have been corrected for hydrolysis prior 
to plotting. Initial cytochrome c concentrations 
(llmo1es/g of support were: 0.409, : 0.832, __ 
3.38,_. __ ; and 7.80, ___ • 
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of curves shown in Figure 15 was obtained. In general this indicates 

that the covalent attachment of cytochrome c is complete in 10 minutes 

over an initial concentration range covering two orders of magnitude. 

The coupling reaction is independent of time, at least in the range 

studied, providing further evidence that the hydrolysis reaction is 
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the major reaction occurring in the coupling solution. This also 

suggests that the diffusion of cytochrome c into the pores of the support 

matrix occurs fairly rapidly and in an unhindered manner since the 

amount of immobilized cytochrome c exceeds that which could be co

valently attached on the outside surface, as shown in Appendix A. If 

the diffusion of cytochrome c into the support matrix is rapid, a 

uniform distribution of the protein through the bead may be expected. 

This point will be addressed more fully under the Distribution of 

Cytochrome c subsection later. 

An increase in the initial cytochrome c concentration was found 

to result in a concomitant increase in the amount of immobilized 

protein as illustrated in Figure 16. At initial cytochrome c concentra

tions <3 ~moles/gram, the Sepharose matrix appears to be saturated with 

respect to the amount of cytochrome c which can be immobilized. This 

saturation level is time independent as indicated by the curves. In 

view of the total surface area calculated in Appendix A, it appears 

that all the surfaces are not completely covered with cytochrome c. 

Since the pores of Sepharose are probably irregular channels the 

available surface area may be substantially smaller. This may in turn 

result in a saturation of the Sepharose beads. The efficiency of 



Figure 15. The Effect of Coupling Reaction Time on the Amount of 
Immobilized Cytochrome c -- Conditions and initial 
amounts of cytochrome c same as Figure 13. 
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Figure 16. The Effect of the Initial Cytochrome c Concentration on 
the Amount of Immobilized Cytochrome c -- The coupling 
reaction was performed in 0.1 M NaHC03/0.5 M NaCl at 21°C 
for reaction times of 10 «», 20 (el), 60 (<», 120 (\r), 
and 240 (~) minutes. Solution pH was 8.2. 
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attachment can also be determined from Figure 16. Here it ranges from 

9% at the highest initial concentration up to 85% at the lowest. The 

low attachment efficiency at higher initial concentrations may reflect 

the limiting value for cytochrome c attachment. 
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The influence of the coupling temperature on the coupling 

reaction was also examined. In the two previous sets of experiments 

the coupling temperature was 21°C, while here the coupling reaction 

occurred at 8°C. Since the coupling time did not affect the amount of 

immobilized cytochrome c and the increase in reacted surface groups 

with time can be explained as due to hydrolysis and not covalent 

attachment, the coupling time was held constant at 1 hour while the 

initial cytochrome c concentration was varied. The amount of 

immobilized cytochrome c was less at 8° in comparison to 21°. These 

results are shown in Figure 17 by the two curves represented by solid 

lines where the upper curve is at 21° and the lower at 8°. A trend 

toward a lower amount of immobilized cytochrome c at lower temperature 

was observed over a large initial cytochrome c concentration. Though 

other coupling temperatures were not studied to confirm the point it 

would be reasonable to suggest that the covalent attachment reaction is 

endothermic. A lower temperature also resulted in a decrease in the 

number of reacted surface groups as illustrated by the two dashed lines 

in Figure 17. The hydrolysis reaction is probably equally sensitive 

to temperature change as is the covalent attachment reaction. 

The pH of the coupling solution may also affect the attachment 

of cytochrome c and the hydrolysis of surface groups. At lower pH the 

hydrolysis reaction has been indicated to be slower (Pharmacia, 1976). 



Figure 17. The Effect of Coupling Temperature on the Amount of 
Immobilized Cytochrome c and Reacted Surface Groups 
The amount of immobilized cytochrome c is represented 
by the solid lines for 21° (IJ) and 8° C (~). The 
reacted surface groups are represented by the dashed 
lines for 21° (<» and 8- C (\7). Reaction time was 
1 hour in 0.1 M NaHC03/O.S M NaC1 (pH 8.2). 
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This is in general agreement with the expected behavior for cyanate 

ester functional groups which are quite stable to hydrolysis at lower 

pH as demonstrated by Kohn and Wilchek (1981). This is further 

verified in Figure 18 where a decrease in coupling buffer pH over the 

range from 8.2 to 5.8 results in ~20% increase in the surface groups 

remaining after 10 minutes. It would therefore seem advantageous to 

carry out the coupling reaction at a lower pH. However, the protona

tion of £-amino lysine groups can lead to a lower coupling efficiency. 

Utilizing coupling solutions at three different pH values, a larger 

amount of cytochrome c was immobilized at pH 7.2 in comparison to 

pH 8.2 or 6.6. After use and storage for several months the amount 

immobilized was very nearly the same. This may in part be due to the 

short coupling time (10 minutes) used. 
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Since cyanate ester groups can be hydrolyzed from the beads at 

a higher pH the initial amount can be adjusted and studied for their 

effect on the immobilization. The surface groups were pre-hydrolyzed 

in 0.1 M borate buffer (pH 8.0) for 3.5 or 7 hours. After measurement 

of the surface groups the coupling reaction was performed. The results 

indicate that slightly more than half of the surface groups can be 

removed in this buffer every 3.5 hours but no substantial change in the 

amount of immobilized cytochrome c occurs at the initial concentration 

used (1.66 X 10-7 moles/g). This further indicates that an excess of 

surface groups is available for coupling after pre-hydrolysis and the 

reaction is not dependent on their amount when in excess. 

The results have indicated that the initial cytochrome c 

concentration will have the greatest affect on the amount of 



Figure 18. The Effect of Coupling pH on the Reacted Surface Groups 
Coupling buffer (0.1 M NaHC03/0.5 M NaC1) was solely 
added for 11 minutes at 23° C. Solution pH was 8.2. 
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immobilized protein with the coupling temperature and pH also producing 

minor changes. Surprisingly the initial number of surface groups and 

coupling time yielded little or no changes in the amount of immobilized 

protein. 

Leaching of Immobilized Cytochrome c 

It has been suggested that the observed biological activity is 

derived from soluble cytochrome c which has been leached from the 

support matrix. If this were the case, one might conclude that the 

immobilized cytochrome c has no activity at all. It is therefore 

necessary to establish how much soluble cytochrome c could be obtained 

by leaching and whether such an amount could contribute significantly 

to the observed biological activity. 

The amount of adsorbed and/orcovalently.attached cytochrome c 

leached from the support was followed by measurement of the radio-

activity of the wash solutions since spectrophotometric analysis was not 

sufficiently sensitive. In Figure 19 the percentage of leached cyto

chrome c in the wash buffer as compared to the initially immobilized 

cytochrome c (1.64 to 0.41 X 10-7 moles/g) is shown to decrease rapidly 

with each wash of 100 mI. After the third buffer wash the percent of 

cytochrome c leached off the beads had decreased substantially and 

remained approximately the same with further washing. The initial loss 

of cytochrome c is likely an indication of protein which has been 

adsorbed on the beads. Each wash was usually completed in 30 minutes 

or less suggesting that hydrolysis of the isourea bond does not con

tribute much to the observed protein loss (Wilchek et al., 1975). It 



Figure 19. The Effect of Washing on the Removal of Cytochrome c 
from the Sepharose Support -- Each wash was performed 
10 times with 10 ml of buffer, equivalent to 100 ml 
of buffer wash. The amount of initially immobilized 
cytochrome c was 1.64 eel), 0.89 e~), and 0.41 (<» 
X 10-7 moles/g of support. 
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is interesting to note that the washes employing 0.1 M borate buffer 

(pH 8.0) appeared to remove cytochrome c more efficiently than the 

0.1 M acetate buffer (pH 4.1). This result has been ascribed to the 

higher pH. Similar results have been reported with other immobilized 

ligands and proteins (Tesser, Fisch, and Schwyzer, 1974). The rate of 

hydrolysis of the N-substituted isourea, formed on immobilization, has 

been suggested to be slow (Wi1chek et a1., 1975). The susceptibility 

of this product to nucleophilic attack resulting in protein loss may 

be minimized by multipoint attachment (Wi1chek, 1973). These isoureas 

have been reported to react with amines and bovine serum albumin with 

the release of substituted guanidines (Wi1chek et a1., 1975). Thus 

buffers containing such should be avoided. Lasch and Koelsch (1978) 

suggested that the temperature of the incubation solution has a large 

effect on the loss of protein, and also point out that Tris buffers are 

not effective in increasing the rate of detachment. Storage of 

immobilized cytochrome c in 0.1 M phosphate buffer (pH 7) at 50 C over-

night resulted in protein losses of less than 0.5%. 

