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ABSTRACT 

IiPl-65 (heme peptide containing the first 65 residues of horse 

heart cytochrome c) has been studied by various techniques. Absorption 

spectra and redox potential, E°', of HP1-65 were monitored as a function 

of pH and exogenous ligands to determine endogenous and exogenous ligand 

coordination to the heme. 

HP1-65 undergoes four spectrophotometrically observable pH 

transitions in its UV-visible spectra. The ferriHPl-65 transition at 

pH 3.9 for an iron spin state transition is indicative of the replace

ment of a strong field nitrogenous ligand by a weak field ligand like 

H^O. The transition at pH 10.3 of the oxidized form is due to the ioni

zation of Tyrosine-48 with a pK equivalent to an exposed residue. 
ci 

FerroHPl-65 has a spin state spectral transition at pH 4.9 with similar 

ligands involved as in ferriHPl-65. The other ferroHPl-65 spectral 

transition, at pH 8.5, is a change between two low spin complexes. 

Exogenous N-acetyl-methionine and imidazole are shown to be in 

competition at pH 7 with residues of HP1-65 that bind more strongly than 

the weak field ligand, ̂ O, resulting in lower binding constants. Po-

tentiometry of HP1-65 with imidazole indicates equal binding to both 

oxidation states suggesting that the ratio of stabilities of the endoge

nous ligands remains the same compared to the aquated complexes. 

The pH dependence of the E°" of HP1-65 gave a curve similar to 

cytochrome c in shape but was more like previous heme peptide model 

x 
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systems in its Ey" (pH 7) and the number of pH dependent transitions. 

E°" of HP1-65 is -108 ± 3.4 mV versus NHE. The 100 mV increase of Ey' 

compared to shorter heme peptide models is demonstrated not to be due to 

a greater stability of the ligand in the sixth coordination position 

of the reduced form. 

The scheme proposed as the most logical interpretation of all 

the data suggests that lysines are coordinated at pH 7 to both oxidation 

states. This supports the possibility that the peptide can keep rela

tively similar folding as in the native molecule, although this has not 

been specifically shown. 

A number of heme peptide (IIP) -nonheme peptide (P) complexes 

derived from cytochrome £ (of varying spectral properties and biological 

activity) were studied potentiometrically at pl-l 7 to correlate the 

spectra, biological activity, and Etj" for these complexes. The com

plexes HPl-65-66-104, HP1-38*1-104, HP1-65-1-104, HP1-80-1-104, 

HP14-21-1-104, and HPl-65-67-104*Gu (guanidinated) were studied (numbers 

following HP indicate the residues in the complex from HP and P, respec

tively. The Ey' values follow the previous classification of these 

complexes from spectral and biological activity criteria. Class I com

plex HPl-65'66-104, where the covalent bond is reformed between the 

peptides, has spectra, biological activity and Ey" similar to cytochrome 

c (+260 mV). HP1-38-1-104, HP1-65-1-104, and HP1-80-1-104 (Class II 

complexes) only lack biological activity and have potentials around +200 

mV. These complexes are reducible by ascorbate at a rate slightly 

slower than cytochrome £ (pH 7). The E°- of these complexes cannot be 

accounted for exclusively by ligand binding. It has been proposed for 
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HP1-38-1-104 that the increase in E°" relative to HP1-38 is mainly from 

the "closed" structure of the complex. About 100 mV of the 350 mV in

crease of the complex relative to HP1-38 can be attributed to ligation 

and the remainder is attributed to a decreased exposure of the heme 

which preferentially stabilizes the reduced form. 

HPl-65*67-104*Gu and HP14-21-1-104 (Class III) lack spectral 

properties and biological activity of cytochrome c and both have poten

tials below 0 mV similar to the short heme peptides. HPl-65'66-104 

where no covalent bond is formed has a potential similar to the Class 

III complexes which have "open" structures analogous to the heme 

peptides. 



INTRODUCTION 

There is much active interest in the study of oxidation-

reduction components of biological systems. A substantial part of the 

interest has been focused on the components of the mitochondrial res

piratory chain and photosynthesis due to their involvement in energy 

production. 

The mitochondrial respiratory chain of eukaryotes has a variety 

of oxidation-reduction components (Wainio, 1970) which function in the 

overall mechanism for converting adenosine diphosphate and inorganic 

phosphate to adenosine triphosphate (ATP). ATP is the main form of 

energy which is utilized by living cells. 

One of the class of compounds found in the respiratory chain 

are heme (iron porphyrin) proteins (cytochromes). This classification 

of compounds can be further broken down into various types of cyto

chromes depending on their iron ligands and the substituents on the 

porphyrin ring. The cytochromes have been reviewed by Lemberg and 

Barrett (1973) where they discuss differences in the structure and 

properties of the cytochromes. All cytochromes contain the iron por

phyrin which is the functioning group (prosthetic group) for electron 

transfer. During electron transport the iron is cycled between its +2 

and +3 states. 

1 
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Cytochrome c 

Cytochrome £ is a member of the mitochondrial respiratory chain 

and mediates electron transfer between cytochrome c reductase and cyto

chrome oxidase. Due to the relative ease of extraction and purification 

of cytochrome c a large amount of data has accumulated concerning its 

properties and function. Much of this information has been included in 

a number of reviews (Margoliash and Schejter, 1966; Lemberg and Barrett, 

1973; Dickerson and Timkovich, n.d.). 

Cytochrome c is a heme protein with a peptide chain containing 

103-111 amino acids (depending on the species) and an iron protoporphy

rin IX covalently linked to the protein. The linkage is via thioether 

bonds between the cysteine residues of the protein and the two vinyl 

groups on the porphyrin ring. The primary sequence of 104 amino acids 

of cytochrome c from horse heart (HHC) is given in Figure 1. The N-

terminal glycine of the protein is acetylated. The heme group is 

attached to the protein at residues 14 and 17. The e-aminonitrogen of 

Histidine-18 and the thioether sulfur of Methionine-80 are coordinated 

to the heme group in the fifth and sixth coordination positions of the 

iron. HHC has a molecular weight of 12,340 Daltons. The protein has a 

basic isoelectric point of 9.7 with 19 lysine, 2 arginine, and 3 histi-

dine residues while only 9 glutamic and 3 aspartic acid residues are 

found in the molecule. 

The x-ray crystal structure of both ferri- and ferrocytochrome 

c have been reported (Dickerson et al., 1971; Takano et al., 1972). 

Cytochrome c is a globular protein with the polypeptide chain wrapped 

around the heme group. Residues 1 through 47 comprise the right side 



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

HEME-— 

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

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

Thr-Gly-Gln-Ala-Pro-Gly-Phe-Thr-Tyr-Thr-Asp-Ala-Asn-
40 50 

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

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

Thr-Lys-Met-Ile-Phe-Ala-Gly-Ile-Lys-Lys-Lys-Thr-Glu-
80 90 

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

GluCOOH 

Figure 1. Primary sequence of horse heart cytochrome c (HHC). 
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of the heme while residues 48 through 91 make up the left side of the 

molecule. The remaining residues, 92 through 104, fold over the back 

and top part of the heme. The residues 1 to 13 and 92 to 104 represent 

the major part of the helical folding in the molecule. The protein is 

wrapped tightly around the heme with only one edge of the porphyrin 

ring exposed to the surface. The folding of the molecule is such that 

the internal part of the molecule close to the heme has a greater con

centration of the hydrophobic residues while the peripheral part of the 

molecule is covered by mainly hydrophilic charged side chains. Removal 

of the iron from the heme gives a similar compact structure (Fisher, 

Taniuchi, and Anfinsen, 1973) to cytochrome c demonstrating that iron 

ligation is not necessary for the existence of a compact conformation. 

The charged groups have been proposed to be possible interaction sites 

for the reductase, oxidase, and mitochondrial membrane (Dickerson et 

al., 1971). Of the two propionic side chains on the porphyrin ring, 

one is accessible to the solvent while the second is buried in the 

internal region of the molecule where it is hydrogen bonded to the hy-

droxyl of tyrosine in position 48 and to the indole nitrogen of trypto

phan in position 59. These aromatic residues are completely invariant 

in all the sequences so far studied as are the axial ligands of the 

heme and Cysteine-17 which is covalently bonded to the heme. Three 

glycine and two proline residues are also invariant, while a much larger 

number of residues are only conservatively varied. Amino acids 70-80 

have almost complete invariance and are located on the left side of the 

molecule constituting the longest "constant" sequence in the molecule. 

Residues located in the interior of the molecule have the greatest 
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likelihood of being invariant (Dickerson and Timkovich, n.d.). The 

three dimensional structure of cytochrome C2 from the purple photosyn-

thetic bacterium, Rhodospirilium rubrum, has been reported for both 

oxidation states (Salemme, Freer, Xuong, Alder, and Kraut, 1973; 

Salemme, Kraut, and Kamen, 1973) and has the same general conformation 

as reported for horse heart cytochrome c. 

The absorption spectra of horse heart cytochrome c is shown in 

Figure 2. The oxidized spectrum is characterized by an intense band 

at 410 nm (Soret band) and a broad weaker band at 530 run. A very weak 

band at 695 nm is characteristic of methionine ligation (Schechter and 

Saludjian, 1967) and has been used as a monitor of the structural integ

rity of the molecule. On reduction the Soret band shifts to 416 nm with 

a marked .increase in intensity. The spectrum in the 500 to 600 nm re

gion has two sharp bands in the reduced form at 550 run (a-band) and 520 

nm (6-band). These spectra are characteristic- of hemochrome spectra 

indicative of strong field nitrogen and/or sulfur ligation (Margoliash 

and Schejter, 1966). 