Cytochrome oxidase biological activity measurements were made on 

these wash solutions containing cytochrome c. No activity was observed 

from the final two buffer wash solutions (ranging in concentration from 

-9 -10 6 x 10 to 6 x 10 M in cyt. c) for any of the samples. Even if 

some soluble cytochrome c is available it would not account for the 

activity measured with the immobilized protein. To further insure that 

leachable cytochrome c does not affect the activity measurements, the 

beads are washed and filtered dry prior to the determinations. 
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Characterization of Immobilized Cytochrome c 

Spectra. The visible spectra of Sepharose 6MB immobilized cyto

chrome c compared favorably with the soluble protein. The position of 

the various peaks in the oxidized and reduced oxidation states (Fig. 20 

and 21, respectively) are essentially the same (± 2nm) for immobilized 

and soluble cytochrome c. The Soret band for the oxidized state of 

immobilized cytochrome c does show some broadening in comparison to the 

soluble protein. Using a viscous solution (5 M sucrose) the presence 

of the 695nm band can be confirmed in the oxidized state of the 

immobilized protein. This solution is used to eliminate the need for 

stirring since the beads will stay suspended in the solution for several 

minutes. The presence of the 695nm band confirms the existence of the 

methionine sulfur-heme iron bond often used as a sensitive indicator of 

the structural integrity of the molecule. The molar absorptivities of 

the other peaks are the same as those observed with soluble cytochrome c 

within experimental error as shown in Table 3. 

Since the immobilization of cytochrome c is analogous to the 

chemical modification of amino acid residues on the protein, some 

comparisons can be made between chemically modified and immobilized 

cytochrome c listed in Table 4. The positions of the peaks in the 

modified cytochromes are within 3 nm of the peaks for soluble protein 

in almost every case. Only after extensive modification in which the 

surface charge of cytochrome c is altered, are larger shifts in the 

spectral properties observed. 



Figure 20. Spectra of Oxidized Cytochrome c -- Soluble O(A) and 
immobilized (B) cytochrome c. Three scans were averaged 
for the immobilized cytochrome c spectra. Cytochrome c 
concentrations were 5.78 ~M (soluble) and 8.51 ~M 
(immobilized). 
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Figure 21. Spectra of Reduced Cytochrome c -- Soluble (A) and 
immobilized (B) cytochTomes c. Three scans weTe 
averaged for the immobilized cytochrome c spectra. 
Cytochrome c concentrations same as Figure 20. 
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Table 3. Molar Absorptivities of Soluble and Immobilized Cytochrome c. 

* ** Wavelength Soluble Immobilized 

528 11,200 11,600 ± 1,100 

410 106,100 109,300 ± 9,600 

550 27,700 26,200 ± 6,200 

520 15,900 15,600 ± 3,000 

416 129,100 122,400 ± 13,100 

* Soluble values from Margo1iash and Frohwirt (195)). 

** Immobilized values given as an average with the 
standard deviation. 



Table 4. Effect of Chemical Modifications on Wavelength Maxima for Horse Cytochrome c. 

Oxidized Reduced 
Modification 695 nm 528 nm Soret a-Band a-Band Soret Reference 

* Acetate 528 401 550 521 415 Wada and Okunuki (1968) 

* Benzoquinone 695 526 410 550 520 416 Morrison, Steele, and 
'I Danner (1969) 

* 3,5-dinitrobenzoate 695 528 410 550 520 416 Brautigan et al. 
(1978a,b) 

Fluorescein 
* 

410 550 416 Thomas and Johnson (1975) 
Isothiocyanate 

Formate absent 406 419 Erecinska (1975) 

* Guanidine 695 528 410 550 520 416 Hettinger and Harbury 
(1964,1965) 

* Maleate absent 408 548 518 Schejter et a1. (1979) 
Aviram and Schejter 
(1980) 

4-methoxy-5-methy1 550 523 White and Elliott (1972) 
0-phtha1a1dehyde-3-

* Carboxylate 

4-nitrobenzo-2-oxa 695 528 410 550 520 416 Margo1iash et a1. (1973) 
1,3-diazo1e 

* Pyridoxal phosphate 695 528 410 550 520 416 Aviram and Schejter (1973) 
\0 
0 



Table 4. Effect of Chemical Modifications--Continued. 

Oxidized 
Modification 695 nm 528 nm Soret a-Band 

* Trifluoroacetate 695 528 ~ 410 550 

" * Trinitrophenyl 695 528 410 550 

* Xanthydrol 530 409 550 

Diiodinate absent 528 407 551 

Iodinate 695 527 410 550 

Mononitrate absent 528 407 

Sulfoxide absent 406 

* Immobilized 695 529±1 409±2 550±1 

None 695 528 410 550 

* Modifications to lysine residues. 

Reduced 
I3-Band Soret 

520 416 

520 416 

520 416 

418 

520 416 

417 

418 

519±1 4l4±2 

520 416 

Reference 

Staudenmayer et ale 
(1976~1977) 

Staudenmayer et ale 
(1977) 

Westcott and Dickman 
(1954) 

Pal~ Verma and Myer 
(1975) 

Osheroff et ale (1977) 

Pal et ale (1975) 

O'Brien (1969) 

Margoliash and Frohwirt 
(1959) 

\.0 
~ 
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The spectral properties of cytochrome c have been used almost 

exclusively in confirming the structural integrity of the molecule in 

vrevious immobilization studies (Greenwood and Moore, 1976; Moore and 

Greenwood, 1975; Colosimo et al., 1976; Silvestrini, Colosimo et al., 

1978). The progressive maleylation of cytochrome c (Aviram et al., 

1981) has indicated that the 695nm band, indicative of the methionine

heme bond stays intact until more than 14 lysine residues are modified. 

At the same time minor changes in the redox potential are observed 

after one residue is modified. Other conformational changes are 

observed by circular dicroism around 8 modifications. In fully maleylated 

cytochrome c the protein is thought to unfold, but addition of MgC12 

will aid its refolding (Aviram and Schejter, 1980). After refolding the 

695 band is observed but the potential is reduced by more than 60 mV. 

Myer et al. (1979) have shown that the 695nm band is more 

sensitive to denaturation caused by urea than is the potential. This 

has led to the conclusion that the disruption of the methionine-heme 

bond and a decrease in the hydrophobicity of the heme pocket is 

necessary for a decrease in the potential by urea denaturation. Since 

immobilization is similar to the chemical modification studies the 

potential may serve as a better indicator of structural changes than 

the spectra, though both should be characterized. 

Oxidation-Reduction Potentials. Since most proteins do not 

transfer electrons rapidly with electrodes it has become necessary to 

add small organic or inorganic molecules to the system to facilitate 

this rapid transfer. In doing so a more direct measurement method of 



the redox potential is obtained since the protein is in equilibrium 

with the actual measurement device in comparison to the method of 

mixtures. 
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Cytochrome c displays uniquely different spectra in the 

oxidized and reduced states. This characteristic can be used in 

spectrally monitoring the amount of cytochrome c present in each state 

as a function of the potential of the solution. The spectral 

properties of methyl vio10gen and iron hexacyanide do not interfere in 

the potential regions of interest. Therefore the only contributing 

factors to the spectra are due to cytochrome c. Unfortunately, 

immobilized cytochrome c samples must be continuously stirred during 

spectral measurements. This has resulted in the introduction of noise 

due to stirring and also to scattering effects. It has been necessary 

to digitize the data for further analysis using a Cary 219 interfaced 

to a HP 2100A computer as described by Earl (1981). The quality of the 

spectral data from the immobilized samples was improved by averaging 

three spectra at the same potential using the program EARLl written by 

Bob Earl. After averaging, the absorbance values and the measured 

potential were used to calculate the redox potential of cytochrome c 

following the procedure of Ranwei1er (1975) by use of Nernst plots 

(Fig. 22). Accepted plots had calculated n values of 1.00 ± 0.14 and 

correlation coefficients of 0.86 or better with most being better than 

0.92. 

The redox potentials for a number of samples of immobilized 

cytochrome c are listed in Table 5 according to the loading of 



Figure 22. Nernst Plot from Immobilized Cytochrome c·-- Plot is from 
immobilized cytochrome c loaded with 1.37 x 10-7 moles/g. 
Conditions are listed in Experimental section. The 
E = 54 mV with a slope of 61 mV/decade and a correlation 
c~efficient of 0.974. 
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Table 5. Redox Potentials for Variously Loaded Immobilized 
Cytochromes c. 

Immobilized Cyt. c 
7 mol/g (x 10 ) E' (mV) 

7.80 266 ± 3 

7.72 262 ± 4 

3.96 251 ± 2 

2.98 248 ± 1 

2.58 246 ± 2 

* 2.13 235 ± 1 

1.66 * 250 ± 6 

1.60 248 ± 3 

1.37 251 ± 7 

Soluble 270 ± 3 

* Soluble 251 ± 6 

* Radioiodinated cytochrome c samples 
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cytochrome c. The potential determined for soluble cytochrome c and 

soluble radioiodinated cytochrome c under similar solution conditions 

are also listed. The majority of samples displayed a potential 

between 251-246 mV versus SHE. It is also interesting to note that 

simple modification of cytochrome c by radioiodination results in a 

decrease of potential" similar to that found in most cases of 

immobilization. The method of radioiodination chosen is considered to 

be mild resulting in the modification of tyrosine 74 (Osheroff et a1., 

-7 1977). Two samples with loadings of 7.80 and 7.72 x 10 mo1es/g had 

the highest potentials of 266 and 262 mV, respectively. The cause of 

these higher potentials was not dependent on the loading of cyto-

chrome c on the support as can be seen from Table 5. Soluble 

cytochrome c was found to have a potential of 270 mV, in good agreement 

with the value of 268 mV reported by Dutton et a1. (1970), using the 

same buffer system. This is also in agreement with recent studies 

showing the effect of ferro cyanide on the redox potential (Earl, 1981). 

The highest loaded samples are the least affected by immobilization 

because their potentials are very close to that observed for the 

soluble protein. This may suggest that the cytochrome c molecule, in 

this case is less constrained as a result of the attachment process. 