The in vitro formal potential (oxidation-reduction potential, 

E^, where the 7 represents the pH of the measurement) of horse heart 

cytochrome c at pH 7 is reported to be +261 mV (Margalit and Schejter, 

1973). The potential is independent of pH in the pH region of 2 to 8 

but undergoes a pH dependent potential transition in the alkaline re

gion. Rodkey and Ball (1950) determined the formal potential dependence 

on pH of beef heart cytochrome £. Besides the alkaline transition they 

also observed a potential transition at approximately pH 2. The formal 

potential of cytochrome c measured in vivo yields a lower value of 
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+235 mV (Dutton, Wilson, and Lee, 1970) which was proposed to be due to 

the binding of the protein moiety of the cytochrome to the mitochondrial 

membrane. Vanderkooi, Ereciriska, and Chance (1973) have shown that 

ferricytochrome c binds to the membrane three times more strongly than 

the ferro form. This differential binding could account for the net 

stabilization of the oxidized form (lower formal potential) when bound 

to the mitochondrial membrane. The formal potential of the open crevice 

form of cytochrome £ is estimated to be -70 mV resulting from the dif

ference in free energy of formation of the heme crevice in the two oxi

dation states (Margoliash and Schejter, 1966). A similar difference in 

formal potential was determined experimentally by Kassner (1972) for 

a pyridine mesoheme complex between an aqueous "open" to a nonaqueous 

"closed" environment. The basis for these effects is a preferential 

stability of the reduced form of the heme in the hydrophobic environment 

around the heme. 

Aviram and Schejter (1971) have shown that formylation of the 

indole nitrogen of Tryptophan-59 results in a molecular species which is 

oxidized by and binds CO which is not characteristic of the native 

molecule. O'Hern, Pal, and Myer (1975) have given evidence that the 

formylated cytochrome c is in an open structure very similar to the 

shorter heme peptide fragments of cytochrome c. Erecinska (1975) has 

shown that formylated cytochrome c has a formal potential around 85 mV. 

This supports the belief that large negative shifts in potential can be 

facilitated by increased solvent exposure of the heme. 
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Model Systems of Cytochrome c_ 

There are various model systems that have been used for the 

study of cytochromes in general and cytochrome c in particular. One 

type, the study of porphyrins and metalloporphyrins in various solvents 

has been reviewed (Falk, 1964) and continue to be studied in a number of 

laboratories. These systems are usually studied in organic solvents 

due to their limited solubility and aggregation tendencies in aqueous 

solvents. A number of metal porphyrins including iron porphyrins 

(Davis, 1940) have been studied by Clark and co-workers (Clark, 1960) 

with the addition of various nitrogenous bases. These systems were 

studied spectrophotometrically as well as potentiometrically. 

Recently model systems which have out of plane ligands covalent-

ly attached to the heme moiety via one or more porphyrin functional 

groups and models of various length heme peptides have been investigated 

(Harbury and Loach, 1959, 1960a, 1960b; Warme and Hager, 1970a, 1970b). 

Most of the studies have been spectral but in some cases potentiometry 

has been employed. Derivatized hemes have been synthesized by addition 

of amino acids or short peptides to the propionic acid groups of the 

heme ring (Warme and Hager, 1970a; van der Heiiden, Peer, and van den 

Oord, 1971). A mesoheme synthesized by Warme is illustrated in Figure 3. 

These compounds have combinations of histidine and methionine on one or 

both of the acid functional groups of the heme. Spectral properties of 

these compounds in dioxane-h^O (30:70) were studied and it was demon

strated that both the methionine and histidine are able to coordinate 

to the iron (Warme and Hager, 1970b). Preliminary redox potentials at 

pH 7 were reported for these compounds by Warme and Hager (1970b) and 
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CONHCHCOo 

Figure 3. Structure of a methionine-mesoheme derivative. 



later refined by Wilson (1974) in a more extensive study of the com

pounds with varying pH. The formal potentials for these models range 

from +0.02 volts for the bis-methionine mesoheme to -0.22 volts for the 

bis-histidine mesoheme complex. 

The third type of model system is heme peptides^ derived from 

the native molecule. These systems are prepared by removing part of 

the polypeptide chain of cytochrome c by enzymatic or chemical means. 

HPll-21, made by peptic digestion of cytochrome c was studied spectro-

photometrically (Margoliash, Frohwirt, and Wiener, 1959). HPll-21 and 

HP14-21 (tryptic digestion of HPll-21) have been extensively studied 

potentiometrically by Harbury and Loach (1959, 1960a, 1960b) both with 

and without the addition of nitrogenous bases. All these heme peptide 

systems had E^ values around -200 mV which is approximately 460 mV more 

negative than the native molecule. After these studies it was found 

that methionine and not a second nitrogenous ligand (as believed pre

viously) was complexed to the heme iron in cytochrome £. Spectral and 

potentiometric studies were made on HP14-21 with the addition of exog

enous methionine (Harbury et al., 1965). The spectra were character

istic of a low spin hemochrome spectra (Margoliash and Schejter, 1966) 