In none of the samples were the greatly lowered potentials character-

istic of extensively modified surface charges (Wada and Okunuki, 1968; 

Erecinska, 1975; Aviram and Schejter, 1980) observed. 

0' 
A decrease in E has been reported in the literature for two 

specific cases, binding to the membrane or chemical modification. In 

the first case the endogenous cytochrome c in beef heart mitochondria 
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had a potential of 227 mV at pH 7.2 (Dutton et a1., 1970). This 

represented a decrease in potential of 35 mV relative to soluble cyto

chrome c. Horse heart cytochrome c was added to depleted pigeon heart 

mitochondria and found to decrease 35-45 mV in comparison to soluble 

cytochrome c at pH 7.0 (Vanderkooi et a1., 1973a). In the same study a 

decrease of 45 mV was observed for the same molecule with phospholipids. 

The binding constants of ferri- and ferrocytochrome c for the mito

chondrial membrane provide support for the observed decrease in 

potential (Vanderkooi et a1., 1973b). The binding constant for ferri

cytochrome c was found to be almost four times larger than ferrocyto

chrome c, in good agreement with that expected by the potential data. 

Recently though, the decrease in redox potential upon binding 

has been questioned. Denis, Neau, Aga1idis et a1. (1980) have 

reported the potential of yeast eytochrome c to remain essentially the 

same when soluble (290 mV) or membrane-bound (285 mV). In another 

study (Kula et a1., 1981) the potential of cytochrome c from Paracoccus 

denitrificans was found to be the same (240 mV) whether bound or free. 

These results have served to raise speculation about the difference in 

redox potentials for the soluble and bound protein. The uncertainty 

created by the varying results suggests that conclusions based on only 

one viewpoint are quite tenable. 

Since immobilization of cytochrome c to Sepharose occurs 

through the E-amino group of lysine residues it was reasonable to 

assume that the covalent attachment reaction was a form of chemical 

modification. Several chemical modification studies of lysine residues 
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on cytochrome c have demonstrated a decrease in the redox potential, 

particularly when the modification was extensive. As previously 

indicated, the fully ma1ey1ated protein was found to have a potential 

60 mV lower than the native protein (Aviram and Schejter, 1980). Wada 

and Okunuki (1968) found a similar decrease in potential for their 22-

acety1'-cytochrome c which resulted from the modification of ei.ghteen 

lysine residues and four tyrosine residues. Formy1ated cytochrome c 

(Erecinska, 1975) had a potential 20 mV lower than the native molecule. 

Several studies have produced 1ysine~modified proteins resulting in 

only minor changes in the potential. A photoreactive derivative of 

2,4-dinitro-5-f1uoropheny1azide had a potential that was 10 mV lower 

than the native protein (Erecinska et a1., 1975). Only one or two 

lysine residues were modified. The progressive ma1ey1ation of cyto

chrome c (Aviram et a1., 1981) demonstrated a decrease in potential 

with increasing modification beginning with the first lysine residue. 

Wada and Okunuki (1969) prepared trinitrophenyl derivatives of cyto

chrome c. For single or double substitution products the redox 

potentials were very similar to the native protein (± 4 mV). Several 

singly modified trif1uoroacety1ated cytochromes c were stated to have 

the same redox potential as the native within 5 mV (Staudenmayer et a1., 

1976,1977). Hettinger and Harbury (1964,1965) demonstrated that 

complete conversion of the lysine residues to homoarginine by guanidina

tion resulted in retention of the same charge on the molecule and a 

potential within 10 mV of the native protein. One of two requirements 

is necessary for limited potential changes: modification of a small 

number of lysine residues or retention of the same cha.rge. 
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Since the immobilization process may result in the formation of 

an isourea some charge retention may be expected. The isourea may 

rearrange in the presence of water to give an N-substituted carbamate, 

thus chcmging the charge. If this does occur the small change in 

potential would serve to indicate that the number of covalent bonds with 

lysine residues is small. This should lead to reasonable rates for the 

biological activity of the immobilized samples, though the cytochrome 

reductase activity may be affected more due to the decreased potential. 

The spectral properties and redox potentials indicate structural 

integrity for the molecule and thus its ability to function properly. 

Biological Activity of Sepharose 6l1B 
Immobilized Cytochrome c 

The biological activities of the Sepharose immobilized cyto-

chromes c were performed as listed in the Experimental section. Initial 

measurements made at one cytochrome c concentration resulted in low 

observed activities in comparison to the soluble protein. Further 

measurements were made at several concentrations with ten sets of 

differently loaded samples in order to obtain values for their Michaelis 

constants (K ) and maximum velocities (V). m max 

Cytochrome Oxidase Assays. The redox reaction of ferrocyto-

chrome c with cytochrome oxidase is fast but limited by the rate at 

which the complex between these two proteins dissociates for the 

subsequent reduction of ferricytochrome c. To facilitate a rapid 

electron transfer rate TMPD and ascorbate are added to the system since 

TMPD can effectively reduce bound cytochrome c. Ferguson-Miller et ale 
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(1976) observed biphasic kinetics with this system due to the existence 

of two binding sites with different affinities for cytochrome c on the 

oxidase molecule. Each site independently obeys Michaelis-Menten 

kinetics as defined by the following equation: 

v = V S/(K + S) o max m 

In this equation V is the initial rate of the reaction, V is the 
o max 

maximal velocity, S represents the substrate concentration, and K , the 
m 

Michaelis-Menten constant, is equal to the substrate concentration at 

which the initial velocity is half of V • Since S is known and V max 0 

can be measured the equation can be rearranged into a form which will 

allow for the determination of V and K. One linearized plot can be max m 

obtained from the Eadie-Hofstee equation shown below, by transformation 

of the Michaelis-Menten equation. 

V 
V = -K ....£ + V o mS max 

Here the slope of the line is equal to -K and the intercept is V . m max 

An example of results obtained with soluble cytochrome c is shown in 

Figure 23. The values calculated for the K ,V ,and turnover m max 

number (T.N.) are listed in Table 6 for soluble cytochrome c at both 

affinity sites along with the values determined for the ten different 

sets of immobilized cytochrome c. The turnover number, or molecular 

activity represents the number of substrate molecules transformed per 

unit time by a single enzyme molecule. 



Figure 23. Eadie-Hofstee Plot of the Cytochrome Oxidase Activity 
Measurements -- Plot made with data from soluble cytochrome 
c. The sharply sloping line represents the high affinity 
binding site on cytochrome oxidase while the low affinity 
binding site is represented by the other line. Measurements 
made in 0.025 M Cacodylate (tris) buffer (pH 7.8) with 7 mM 
ascorbic acid and 0.7 mM TMPD present at 25°C. 
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Table 6. Characteristic Kinetic Parameters for Soluble and Immobilized 
Cytochromes c with Cytochrome Oxidase. 

V e Turnover Number 
a max -1 Cytochrome c K (lJM) (nmoles 02/min) (sec ) 

m 

Soluble (high)c .039 39.3 52.2 

Soluble (low) c .484 75.7 100.5 

7.80 16.6 69.7 92.6 

7.72 59.2 129.6 172.1 

7.21 27.8 76.5 101.6 

7.20 12.3 65.4 86.9 

4.03 92.6 100.9 134.0 

2.75 43.8 39.8 52.9 

2.26 (high) .57 5.1 6.8 

2.26 (low) 8.7 62.2 82.6 

1.60 27.4 34.9 46.3 

1.37 32.5 44.4 59.0 

0.58 d d d 

a Immobilized cytochrome c concentrations in moles/g (X 107). 

b The turnover number was calculated from Vmax using half of the cyto-

c 

chrome a employed in the assay. The T.N. is usually expressed in 
units of sec-I. 

The high and low representations stand for the high- and low-affinity 
sites on Cytochrome Oxidase for cytochrome c. 

d The values could not be measured from the data. 

e Reaction conditions were 0.0 25 M cacodylate (tris) buffer (pH 7.8) 
with 7 roM ascorbic acid and 0.7 roM TMPD present at 25°C. 

b 
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The calculated values for the immobilized cytochrome care 

comparable with the f'low affinity" site kinetic parameters since the 

concentrations of cytochrome c were extremely high (1-50 ~M) and the 

initial rates were often as large as those observed with soluble cyto-

chrome c at concentrations indicative of the low affinity site. The 

K values were 20 to 200-fold larger than those observed with the soluble 
m 

protein. This has been suggestive of external diffusion limitations 

with immobilized enzyme systems~ and thus may represent the same with 

an immobilized substrate (Goldman, Kedem, and Katchalski, 1971; 

Mogensen and Vieth, 1973), External diffusion limitations would result 

in a lower concentration of SMP at the bead surface than in the bulk 

solution, thus a lower initial velocity and a higher K. Another 
m 

explanation for the higher K values may lie with a decrease in the 
m 

effective substrate concentration, that is, cytochrome c concentration. 

Ideally, all of the immobilized cytochrome c would be available for 

reactiqn with cytochrome oxidase, but in reality the size of the SMP 

may limit its access to a sufficiently large amount of attached protein 

if the size of the pores of the support matrix were approximately the 

same as the SMP or smaller and if cytochrome c was distributed through 

the matrix. This will be discussed in further detail in the 

Distribution of Cytochrome c section. 

There is no apparent correlation between the amount of cyto-

chrome c attached to the support and the K of the sample. In fact, 
m 

most of the K values are similar since the precision of the measurement 
m 

was between 20-50% based on duplicate determinations on the same 
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sample. This may indicate that a biological assay is not always a use-

ful method for distinguishing between subtle differences in very similar 

samples. Each sample would also represent a heterogeneous population 

since there are 19 attachment configurations possible. This hetero-

geneity of each sample may add to the similarity in K values. 
m 

The V values also appear to be very similar and have no 
max 

apparent correlation with the amount of immobilized cytochrome. In 

every case the calculated V is close to that for soluble cytochrome c 
max 

indicating that the protein still functions properly. This provides 

further evidence that the molecule is not affected by immobilization. 

A V larger than that for the soluble protein may represent the error max 

associated with the measurement (10-40%) or an actual increase in the 

rate of the reaction due to a local increase in the concentration of 

one or more of the other reactants (SMP, 02' or TMPD) around the 

immobilized cytochrome c. A similar situation could be viewed as 

occurring on the mitochondrial membrane. 

One sample of immobilized cytochrome c was observed to exhibit 

the ability to bind at both the high and low affinity sites on cytochrome 

oxidase. An apparent explanation for this behavior may rest in a 

higher concentration of cytochrome c attached at the outside surface 

of this support than in the others. This has not been proven by auto-

radiographic measurements. 

Cytochrome Reductase Assays. As discussed in the Experimental 

section the cytochrome reductase activity measurements are made using 

02 detection with fully functioning cytochrome oxidase. The reaction 
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of cytochrome c with the oxidase is faster than with the reductase so 

the rate limiting step is the reaction with cytochrome reductase. The 

major advantage of this assay procedure is the method of monitoring 

the reaction rate. Spectrophotometric measurement of the reduced 

cytochrome c would be less accurate than oxygen detection due to the 

need to stir the beads. If only a certain small percentage of the 

immobilized cytochrome c is actually available for reaction as pre-

viously indicated, then even a smaller spectral change would be 

observed. In contrast the amperometric measurement allows the 

itmnobilized protein to be recycled resulting in a longer time span to 

observe the initial rate of the reaction. 

Data were plotted in the same manner using the Eadie-Hofstee 

equation. Figure 24 illustrates results obtained with soluble cyto-

chrome c. The calculated kinetic parameters obtained for the 

immobilized and soluble cytochromes c are given in Table 7. K values 
m 

were 40 to 400-fold larger for the immobilized cytochromes c than the 

soluble protein. Again, the two explanations given for the higher 

K s with cytochrome oxidase can apply here. The V values are sig-m max 

nificantly lower than the native protein at 2-12%. A decrease in V 
max 

would be expected with an immobilized protein because of diffusional 

limitations. The rate of substrate transfer or, in this case, enzyme 

transfer to the active support is limited by the Nernst layer or by 

diffusion into the pores. Since the same SMP and beads are used in 

both assays a similar decrease would be expected in the cytochrome 

oxidase measurements, A comparison of the percent of soluble activity 

for the immobilized cytochromes c show large differences between the 



Figure 24. Eadie-Hofstee Plot of the Cytochrome Reductase Activity 
Measurements -- Data from soluble cytochrome c. Reaction 
conditions were 0.025 M cacodylate (tris) buffer (pH 7.8) 
with 20 mM sodium succinate present at 25°C. 
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Table 7. Characteristic Kinetic Parameters of Soluble and Immobilized 
Cytochromes c with Cytochrome Reductase. 

V 
e Turnover Number 

(llM) d 
max -1 Cytochrome a K (nmoles 02!min) c (sec ) m 

Soluble 0.095 65.8 59.3 

7.80 4.92 3.34 3.01 

7.72 15.9 8.10 7.30 

7.21 10.5 4.82 4.34 

7.20 3.78 7.23 6.51 

4.03 3.78 1.29 1.16 

2.75 4.65 2.17 1.89 

2.26 37.4 7.22 6.50 

1.60 c c c 

1.37 19.2 2.16 1.95 

0.58 c c c 

a The immobilized cytochrome c samples had the listed moles of cyto-
chrome c attached per gram of support (X 107). 

b The turnover number was calculated from the Vmax using half of the 
cytochrome b employed in the assay. The T.N. is usually expressed 
as sec-I. 

c The values could not be measured from the data. 

d Reaction conditions were 0.025 M cacodylate (tris) buffer (pH 7.8) 
with 20 roM sodium succinate present at 25°C. 

e Precision of measurements are 50% for K and V m max 

b 
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two assays in almost every case (Table 8). This decrease in V with max 

the cytochrome reductase assay may be due either to the slight 

decrease in the redox potential or a change in the surface charge or 

dipole moment of the immobilized proteins. The latter may be more 

likely since the redox potentials are not affected much by immobiliza-

tion. A limited number of bonds may affect the surface charge in the 

cytochrome reductase interaction domain and not in the cytochrome 

oxidase domain. 

The increase in the K for both the Cytochrome oxidase and m 

reductase assays can be accounted for due to mass transport limitations 

of the SiMP to the beads or by a decrease in the effective cytochrome c 

concentration. Studies on the distribution of cytochrome c through 

the support matrix and the exclusion properties of the support were 

necessary to determine the effect that a lower cytochrome c concentra-

tion would have on the biological activities. 

Exclusion Chromatography 

Exclusion chromatography utilizing Sepharose 6MB provides a 

quick and simple method for determining the ability of SMP to penetrate 

the pores of the matrix. Tobacco virus, with a molecular weight over 

40 million and a cylindrical shape with a length of 300 nm and a 

diameter of 18 nm can be expected to pass through the column without 

pore penetration, Comparisons of the elution volume of ~N to that 

of SiMP will indicate if the latter is excluded from the pores. 

The elution volumes for TMV. SMP, and several other proteins and 

polysaccharides are shown in Table 9. As the elution volume was found 



Table 8. Comparison of the Percent of Immobilized Cytochromes c 
Activity with Cytochrome Oxidase and Reductase. 

Immobilized Cytochrome Percent of Soluble Cytochrome c Vmax 
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(mo1/g x 107) Cytochrome Oxidase Cytochrome Reductase 

7.80 ' 92 5 

7.72 171 12 

7.21 101 7 

7.20 86 11 

4.03 133 2 

2.75 53 3 

2.26 82 11 

1. 60 46 a 

1.37 58 3 

a V could not be measured from the data. max 



Table 9. Elution Volumes of Several Components from a Sepharose 
6MB Column. 

* 

** 

Eluate Molecular Weight V (ml) 
r 

Tobacco mosaic virus 40,600,000 0.94 ± 0.02 

Keilin-Hartree Particles * 0.95 ± 0.03 

Cytochrome Oxidase ** 0.97 ± 0.01 

Blue Dextran 2,000,000 1.21 ± 0.02 

Cytochrome c 12,400 1.84 

Molecular weight unknown. Particle size has been determined to 
o 

be 300-2000 A (Huang, Keyhani, and Lee, 1973). 

Cytochrome Oxidase was resolubi1ized in the presence of a 
detergent which will result in formation of vesicles and thus a 
large size. 

110 
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to be the same for TMV and the SMP it can be concluded that the sub

mitochondrial particles are not able to enter the pores. Cytochrome 

oxidase, resolubilized in Triton X-lOO, was found to elute in 

approximately the same volume as the previous two components. A large 

size for the resolubilizedprotein is reasonable since Cytochrome 

oxidase preparations contain phospholipids (Ozawa, Suzuki, and Tanaka, 

1980) which in the presence of a detergent will fOTm vesicles 

(Wrigglesworth and Nicholls, 1979). Blue dextran, with a molecular 

weight of 2 million, was eluted after the previous three. Since the 

molecular weight exclusion limits for dextrans in Sepharose is at least 

a factor of two lower than proteins, SMP must be equivalent to a protein 

with a molecular weight ~ 4 million. This also indicates that SMP 

should react only with immobilized cytochrome c on the external surface 

of the support matrix. 

Distribution of Cytochrome c 

The distribution studies of cytochrome c in Sepharose 6MB was 

performed as listed in the Experimental section. Numerous bead 

sections (~50) were viewed and the distribution for each was determined 

in a semi-quantitative manner based on grain development across the 

section diameter. Distributions were classified as being uniform, 

2-3 times higher at the edge (within 5-10 ~im of the edge), or 2-3 times 

higher at the center (15-20 ~m from the center). The distribution for 

several samples is given in Table 10. The results do not appear to 

show a significant statistical difference between the various samples. 
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Table 10. The Effect of the Coupling Conditions on Cytochrome c 
Distribution through the Bead. 

** CouE1ing Conditions Distribution 

* * pH Time Temp. [Cyt. c]i [Cyt. c] f. U% E% C% n. 

8.2 2 h. 23° 3.63 1.67 89 7 4 

7.2 10 m. 5° 4.23 2.46 65 33 2 

8.2 10 m. 5° 2.48 1.49 65 35 0 

8.2 2 h. 23° 8.21 2.13 50 45 5 

* [Cyt. c] in units of moles/gram X 107• 

[Cyt. c]. refers to the amount of cyt. c used in the coupling buffer. 
l.n. 

[Cyt. c]f, refers to the amount of cyt. c attached to the support. 

** Distribution listed as uniform, U; slight increase at edge, E; 
slight increase at center, C. 
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One can conclude that a fairly uniform distribution of cytochrome c 

occurs upon immobilization. 