and the Ey' increased to about -50 mV in the presence of 2 M N-acetyl-

methionine. This potential is approximately equal to the 

1. Specific heme peptides (HP) and nonheme peptides (P) for 
the remainder of this work will be followed by the numbers of the resi
dues of horse heart cytochrome c that are included in its peptide se
quence. For examples, HP14-21 and Pl-104 (apoprotein) refer to the 
heme containing peptide of residues 14 through 21 and the nonheme con
taining residues 1 through 104, respectively. HP1-38-1-104 refers to 
the heme peptide-nonheme peptide complex of HP1-38 and Pl-104. 
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histidine-methionine mesoheme (Wilson, 1974) but still quite different 

from cytochrome c. FerriHPll-21 plus N-acetyl-methionine does have 

spectral similarities to cytochrome c includinp, the 695 nm band indica

tive of methionine ligation (Schechter and Saludjian, 1967). 

HP11-21 has also been studied spectrally when the peptide was 

synthetically extended by the addition of approximately eleven methionyl 

residues (Wainio, Krausz, and Hillman, 1970). The resulting heme pep

tide gave spectral characteristics more like cytochrome £ than HP11-21. 

Other spectral studies have been reported where ferri- and ferroproto-

porphyrin IX are complexed by synthetic polymer ligands of polylysine, 

poly-4-vinyl-pyridine, and poly-N-vinyl-2-methyl-imidazole in N, N-

dimethyl formamide and aqueous solutions (Tsuchida, Honda, and Hasegawa, 

1975) to study the formation constants (formation constants and disso

ciation constants throughout this text will refer to conditional con

stants) and coordination numbers of these complexes. They have 

suggested higher formation constants using these polymer ligands due to 

the apparent higher ligand concentration around the polymer chain. 

Electrochemistry 

Oxidation-reduction proteins are known to have heterogeneous 

electron transfer rates that are usually very small. Betso, Klapper, 

and Anderson (1972) were able to reduce cytochrome c at a mercury elec

trode but not nearly at a diffusion limited rate. To facilitate the 

oxidation and reduction of biological components it has been necessary 

to employ chemical oxidants and reductants. 
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For the determination of formal potentials further complication 

in determining the potential of the solution exists due to the appar

ently low exchange current of these molecules at an indicating electrode 

(poor establishment of electrochemical equilibrium). To resolve this 

difficulty a number of techniques have been employed. One method, 

"method of mixtures," has been used extensively but is greatly depen

dent on a redox buffer (oxidation-reduction couple). The oxidation-

reduction component is mixed with the redox buffer and allowed to 

equilibrate. The concentration ratios of both the biological redox 

couple and the redox buffer are determined (usually spectrally). The 

two couples are equated using the Nernst equation which allows for the 

calculation of the E°' of the biological redox couple from the concen

trations and the E°" if the redox buffer. It is necessary to know the 

exact redox potential and concentrations of the redox buffer for this 

analysis (Clark, 1960). The other method used for oxidation-reduction 

measurements is a potentiometric titration where the ratio of oxidized 

to reduced species is varied while monitoring the potential of the 

solution electrochemically (Harbury, 1957; Swartz and Wilson, 1971; 

Hawkridge and Kuwana, 1973). In most systems equilibrium is established 

with the indicating electrode only after a redox mediator is incorpo

rated . 

For the potentiometric titrations a number of techniques have 

been developed. Harbury (1957) developed an apparatus that can be used 

to obtain both potentiometric and spectrophotometric data, simultaneous

ly on 5 to 10 ml of solution using chemical titrant. More recent cell 

designs have reduced the cell solution to around 3 ml and use 
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electrochemical generation of oxidant and reductant (Swartz and Wilson, 

1971; Hawkridge and Kuwana, 1973). Electrochemical techniques provide 

a convenient method for changing the ratio of oxidized to reduced spe

cies without the addition of extra chemical titrant. Swartz and Wilson 

(1971) described an electrochemical apparatus that allows the experi

menter to set the desired potential for the solution and then take the 

spectral measurements when the system comes to equilibrium (cell poten

tial equals the desired value). A cell design, suggested by Hawkridge 

and Kuwana (1973), utilizes a tin oxide optically transparent electrode 

(OTE) to oxidize and reduce the solution. Their cell also allows for 

the measurement of coulombic charge injected into the cell during the 

process of the titration. Heineman, Norris, and Goetz (1975) have con

structed a thin layer cell using an optically transparent Au electrode. 

The advantage of using this cell is the shorter time needed for elec-

trolyzing the solution. The process involved for the titration is to 

potentiostatically set the potential desired for the solution. The 

equilibrium is established at this applied potential by electrolyzing 

the cytochrome by using a redox mediator. The spectral changes will 

be complete at zero current. 

Proposed Research 

Much of the information about cytochrome c has been centered 

around the structural importance and function of the protein moiety. 