The examination of protein distribution through porous agarose 

or dextran material has indicated some conditions which may result in 

a "shell-like" distribution at the bead edge. These conditions 

(suggested by Lasch et al., 1975) include high concentrations of 

activated groups, low initial concentration of protein, and high 

coupling efficiencies (~90%). The conditions which have been used for 

immobilization have resulted in only one case with a coupling efficiency 

~90%. A "shell-like" distribution has not, in general, been indicated 

by this autoradiography study suggesting that the increase in K is due 
m 

to a decrease in the effective cytochrome c concentration. 

Since cytochrome c is evenly distributed through the bead matrix 

it is possible to obtain a theoretical estimation of the relative amount 

of cytochrome c attached on the outside surface of the bead in compari-

son to the inside pore surface. The relative amount on the outside 

surface will represent that which is accessible to the submitochondrial 

particles. The outside and inside surface areas can be calculated using 

geometric relationships. The procedure used in the calculations is 

listed in Appendix A. The surface areas for several different beads 

are listed in Table 11. Sepharose 6MB is shown to have less than 0.1% 

of the total surface area and thus immobilized cytochrome c on the 

outside surface. The outside surface area might be as large as 1% of 

the total if irregular pores are assumed and if there is an excess of 

protein attached to the bead exterior. This would result in an 
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Table 11. GeometTic Calculation of Outside and Inside Surface Areas 
of Various Beads. 

Pore Bead Outside Inside Outside: 

SUEEort Dia. ~jb Dia. (llm} 
2 Area (l:!m } 2 

Area ~l:!m ) Inside 

Sepharose 6MB 300 226 1.6 x 105 2.3 x 10 8 1:1440 

* * 104 106 
SephadeJ~ G-200 100 65 1.3 x 9.1 x 1:700 

Sephadex G-10 25 80 2.0 x 104 4.0 x 108 1:20,000 

* Values stated by Grimaud et a1. (1978). 
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effective cytochrome c concentration equal to 1% of the total 

immobilized protein. K values for the immobilized cytochromes c will m 

be substantially higher resulting from these lower effective concentra-

tions. Correction of the K values for available cytochrome c (Table m 

12) shows that the resulting values are essentially the same as the 

soluble protein. Any external diffusion limitations observed with the 

samples will be small based on the change in the effective cytochrome c 

concentrations. Since the SMP can not enter the pores of the support 

no internal diffusion limitations would be expected. The decrease in 

activity with cytochrome reductase in comparison to cytochrome oxidase 

may be due either to the slight decrease in the redox potential or a 

change in the surface charge or dipole moment of the immobilized 

proteins. The change in the surface charge or the dipole moment would 

be due to the covalent bonds between the protein and the matrix. As 

shown in the Appendix there should be only one or two covalent bonds 

based on the calculated number of activated surface groups in the area 

covered by one cytochrome c molecule. A limited number of bonds may be 

sufficient to affect the activity observed with cytochrome reductase 

while not affecting cytochrome oxidase activity. 

Comparisons to Previous Immobilization Studies 

Two basic questions have been approached in the previous studies 

on the immobilization of cytochrome c: is the protein denatured or 

destabilized in any manner upon immobilization, and will the immobilized 

cytochrome c function properly in electron transfer? The earlier 

immobilization studies have used the spectral properties of the 
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Table 12. Michaelis Constants for Immobilized Cytochrome c Corrected 
for Available Protein. c 

Cytochrome c Cytochrome Oxidase Cytochrome Reductase 
a K (llM) Corrected K K (llM) Corrected Sample m m m 

Soluble .484 .095 

7.80 16.6 .66 4.92 .049 

7.72 59.2 .592 15.9 .159 

7.21 27.8 .278 10.5 .105 

7.20 12.3 .123 3.78· .038 

4.03 92.6 .926 3.78 .038 

2.75 43.8 .438 4.65 .046 

2.26 113 1.13 37.4 .374 

1.60 27.4 .274 b b 

1.37 32.5 .325 19.2 .192 

0.58 b b b b 

a The immobilized cytochrome c concentrations are in mo1es/g (X 107). 

b The values could not be calculated from the data. 

c Corrected Km values based on 1% of the immobilized cytochrome c 
being available for reaction. 

K m 
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molecule to ascertain the condition of the molecule after immobilization. 

The ability of the molecule to transfer electrons was determined with 

cytochrome oxidase and the n~n-physiological reductant, ascorbic acid. 

The results obtained by others on these two questions will be discussed 

and compared to those from the present study. 

Based on the spectral properties of the immobilized molecule it 

has been concluded that protein is not substantially affected by 

immobilization (Moore and Greenwood, 1975; Greenwood and Moore, 1976; 

Colosimo et al., 1976; Silvestrini et al., 1978a), The 695 nm band 

was observed in every case and used to demonstrate the increased 

stability of the immobilized protein toward heat and ionic strength 

denaturation. Other experimental results along with this indicated that 

cytochrome c was stabilized toward denaturation upon immobilization. 

The present study has found that the spectral properties of cytochrome c 

remain intact upon immobilization, thus no large conformational changes 

have occurred. 

Recent chemical modification studies by Aviram et aI, (1981) 

have suggested that the potential of cytochrome c may serve as a useful 

probe of protein destabilization, even more so than the spectral 

properties. Previous immobilization studies were not concerned about 

the redox potential as illustrated by the methods used to approximate 

the potentials. Colosimo et al. (1976) reported that the redox poten

tial for immobilized cytochrome c was similar to the native protein. 

This was based on the equilibrium constant for electron exchange between 

immobilized and soluble cytochrome c with a small number of determina

tions. A revised estimate of the potential was given by Silvestrini 
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et a1. (1978a). Using the ferro-ferricyanide couple to make the 

measurement the immobilized cytochrome c was stated to be 3-12 mV lower 

in potential than the soluble protein though no value was given for 

eit.her for comparison. A small number of different ferro-ferricyanide 

concentrations were used in the determination here too. The present 

study has found the potentials of the immobilized cytochromes c to be 

20-25 mV lower than the soluble protein in most cases. A potential 

of 270 mV was observed for soluble cytochrome c, in good agreement with 

values obtained under similar conditions. The decrease in potential of 

the immobilized cytochromes c is larger than had been observed pre

viously. This change is relatively minor in comparison to decreases in 

potential of greater than 60 mV observed in some chemical modification 

studies. A small change further indicates that only limited conforma

tional change could occur and that the molecule is constrained to the 

surface through a minimal number of bonds (also see Appendix). The 

present study has resulted in the first direct measurement of the redox 

potential for an immobilized protein, too. 

Since thermodynamic considerations are important in electron 

transfer reactions a knowledge about the shift in the potential will 

provide some indication as to the feasibility of the reaction. A 

decreased potential for cytochrome c should increase the free energy of 

the reaction with cytochrome oxidase but lower that with cytochrome 

reductase. A lower free energy may affect the latter reaction, 

Colosimo et a1. (1976) found that immobilized cytochrome c was oxidized 

very slowly by cytochrome oxidase, but upon addition of catalytic 

amounts of soluble cytochrome c (2-30% of the total immobilized protein) 



the rate of the reaction increased. A K of 11 ~M for the catalytic, 
m 

soluble cytochrome c can be ascertained from one figure. The authors 

have suggested a restriction to the diffusion of soluble cytochrome c 

through the support matrix. No measurement of the reducibility of 

immobilized cytochrome c was made. 
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In a second study (Silvestrini, Martini et al., 1978) the sup-

port matrix was enzymatically digested to produce a "resolubilized" 

cytochrome c. The kinetics with cytochrome oxidas~ showed that the re-

solubilized cytochrome c had a maximum velocity which was about half of 

that found for the soluble protein. The K for both was the same at 
m 

about 33 ~M. No comparison was made to immobilized cytochrome c, 

probably because of the slow kinetics observed in the earlier study. 

The K for soluble cytochrome c was unusually high in comparison to 
m 

values reported elsewhere. (Ferguson-Miller et al., 1976; Smith et al., 

1978). This suggests some error in the measurement method. The present 

study has found the same K s for the soluble protein as reported 
m 

elsetvhere. 

It is interesting to note that an identical K for native and 
m 

resolubilized enzyme (chymotrypsin) was previously used to indicate the 

presence of internal diffusion limitations (Axen, Myrin, and Jansson, 

1970). Silvestrini, Colosimo et al. (1978) have not used this explana-

tion of the results but have chosen a steric hindrance between the 

approach of cytochrome oxidase and immobilized cytochrome c as the 

cause of the similar Michaelis constants. In the present study the 

Michaelis constants for various samples of immobilized cytochrome c have 

been measured and found to be significantly higher than the soluble 
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protein. This observation, along with others on the distribution of cyto-

chrome c and the inability of SMP to penetrate the pores of the support 

has led to the conclusion that only a limited amount of immobilized 

cytochrome c is available for reaction. This limited amount or lower 

effective cytochrome c concentration will cause an increase in the 

apparent K • 
m Similar behavior would account for the limited activity 

observed by previous studies (Colosimo et al., 1976; Si1vestrini, 

Colosimo et al., 1978). The results observed in the present study with 

cytochrome reductase further confirm that only a limited amount of 

cytochrome c is available for reaction. 

Cytochrome c Immobilized to Electrodes 

The coupling reactions of cytochrome c to the electrode surface 

were performed using I-ethyl 3 (3-dimethyl aminopropyl)-carbodiimide 

(EDC) and a dialdehyde formed from pyridine as the coupling reagents, 

and were outlined previously (see Experimental). The former is a bi-

functional reagent and may result in intra- and inter-protein 

crosslinking under specific conditions. The procedure used should 

minimize this possibility since EDC was initially reacted with the 

activated surface and then thoroughly washed prior to addition of cyto-

chrome c. In the latter case intra-protein crosslinking could occur 

though inter-protein crosslinking should not. 

Protein Loading 

It was important to accurately measure the amount of protein 

attached to the two supports for subsequent characterization of the 

protein's activity. The geometrical area of the electrode surface is 
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2 
quite small (0.083-0.095 cm depending on the glassy carbon stock used) 

requiring a sensitive technique for quantitating the protein layer, 

especially in view of the possible monolayer coverage. The method 

chosen involved the radioiodination (1251) of cytochrome c with sub-

sequent covalent attachment to the electrode. The amount of 

radioactivity was quantitated by conventional gamma counting techniques. 

-9 -8 2 The protein loading was in the range of 10 to 10 mo1es/cm as 

listed in Table 13. The high loading observed with one "carbodiimide ll 

electrode was probably due to the extensive oxidation of the electrode 

surface prior to covalent attachment. Instead of oxidizing the 

electrode in a solution of 10% HN0
3

/2.5% K2Cr207 for 1 minute (Bourdi110n 

et al., 1979,1980) the electrode was placed in a solution of 5% 

K2Cr207/90% H2S04 for 5 seconds without applying a potential (Taylor and 

Humffray, 1975). This treatment was so harsh that even the nylon shroud 

around the glassy carbon disk appeared to react. Such treatment may 

result in substantial disruption and roughening of the electrode 

surface producing a larger surface area. A larger surface area will 

result in a higher loading. 

A monolayer surface coverage based on the dimensions of cyto-

-11 2 chrome c would result in a loading of 2.3 X 10 moles/cm. Thus, 

substantially more than a monolayer surface coverage was obtained with 

both preparation methods. In the case of 4-vinylpyridine a higher 

loading would be expected in view of the relatively thick coatings 

placed over the electrode. This thick coating was often apparent 

because of a brownish tint to the electrode after addition of 

4-vinylpyridine, No effort was made to quantitate the thickness of 



Table 13. Surface Coverages with Variously Prepared Electrodes. 

Type of Electrode 

Carbodiimide (2.5% K2Cr207/10% HN03) 

Carbodiimide (5% K2Cr207/90% H2S04) 

Carbodiimide (Adsorbed) 

4-viny1pyridine 

4-viny1pyridine (Adsorbed) 

Cytochrome c 
Surface Coverage 

(mol/em 2 x 109) 

4.27 ± 0.35 

17.9 

2.63 

4.80 

9.17 

14.5 

2.99 

122 

Protein 
Layers 

182 

762 

112 

204 

390 

617 

127 
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this coating. A thick coating would allow for numerou~ pores and 

channels, resulting in a larger coverage by cytochrome c. A relatively 

large surface area would be available for immobilization. The dif

ferences in protein loading may reflect the thickness of the coating, 

The 4-vinylpyridine immobilization procedure should provide a larger 

surface area than the carbodiimide immobilization procedure, thus the 

higher overall loadings. 

Surface coverages larger than a monolayer with carbodiimide 

could be due to a larger surface area than is represented by the geo

metrical surface area. Oxidation of the electrode surface ~y 

introduce a sufficient degree of roughness, substantially increasing 

surface area and protein loading. This was qualitatively verified by 

observation of a rougher surface after the oxidation step in comparison 

to the polished surface prior to treatment. 

Covalent attachment has been sought in this study, but 

adsorption of protein may occur, too. The effect of adsorption was 

studied with both immobilization procedures by omitting the coupling 

reagent (carbodiimide) or activation reaction (CNBr with pyridine 

moiety). The results indicate that up to 62% of the normally 

immobilized cytochrome c was adsorbed on the electrode. A high degree 

of adsorption is not surprising with the carbodiimide electrode since 

oxidized graphite has the capability of adsorption and a large surface 

area due to roughness. Adsorption may be aided by the presence of 

channels and pores in the 4-vinylpyridine coating. As will be demon

strated later, there was no significant difference between the response 
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of the adsorbed protein electrodes and the electrodes on which covalent 

bonds we~e also formed. 

Another source of adsorption sites for cytochrome c would be 

the nylon shroud surrounding the glassy carbon electrode material. 

Since nylon is an amide, hydrogen bonding between the carbonyl oxygen of 

exposed amide bonds and hyd~ogen atoms of lysine and carboxylic amino 

acid side chains may result. This would substantially increase the 

available surface area for adsorption. Based on the geometric surface 

area of the shroud and electrode face (1.58 cm2) surf.ace coverages for 

-10 2 the adsorbed protein electrodes would be 1.6 x 10 moles/cm. This 

coverage is approximately 7 layers in thickness. Autoradiography could 

not prove or disprove the distribution of cytochrome c over the shroud 

and glassy carbon electrode. 

Biological Activity 

Cytochrome c is the substrate for cytochrome oxidase and 

reductase. In a normal determination of biological activity the sub-

strate concentration is varied over a fairly wide range in obtaining 

the characteristic kinetic parameters (K and V ) of the enzyme. m max 

Since a certain amount of cytochrome c is immobilized on the electrode 

the substrate concentration can not be varied. The biological activity 

is based on a single concentration, thus the characteristic kinetic 

parameters of the enzyme can not be measured. A velocity (V ) for the o 

reaction can be measured with the immobilized cytochrome c electrodes. 

From the velocity a turnover number and specific activity can be 

calculated for the immobilized cytochrome c. The specific activity 
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for the immobilized cytochrome c electrodes can be compared to soluble 

cytochrome c. 

The procedure used in the measurement of the biological activity 

of the electrodes is given in the Experimental section, Data obtained 

for several electrodes are listed in Table 14 for the cytochrome 

oxidase assay. The turnover number represents the ability of the 

enzyme to oxidize cytochrome c. For soluble cytochrome c the turnover 

-1 number was determined to be 160 sec The rate at which cytochrome 

oxidase reacts with immobilized cytochrome c is significantly slower at 

~10%. This could result from a loss of activity upon immobilization or 

from a limited amount of cytochrome c which is avai1nb1e for reaction in 

comparison to the total amount immobilized. These are discussed in 

detail in the next paragraph. 

Specific activity is a term used most commonly during purifica-

tion of enzymes. As the purity of the enzyme increases the specific 

activity also increases, In immobilization studies it can provide an 

estimate of the ability of the protein layer to function properly. 

Though cytochrome c is not an enzyme it does have a specific biological 

function as do enzymes. The units for the specific activity of cyto-

chrome c were expressed as ~mo1es of 02 reduced per minute per mg of 

cytochrome c since the final reaction of electron transport is the 

reduction of °2 , In every case the specific activity is less than that 

observed for the soluble protein and is represented as a percentage in 

the last column in Table 14. An interesting observation is the decrease 

in specific activity with an increase in the surface coverage. Such a 



Table 14. Cytochrome Oxidase Assays of Cytochrome c Immobilized on Electrodes. 

Surface Coverage Turnover No. a Specific Activity b 

Type o~Electrode 2 9 (mol/ cm X 10 ) -1 (sec ) (units/mg) % SEec. Act.
c 

Carbodiimide 4.27 17.6 1.18 3.0% 

17.9 6.4 0.10 0.3% 

2.63d 13.9 1.52 3.9% 

4-viny1pyridine 9.17 6.0 0.21 0.5% 

14.5 22.6 0.51 1.3% 

2.99d 6.0 0.66 1. 7% 

a -1 
Turnover number has units of nmo1es cyt. c/sec. nmole cyt. oxidase, or more simply sec 

b Specific activity is expressed as ~moles O2 reduced/min. mg. cyt. c. A unit is ~moles 
°2/min • 

c . 
~ Compared to specific activity of soluble cytochrome c of 38.9 units/mg. 
d Represents adsorbed protein electrodes. 

I-' 
N 
0\ 
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trend should indicate that only the immobilized cytochrome c in the 

outermost layers can actually react with cytochrome oxidase. This 

observation would be analogous to that found with cytochrome c 

immobilized to Sepharose 6MB. The total amount of immobilized cyto

chrome c is not available for reaction. This is probably the largest 

factor for the decrease in specific activity though several others may 

contribute to a lesser extent, Another factor rests on the modifica

tion of cytochrome c upon immobilization affecting all protein molecules, 

but to differen.t degrees. This is reasonable since some molecules may 

be covalently attached or adsorbed at more sites than others. A 

higher number of attachment or adsorption sites will result in more 

modification and less activity. Diffusional limitations may also 

affect the specific activity. Diffusion up to the electrode surface 

will be inhibited since the electrode is stationary and a rather thick 

layer, the Nernst diffusion layer will be present through which the 

large SMP must move before reaction. Diffusion limitations may be 

minimized if the electrode is rotated but this alternative was not 

practical with these disk electrodes. Rotation resulted in a "pumping" 

mechanism where the 02 level of the assay solution increased with 

rotation even at fairly low speeds (400-900 rpm). 

The specific activity of the carbodiimide electrodes were, as a 

whole, higher than the specific activity of the 4-,riny1pyridine 

electrodes. This is most likely due to the lower protein loading 

observed with the former electrodes since the specific activity is 

dependent on the amount of protein. Both adsorbed protein electrodes 
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displayed slightly highe~ specific activities for their pa~ticular type 

of electrode. The lowe~ p~otein loading should account for the higher 

specific activities. A comparison of tu~nove~ numbers indicates that 

the adsorbed protein is no mo~e accessible by SMP than in cases where 

covalent attachment also occu~s. 