One of the important questions that still remains is what functional 

groups of the protein have the greatest effect on the redox potential 

of the heme in cytochrome c (and other cytochromes)? Model systems of 
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cytochrome c appears to offer the best approach for answering this ques

tion by creating systems which contain various properties and parts of 

cytochrome c. 

The gradual evolution of model systems from "simple" iron por

phyrins has led to heme peptides for studying redox characteristics of 

the heme. Recently Corradin and Harbury (1971) have demonstrated that 

cytochrome £ can be split at Methionine-65 and that the two resulting 

peptides can be recombined to form an active molecule in a manner simi

lar to the case for staphylococcal nuclease (Taniuchi and Anfinsen, 

1969). Corradin and Harbury (1974) have shown that in their complex the 

peptide bond is reformed between residues 65 and 66 to form the active 

species. More recently it was reported that a number of heme peptide-

nonheme peptide complexes could be made from cytochrome c fragments 

(Wilgus, 1975). Most of these complexes do not have covalent linkage 

between the peptides. These studies make available a wide range of 

heme peptide complexes of varying properties which can be used as 

models of cytochrome c. The study of these models can lead the way for 

construction of better model systems of cytochrome c. 

The work reported here is centered on the study of the electro

chemical characteristics of cytochrome c by the use of model systems, 

in particular, factors affecting their redox potentials. These studies 

involve the pH and/or ligand binding dependence of the potential. 

Associated with these studies are spectral studies designed to correlate 

potential changes with perturbations of the heme chromophore. 

This work will address itself to the factors affecting the for

mal potential of cytochrome £ models with the following objectives 
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in mind: 

1. To study the heme peptide, HP1-65, and characterize some of the 

properties which affect its potential since it is the only heme 

peptide that has been shown to form a biologically active 

complex. 

2. To attempt to elucidate some of the interactions the protein 

moiety of HP1-65 has with the heme from spectral and redox 

measurements to determine the effect of these interactions on 

the potential. 

3. To compare HP1-65, on the basis of the observed ionizations and 

E°", to cytochrome c and other smaller heme peptides to attempt 

to correlate these results with other properties of these 

molecules. 

4. To determine the formal potential of some of the interactive 

systems (heme peptide-nonheme peptide complexes) studied by 

Wilgus (1975) to better characterize the electron transfer 

properties of these systems. This information should help 

understand the reason for their lack of biological activity. 



EXPERIMENTAL 

Apparatus 

The cell used for the determination of formal potentials is il

lustrated in Figure 4 and is similar to the one reported by Hawkridge 

and Kuwana (1973). This allows for the simultaneous determination of 

spectra and redox potential data. The cell body is machined out of a 

Kel-F rod (Artex Plastics, Inc.; Phoenix, Arizona) which was chosen for 

its chemical inertness and ease of machining. The cell has an optical 

path length of either 0.75 cm or 1.5 cm and has an outer diameter (O.D.) 

of approximately 1.5 inches. The internal cell compartment is machined 

to a diameter of 3/8 inches with the exception of a flat section on the 

bottom to accommodate a 0.8 mm long stirring bar (Arthur II. Thomas 

Company, 8608-M10) which is glass-jacketed. To the back face of the 

cell was epoxied a quartz window (Precision Cells Inc.; Hicksville, 

N. Y.). The front of the cell is milled to hold a Neoprene o-ring of 

3/8 inch inner diameter (I.D.) and 1/16 inch thickness. Four additional 

holes were tapped into the front face of the cell to accommodate screws. 

A 1/2 inch diameter hole is cut in a copper foil so it fits around the 

o-ring and is used to make electrical contact with the Sn09 optically 

transparent electrode (OTE), approximately 10-50 ohms per square (Infra

red Reflecting Glass, Corning, NESA Glass, Pittsburg Plate Glass). The 

SnC^ electrode is held against the o-ring by a 1-1/2 inch diameter 

plexiglass disc. The disc contains a 3/8 inch diameter hole to allow 

the light beam to pass through to the cell, and four holes to 
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Figure 4. Spectroelectrochemical cell used for potentiometric 
titrations. 

Cell described in the text. 
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accommodate the screws that sandwich the disc, the SnC^ electrode, and 

copper foil to the cell body. 

From the circumference of the cell body are drilled four holes 

that extend to the internal compartment. Into three of these holes are 

epoxied two way chemical inert valves (Hamilton valves /I1MM1). Into the 

fourth hole a 24 gauge Pt wire was epoxied so approximately I cm of the 

wire extended into the internal part of the cell. This wire is used to 

monitor the potential of a solution contained in the cell (indicating 

electrode). 

The glass arm extending from the valve on the right (Figure 4) 

contains the reference electrode. The reference electrode is made up 

of a AgCl coated Ag wire that is epoxied into a male ground glass joint 

$ 7/25, which fits into the ? 7/25 female joint on the glass arm. The 

wire is immersed in a saturated AgCl and KC1 solution contained in an 

electrode probe (Leeds and Northrup #117147). This reference electrode 

is checked after each experiment against a saturated calomel electrode 

(SCE), (this SCE is used exclusively for this purpose), and gives a 

formal potential of 200 mv ± 2 mv versus the normal hydrogen electrode 

(NHE). This is in good agreement with earlier reported values (Ives 

and Janz, 1961). The glass arm extending from the left valve contains 

the counter electrode which is a 24 gauge Pt wire epoxied into a male 

ground glass joint 3? 7/25. This joint fits into a $ 7/25 female joint 

on the glass arm containing a frit that is used to isolate the counter 

electrode from the solution in the cell body. Both of the glass arms 

contain a female ground glass joint (Ace Glass Company, No. 7602-35) 

used to connect to the Hamilton valves. 
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The cell used for the pl-l titration of the reduced heme peptide 

is a modification of the one described above and illustrated in Figure 

5. The basic cell design is the same as in Figure 4 except, the top 

valve is replaced by a microprobe combination pH electrode (Fisher 

13-639-92) which is held in place by a standard taper Teflon thermome

ter adapter. The right arm containing the reference electrode is not 

used and the reference electrode of the combination electrode is used 

instead. A rubber septum is placed over the right valve after the cell 

is filled with solution. The addition of acid and/or base is made from 

an ultra precision micrometer syringe (Roger Gilmont Instruments, Inc.) 

through the rubber septum on the right valve. 

The degassing chamber for the solutions used in these cells, 

Figure 6, is made from a glass bulb which connects to the Hamilton 

valve on the cells by a female ground glass joint (Ace Glass Company 

No. 7602-35) for the purpose of filling the cell. The glass bulb also 

is connected to a vacuum line and an oxygen free nitrogen supply by a 

three way vacuum stopcock (Kontes Glass Company, K-845000) so the solu

tion and the cell can be deoxygenated before filling the cell with 

solution. A stirring bar is operated in the bulb during the deoxygena-

tion procedure. Oxygen is eliminated from the nitrogen line by using 

all copper tubing and a reducing catalyst (MSF catalyst R 3-11, BASF 

Wyandotte Corp.) to remove the trace levels of oxygen from the 

nitrogen. 

All polarography and cylcic voltammetry to check potentials of 

the redox buffers and to check the behavior of the SnO^ electrode are 

done using the Heath EUA 19-2 polarograph with a Heath EUA 19-4 



Figure 5. Spectroelectrochemical cell used for pH titrations. 

Cell is described in the text. 
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Vacuum 

Connection 
to cell 

Figure 6. Degassing chamber for cells in Figures 4 and 5. 

Apparatus described in the text. 
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stabilizer unit. The current-voltage curves are recorded on a Moseley 

7001A X-Y recorder. The controlled potential generation of oxidant 

and reductant for all experiments is done using the Heath polarograph 

or the Princeton Applied Research (PAR) Model 173 potentiostat with a 

Model 176 plug-in. A coulometric redoxostat (Swartz and Wilson, 1971) 

is used in some of the potentiometric titrations of the heme peptides. 

Coulometry experiments are done using the PAR 173/176 potentio

stat and the current was integrated using a Burr-Brown 1538A/25 opera

tional amplifier (OA) that is wired with a 1 megohm resistor and a 5 

microfarad capacitor. The output of the integrator OA is measured using 

a Corning Model 110 digital pH meter and from the output voltage the 

total charge (coulombs) pass through the cell can be calculated. 

All optical spectra are obtained using a Cary 14R spectrophotom

eter or a rapid scan spectrophotometer. The rapid scan spectrophotom

eter (RSS), available from Harrick Scientific Corporation, is patterned 

after the one previously described (Stroiek, Gruver, and Kuwana, 1969). 

Two matched Hamamatsu R-374 photomultiplier tubes were used in the RSS. 

A tungsten quartz halogen lamp (type FAL) is used as the light source. 

A Model G-0602 mirror scanner and RAXlOO controller (General Scanning, 

Inc.; Watertown, Ma.) is used for wavelength variation. The wavelength 

scanning unit is operated at a scan rate of approximately 5 to 10 

nm/sec. Spectra from the RSS are recorded on the Moseley 7001A X-Y 

recorder. A holmium oxide filter is used for wavelength calibration. 

A stirring motor with a permanent magnet is used in the RSS and 

the Cary 14R to drive the stirring bar in the cell. The magnetic field 

of the permanent magnet adds an A.C. noise signal onto the output 
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signal of the photomultiplier (PM) tubes. This noise was removed by 

placing a ferromagnetic material over the face of the PM tubes (except

ing the small area the light beam strikes) to shield the internal parts 

of the tubes. The cell holder which fits over the stirring motor is 

also made of steel to help further shield the PM tubes. 

All pH measurements are made using the Corning Model 110 digital 

pH meter with a Fisher microcombination pll electrode number 13-639-92. 