Assays with cytochrome reductase have shown no activity with the 

same immobilized cytochrome c electrodes. It would appea~ that upon 

immobilization, either adsorption or covalent attachment, a significant 

change in a property of cytochrome c occu~~ed which has resulted in 

the inability of cytoch~ome c to recognize or ~eact with cytoch~ome 

reductase. 



CONCLUSIONS 

The present study has focussed on the effects of immobilization 

on cytochrome c. The results indicate that cytochrome c is only 

slightly affected by immobilization. Information obtained about the 

supports and immobilization procedures have a strong impact on other 

immobilized protein systems. 

Attachment of cytochrome c to Sepharose 6MB has provided a way 

to study the coupling reaction and the characteristic properties of 

cytochrome c quite readily. The reactive groups on Sepharose, cyanate 

esters, can be measured by a simple colorimetric procedure. This has 

resulted in the identification of two competing reactions occurring 

simultaneously during the coupling procedure, one resulting in the 

covalent attachment of cytochrome c while a hydrolytic loss of surface 

groups is the major reaction. The covalent attachment reaction appears 

to be first order with respect to the cyanate ester surface groups. The 

initial cytochrome c concentration in the coupling solution was found to 

produce the largest effect on the amount of attached protein. The 

coupling temperature and pH were found to affect it to a much lesser 

degree while the coupling time, down to 10 minutes, had no effect. 

The loss of protein from similar supports has been suggested 

in the past. In the case of cytochrome c a small amount of protein was 

observed to be leached from the support. This leached cytochrome c 

exhibited no biological activity, confirming that results obtained 
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with immobilized cytochrome c samples were not due to this minimal 

amount of leachable cytochrome c. 

Cytochrome c immobilized to Sepharose 6MB was characterized 

using the visible spectra and redox potential measurements. The 

spectral properties of immobilized cytochrome c were essentially the 

same as those for soluble cytochrome c. The 695 nm band, long used as 

a probe of structural integrity, was observed with the immobilized 

samples. These spectral properties indicate that no large structural 

changes have occurred. The oxidation-reduction potentials were found 

to be slightly lower for immobilized cytochromes c than soluble protein. 

Such a shift in potential may suggest a millor structural change in the 

molecule upon immobilization. The present study has also resulted in 

the first direct measurement of redox potentials for artificially 

immobilized redox proteins. Measurement of the redox potential could 

provide a more sensitive test for structural integrity as was shown to 

be the case previously (Aviram et a1., 1981). 

Biological activity measurements of the immobilized cyto-

chromes c with the physiological enzymes has demonstrated the ability 

of the protein to function properly. Exclusion chromatography studies 

demonstrated that the enzymes as incorporated in submitochondrial 

particles could not enter into the pores of the Sepharose 6MB support 

material. Autoradiography experiments on thin slices of the support 

indicated that the immobilized cytochrome c was fairly evenly distrib-

uted through the support matrix. The higher K values of the m 

immobilized cytochromes c with both cytochrome oxidase and reductase 
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are due to the limited amount of cytocbrome c which is available for 

reaction with the enzymes. 

Previous studies with immobilized cytochrome c have suggested 

that the limited activity with cytochrome oxidase was due to a steric 

hindrance between the approach of the two molecules. The experiments 

chosen to prove that point can not differentiate between a steric 

hindrance and a limited amount of available cytochrome c. 

The V values of the immobilized cytochromes c with cytochrome max 

oxidase were very similar to the value obtained with the soluble 

protein. This further confirmed that the immobilized protein retained 

its ability to function in its normal environment. In comparison the 

V values found for the immobilized cytochromes c using the cytochrome max 

reductase assay were significantly lower (2-12%) than the soluble 

protein. This suggests that some change has occurred upon immobi1iza-

tion which has affected the reductase reaction and not the oxidase 

reaction. Several possibilities exist: a slight lowering of the redox 

potential has produced subtle changes in the thermodynamics of the 

reaction, affecting the reductase reaction while enhancing the 

oxidase reaction; a change in the surface charge or dipole moment has 

occurred upon immobilization which produces larger changes in the inter-

action domain of cytochrome reductase. Calculations based on the 

geometrical size and shape of support and pore volume and diameter 

measurements have indicated that approximately 0.1% of the total 

surface area is available on the outside surface of the support with 

Sepharose 6MB. Immobilization on the outside surface alone is 



132 

unlikely based on the number of layers required at the highest loadings 

observed. Loading calculations suggest that about 6% of the calculated 

surface is covered at the highest loadings observed. A large amount of 

the surface area may not be reactive with cytochrome c due to 

hydrolysis of surface groups. The number of covalent bonds betwe~n the 

support and each cytochrome c molecule may be as low as two based on 

uniform distribution of reactive surface groups resulting in little 

modification of the protein. 

The immobilization of cytochrome c to electrode surfaces has 

demonstrated that a fairly large amount of protein can be attached and 

adsorbed on the electrode surface. Depending on the procedure used 

10-9 to 10-8 moles/cm2 were immobilized with adsorption accounting for 

60% of the protein based on measurements without coupling reagent. 

Thick protein layers were obtained in all cases. The characteristic 

kinetic parameters, K and V could not be measured with the cyto-m max 

chrome c immobilized to electrodes since a wide range o,f substrate 

concentrations would be necessary. Cytochrome c is the substrate but 

only one "concentration" is available for each electrode, that amount 

which is immobilized. Measurements based on the initial velocity in 

the cytochrome oxidase assay suggest that the specific activity of the 

electrodes decreases with increasing protein loading. This suggests 

that only the outermost layers of immobilized cytochrome c is available 

for reaction with cytochrome oxidase, analogous to the case found for 

Sepharose 6MB immobilized cytochromes c. Immobilization by use of EDC 

resulted in electrodes with higher specific activities and lower 
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protein loadings than immobilization by 4-vinylpyridine coated 

electrodes. No activity was observed with cytochrome reductase and may 

be due to the same effects which caused the diminished activity of the 

Sepharose 6MB immobilized cytochromes c. 

Suggestions for Future Research 

The effect of immobilization on cytochrome c has been fairly 

well defined in the case of Sepharose 6MB attachment. One question 

relating to the reduced V observed with the cytochrome reductase max 

assay still remains. Ideally, the effects of a change in surface charge 

and/or dipole moment versus a change in redox potential must be 

separated. Unfortunately chemical modification studies can not provide 

any help at this time since modifications which have changed the 

surface charge have also changed the redox potential. At present it 

appears that the two changes are interrelated. One approach for 

immobilized cytochrome c may lie in the quantitative determination of 

the lysine residues involved in the formation of the covalent bond with 

Sepharose. This might be accomplished through the enzymatic degrada-

tion of the protein while attached to the support matrix followed by 

peptide mapping. A similar approach was previously used by Silvestrini 

Martini et a1. (1978) except that the support (Sephadex) had been 

enzymatically digested. The long polysaccharide tails often made it dif-

ficu1t to correctly identify certain peptide fragments due to a change 

in peptide mobility upon mapping. No effort was made to quantitate the 

fragments after peptide mapping either. If certain peptide fragments 

representing specific lysine residues involved in the interaction domain 
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of cytochrome reductase are more likely to form covalent bonds this may 

explain the results. 

Another approach would involve the use of EPR spin labels or 

fluorescent chromophores attached to specific amino acids on cyto

chrome c. A change in the signal from these labels upon covalent 

attacllment would at least identify a certain region of the molecule as 

being involved in immobilization. This particular approach may require 

the use of model compounds to duplicate the support since some 

attenuation of the signal could occur. 

The effect of immobilization on cytochrome c attached and 

adsorbed on electrode surfaces has not been sufficiently investigated. 

Two other useful sources of information about the molecule would be 

obtained from the spectral properties and redox potential. The redox 

potential may particularly help to address the absence of activity with 

cytochrome reductase. The spectral properties may be observed by use 

of a glancing incidence external reflection technique as used by 

Skully and McCreery (1980) for spectroelectrochemical measurements. 

Another approach would involve the use of an optically transparent 

electrode material to immobilize the cytochrome c. This may require the 

use of different immobilization procedures than have presently been 

studied. 

Several recent reports (Abruna et al., 1981; Shigehara, Oyama 

and Anson, 1981; Oyama and Anson, 1980) have studied the use of poly

vinylpyridine-coated electrodes to which metal complexes have been 

coordinatively attached. These coated electrodes~ utilizing similar 
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metal complexes may provide a method for the direct oxidation and/or 

reduction of cytochrome c at the electrode surface. Studies in this 

area may lead to the use of these and other coated electrodes (Eddowes 

and Hill, 1977; Lewis and Wrighton, 1981) in the measurement of redox 

potentials of other proteins with cytochrome c as the mediator. They 

may also provide new methods for the measurement of biologically 

important molecules (Durliat and Comtat, 1980) and for determination of 

altered mitochondrial metabolism in several human disorders (Stumpf and 

Parks, 1981). 

The apparent reason for the low specific activities observed 

with the cytochrome c immobilized electrodes was the thick protein 

layer. Studies in ,.hich this layer is decreased in thickness would 

provide direct evidence for this explanation. Thinner coatings and 

protein layers would also aid in studies on the direct electron 

transfer between the electrode and the cytochrome c molecule. 