The amino acid analyses are done using a Beckman Model 120C 

amino acid analyzer. 

A Hewlett Packard 7200A X-Y plotter is used off line for data 

plotting. 

An automatic fraction collector is used for the exclusion chro

matography of the heme peptide (Model 322, Instrumentation Specialties 

Co.; Lincoln, Neb.). 

Materials 

All reagents and buffers used were reagent grade unless other

wise specified. The water used in all experiments was distilled and 

further purified by passing it through a mixed bed ion exchanger 

(Barnstead D8902). Redistilled pyridine was used for the pyridine hemo-

chrome determinations. 

Cyanogen bromide was obtained from Aldrich Chemical Co. The 

sodium dithionite used was an ultra-pure grade produced by Manox Chemi

cals. Imidazole was obtained from Matheson, Coleman and Bell. Horse 

heart cytochrome c (Type VI), N-a-acetyl-lysine, N-acetyl-methionine, 

methionine amide hydrochloride, and leucine amide hydrochloride were 
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purchased from Sigma Chemical Company. N-acetyl methionine methyl amide 

and N-acetyl methionine amide were prepared in our laboratory. 

Pharmacia G-50 and G-75 Sephadex was used for the gel filtration 

chromatography. Calibration Mixture (Type I) from Beckman was used as 

the standard for the amino acid analysis. 

The standard buffers used for calibration of the pH meter were 

pHydrion Buffers (Micro Essential Laboratory, Inc.). Table 1 is a lis., 

of the redox buffers and their reported E°' values used in the poten-

tiometric titrations for the determination of the formal potentials. 

The heme peptides and nonheme peptides were prepared by Dr. 

Harvey Wilgus according to the methods described earlier (Wilgus, 1975). 

HP14-21 was prepared by tryptic and peptic digestion, HP1-38 by tryptic 

digestion of trifluoroacetylated cytochrome £, MP1-65, HP1-80, and 

P66-104 by CNBr cleavage. Pl-104 was prepared using silver sulfate. 

P67-104-Gu (guanidinated lysyl residues) was prepared from guanidinated 

cytochrome £ by CNBr cleavage and Edmond degradation. 

HP1-65 used for the characterization of its properties was pre

pared by a modification of previous methods (Corradin and Harbury, 1971; 

Babul, McCowan, and Stellwagen, 1972) and is described below. 

Procedures 

Preparation of HP1-65 

HP1-65 is prepared by CNBr cleavage of horse heart cytochrome c 

(HHC) in a manner similar to that previously reported (Corradin and 

Harbury, 1970; Babul et al., 1972). HHC is dissolved to a concentration 

of 15 mg/ml of 70% formic acid and combined with approximately a 50 



Table 1. Redox buffers used for potentiometric titrations. 

Redox Buffer 
Temperature 

°C 
E7' (mV)' Source 

K4[Fe(CN)6] 

Toluylene Blue 

Methylene Blue 

Indigo tetrasulfonate 

Indigo disulfonate 

An thraquinone-2,6-disulfonate 

Anthraquinone-2-sulfonate 

Safranine T 

Diquat 

Methyl Viologen 

Potential versus NHE at pH 7. 

Zero ionic strength. 

cClark (1960). 

25 

30 

25 

30 

30 

25 

25 

30 

20 

30 

356 Mallinckrodt 

+115 Mann Research Labbs 

+8 Matheson, Coleman 
and Bell 

-46 Aldrich 

-125 Baker 

-184 Aldrich 

-225 Eastman 

-289 Baker 

-360 Chevron Chemical 

-440 K 5 K Laboratories 

Reference 

Koltoff and Tomsicek 
(1935) 

c 

c 

c 

c 

c 

c 

c 

Black and Summers (1971) 



fold molar excess of CNBr. The solution is allowed to sit in a sealed 

container for 24 hours in the dark at 5°C. The reaction is stopped 

by diluting the mixture 10 fold with deionized water and subsequent 

lyophilization. This product is dissolved in approximately 1 ml of the 

solvent mixture [40% acetic acid:10% formic acid:50% water (by volume)] 

and chromatographed on a G-75 column previously equilibrated with the 

same solvent. The separation is performed in the dark at 4°C. The 

column eluant is collected using a fraction collector and diluted with 

3 equal parts of water. The absorbance of the fractions is monitored 

at 410 nm and 280 ran. The main heme containing fractions are combined 

and lyophilized. The CNBr reaction is repeated on this material and 

chromatographed a second time. The fractions having a ratio of absorb-

ances at 410 nm/280 nm of 2.25 ± 0.10 are combined, lyophilized and 

used for further characterization as HP1-65. The elution profile and 

amino acid composition will be discussed in a later section. 