APPENDIX A 

MATHEMATICAL CALCULATIONS 

Several fundamental calculations have been made in an effort to 

more fully understand the distribution of the surface area between the 

inside (pore) and outside with the Sepharose 6MB beads. The resulting 

surface areas as well as their ratio may profoundly affect the distribu

tion of cytochrome c in the porous matrix, and thus the observed 

biological activity. Surface coverages can then be estimated with the 

prospect of providing a better understanding of the results. Some 

knowledge may also be obtained about the number of covalent bonds to the 

matrix. These calculations have used simple geometrical shapes in 

defining both the inside and outside surface areas. Most of the 

information about the Sepharose 6MB beads has come from experimental 

results. 

Surface Areas 

Initially it was necessary to arrive at good estimates of the 

bead diameter, the pore diameter and the pore volume for the geo

metrical calculations. The bead diameter was determined as given in 

the Experimental section. The average diameter was found to be 

226 ± 24 ~m, with a range of 180-294 ~m for the hydrated beads. For the 

dehydrated beads the average diameter was 110 ± 10 ~m and a range of 

87-155 ~m. Since the beads are hydrated under normal conditions the 

initial value was used in calculating the outside surface area. The 
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equation for the surface area of a sphere was used since polysaccharide 

beads have been shown to be spherical under the electron microscope 

(Grimaud et al., 1978). 

A = 4 IT r2 

This results in a surface area of 1.60 X 105 ~m2 per bead. 

The pore volume (V ) may best be estimated by the following 
p 

relationship: 

V = V - V - V pHD 0 

where VH is the volume (after hydration) of a certain weight of dry 

beads, VD is the volume of the same weight of dehydrated beads, and Va 

is the void volume of a column prepared from the same weight of beads. 

This equation should account for the two other major contributions to 

the volume of the swelled beads, namely the interstitial volume and the 

volume of the matrix. With Sepharose 6MB the various volumes have been 

measured using a 1.00 g sample and found to be: 

V = 3.00 - 1.39 - 1.05 m1 = 0.56 m1 p 

It is also necessary to estimate the average pore diameter for 

Sepharose 6MB. This material is essentially "large beads of Sepharose 

6 6B" which in turn have a molecular weight exclusion limit of 4 X 10 

for globular proteins. The radius of the pore can be estimated by an 

extrapolation of the linear relationship between the cube root of 

molecular weight and the Stokes' radius of several globular proteins as 
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shown in Figure A.1. and listed in Table A.1. The pore radius would be 

a 
approximately 150 A. Assuming the pores to best be approximated by 

cylinders with the stated pore radius and a length equal to the bead 

diameter the volume of one pore may be calculated using the equation 

for the volume of a cylinder: 

v = 0.160 ~m3/pore 

The total number of pores in 1.00 g of beads can be found: 

3 4 
ml) (lcm ) (1 X 10 ~m) 3 (0.56 ml cm 12 

-----=3-::---~--- = 3.5 X 10 pores/g. 
(0.16 ~m /pore) 

The surface area of a pore, A , is: 
p 

A = 2TIrh = 2 TI(1.5 X 10-2 ~m) (226 ~m) 
p 

2 A = 21.3 ~m /pore 
p 

and for 1 g of beads the total pore surface area, ~, becomes: 

2 12 
AT = (21.3 ~m /pore) (3.5 X 10 pores/g) 

13 2 AT= 7.45 X 10 ~m /g. 



Figure A.I. Relationship of Stokes' Radius to the Cube Root of the 
Molecular Weight for Several Globular Proteins -- The 
proteins with their Stokes' radius, molecular weight 
and cube root of the molecular weight are given in 
Table A.I. 
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Table A.1. The Molecular Weight and Stokes' Radius of Various Proteins. 

Protein Molecular Weight ~ Stokes' Radius 

Cytochrome 12,400 23.1 15.8 * 
Ribonuclease A 13,700 23.9 16.4 

Chymotrypsinogen A 25,000 29.2 20.9 

Ovalbumin 43,000 35.0 30.5 

Albumin 67,000 40.6 35.5 

Aldolase 158,000 54.1 48.1 

Catalase 232,000 61.4 52.2 

Ferritin 440,000 76.1 61.0 

Thyroglobulin 669,000 87.5 85.0 

** Sepharose 6MB 4,000,000 158.7 149.9 

* Radius determined from crystallographic measurements. 

** Extrapolation of molecular weight exclusion limit to effective 
pore radius. 

0 
(A) 
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It is necessary to obtain a conversion factor for the number of 

beads in a unit weight of the sample. This can be done by calculating 

the volume of a single bead, VB' as follows: 

3 
r = 

4(1.13 X 10-2 cm)3 
3 

-6 3 VB = 6.0 X 10 cm /bead 

The volume actually due to the beads when hydrated can be determined 

from VH minus Va' thus the number of beads per gram is: 

= (3.0 - 1. 05 ml/ g) (J. cm3/ml) 
-6 3 6.0 X 10 cm /bead 

= 3.23 X 105 beads/g. 

Using the diameter of the dehydrated beads and their volume, V
D

, a 

conversion factor of 2.0 X 105 beads/g is obtained, which is in good 

agreement. 

The pore surface area of one bead, AB' can now be obtained from 

the total pore surface area and the conversion factor. 

13 2 
= 7.45 X 10 ~m /g 

AB 5 
3.23 X 10 beads/g 
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The ratio of pore surface area to outside surface area is: 

This ratio, along with those for Sephadex G-200 and G-10 have previously 

been given in Table 14. 

Cytochrome c Loading 

The crystallographic size of cytochrome c has previously been 

o 
determined to be 30 X 30 X 34 A (Dickerson et a1., 1971). If the 

surface area covered by cytochrome c is taken to be a square with sides 
o 0 

of 30 A the area covered by one molecule can be approximated as 900 A 

or 9 X 10-6 ~m2/mo1ecu1e. Utilizing the calculated outside surface 

area, Avogadro's Number, and the number of beads in a unit weight the 

amount of cytochrome c immobilized on the outside surface can be fOUlld: 

(1.6 X 105 ~m2/bead) (3.2 X 105 beads/g) 

(9.0 X 10-6 ~m2/mo1ecu1e)(6.0 X 1023 molecule/mole) 

= 9.5 X 10-9 mo1es/g 

Based simply on immobilization to the outside surface a coverage of 

approximately 80 layers would be necessary to account for the amount 

immobilized on the most heavily loaded set of beads. 

(7.8 X 10-7 moles/g) = 
(9.5 X 10-9 moles/g) 

82 layers 

This eliminates the possibility of immobilization only to the outside 

surface. 
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If the entire surface area is available for immobilization, 

which probably is not the case since the pores of polysaccharide 

support materials are thought to be irregular channels of varying shape 

and size, the largest amount of immobilized cytochrome c can be 

calculated. 

(9.0 X 10-6 ~m2/molecule) (6.02 X 1023 molecules/mole) 

-5 1.38 X 10 moles/g 

The percent of the total loading then is 

-7 (7.8 X 10 moles/g) 
-5 (1.38 X 10 moles/g) 

X 100 = 5.7% 

Covalent Bonds 

The quantitative measurement of the reactive cyanate ester 

surface groups on Sepharose was first proposed by Kohn and Wi1chek 

(1978) using cyanogen bromide as the standard in producing a calibration 

curve. This method was shown to have a molar absorptivity of 

Using this method for the analysis of activated 

Sepharose 6MB (see Experimental section for details) an average of 

250 ~moles of cyanate ester/g was found. Recently, Kohn and Wi1chek 

(1981) have reported that the original molar absorptivity was in error 

due to the "exceptional side reactions between CNBr and pyridine". 

Based on the measurement of the decrease in the nitrogen content of the 

resin resulting from formation of the co+ored product, a molar 
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absorptivity of 1.37 X 105 M-l cm-l has been suggested for the colori-

metric reaction product. This would result in a decrease in the 

actual amount of cyanate ester groups by approximately a factor of 9. 

Utilizing this factor an estimate of the surface coverage of cyanate 

ester groups can be gained. 

(2.5 X 10-4 moles of ester/g) (6.0 X 1023 molecules/mole) 

(7.4 X 1013 ~m2/g) (9.1) 

= 2.2 X 105 molecules of ester/~m2 

Since the surface area covered by one molecule of cytochrome c has 

already been calculated the number of cyanate ester molecules in the 

region of a single cytochrome c molecule can be calculated. 

(2.2 X 105 molecules of ester/~m2) (9.0 X 10-6 ~m2/cyt. c) 

2.0 molecules of ester/cyt. c 

This suggests that at most only two covalent bonds can be formed 

between the support and the cytochrome c molecule. This may further be 

diminished considering the proximity of cytochrome c to the surface for 

actual bond formation and the probability of proper alignment for 

multiple attachment. 

The actual number of cyanate ester groups available to cyto-

chrome c on the average can be determined from the amount of each per 

unit weight of bead at the highest observed cytochrome c loading 

-4 (2.5 X 10 moles of ester/g) 

(7.8 X 10-7 moles of cyt. c/g) (9.1) 
35 moles of ester/mole 

of cyt. c 
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On the average, 33-34 moles of ester/mole of cyt. c are left to either 

be hydrolyzed during the coupling reaction or to react with glycine 

later, which effectively removes any remaining ester groups. This 

large excess of ester groups may further explain the results obtained 

on monitoring the ester groups as the reaction conditions were 

changed, most notably the effect of reaction time. It can be seen that 

less than 6% of the available ester groups should react with 

cytochrome c. 
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