Amino Acid Analysis 

The amino acid analysis of the HP1-65 is done on approximately 

1 to 2 mg of protein by using an acid hydrolysis with 6 N HC1 in a 

sealed tube where the temperature is maintained at 105°C for 36 ± 2 

hours. Oxygen is removed before sealing the tube by freezing and thaw

ing the solution in an evacuated tube. After hydrolysis the HC1 solu

tion is evaporated off and the residue redissolved in pH 2.2 citrate 

buffer. The results of the analysis were quantitated using the Beckman 

amino acid standard mixture and then normalized to leucine. 



pH Titrations 

The pH titrations of the oxidized heme peptide (HP) were moni

tored spectrally using the Cary 14R spectrophotometer in a 1 cm quartz 

cuvette. The pH of the solution is measured using the Fisher combina

tion pH electrode and the Corning pH meter. The starting solutions of 

the heme peptide are made 0.05 M in either KC1 or acetate buffer. The 

spectra are monitored between 200 and 700 run for the pH range from 2 to 

12. Experiments were done at room temperature, 27 ± 3°C. The transi

tions that are observed spectrally are initially assumed to be of a 

simple ionization that can be expressed by the following reaction: 

PKa' 
A -j: nH + B (1) 

where A is the protonated heme peptide and B is the corresponding con

jugate base of the heme peptide. 

This equilibrium can be represented by the following equation 

where the slope of the line gives, n, the number of protons involved, 

and the y-intercept the apparent ionization constant, pK&'. 

CA 
log p— = pK,' - n-pH (2) 

lB 

Deriving the relationship for C^/Cg) as a function of the 

absorbance at a particular wavelength is shown in equations 3 through 8. 

AA = eAbCA ^ 

AB eBbCB ^ 



\ AA + AB 
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(5) 

where A^,, A , and Ag are the total absorbance (at a given wavelength) 

and the absorbances of A and B, respectively. The molar absorptivities 

and are determined for a given concentration of the heme peptide 

at a pH where only one species is present (i.e., above and below the pH 

transition respectively). The cell path length is equal to b. From 

mass balance considerations and substitution into equation 5 we can 

obtain: 

\ ° £AbCA + EBb(CT " CA> C6) 

where Gp is the total concentration of A and B. Solving this equation 

for C^ yields equation 7. 

\ " eBbcT 
A b(eA - Eg) L J 

A similar equation can be derived for Cg, 

Aj, - e.bCL 
r =  ^ ( 8 )  
-E b(eB - eA) 

Dividing equation 7 by 8 and simplifying yields (C^/C^), equation 9. 

CA p-— is substituted into equation 2 to yield equation 10. 
B 

CA _ ^T " eBbCT ^ 
e .bC,,, - Aj, JB A T 
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Ap - E-nbC, 
pKa' - npH = log /, "B ,T- (10) 

GADLT T 

Equation 10 is used to determine n and pKR' by plotting the 

l°g [(Ap " e^BC-p)/(c^bCp - Ap) ] as a function of pH yielding a straight 

line of slope n and a y-intercept equal to pK '. ' d 

The pH of the solution is changed by the addition of 2 M KOH or 

2 M HC1, to minimize dilution . The pH of the solution is checked 

before each recording of the spectrum. The titrations are generally 

performed in both ascending and descending directions for each of the 

transitions observed to determine the reversibility of the spectral 

transition. 

The pH titration of the reduced heme peptide above pH 6 is done 

in a one centimeter cuvette described previously (Swartz and Wilson, 

1971). In the cell is placed a glass jacketed stirring bar. This cell 

contains three female 10/30 ? joints, one of which holds the Fisher 

combination pH electrode, the second is sealed with a rubber septum, 

and the third is sealed off and is not used during the experiment. 

The heme peptide is made up to an approximate concentration of 

10"5 M in 0.05 M Phosphate buffer, pH 6.0. The solution is deoxygen-

ated by twice alternating a vacuum and a nitrogen atmosphere over the 

solution for about 5 minutes per cycle. A few crystals of dithionite 

are added to the solution just after deoxygenation. The pH is varied 

by the addition of a deoxygenated 2 M KOH solution using a Gilmont 

syringe through the rubber septum on the cell. The solution is stirred 



between each addition of KOH until the pH reading is stable. Calcula

tions were done as described above in equations 1 through 10. 

The pH titrations of reduced heme below pi! 6 is carried out 

using the cell described earlier, Figure 5. The starting heme peptide 

solution (2-3 x 10 ^ M) is made up in a 0.05 M acetate buffer containing 

10 ^ M 1,1'-ethvlene-2,2'-bipyridyl dibromide (diquat). The 2 M HC1 

or KOH solutions (deoxygenated) are injected using the Gilmont syringe 

through the septum located on the Hamilton valve. The pi! of the solu

tion is varied over the pH range of 3 to 6 while monitoring the spectra 

between 450 nm and 700 run. The heme peptide is kept in the reduced 

state by maintaining a constant excess of reduced diquat in the cell. 

The calculations for the spectral transition are done as described above 

in equations 1 through 10. This procedure is necessary for the low pH 

titrations because dithionite is unstable below pH 5. 

The data from all the pH titrations were calculated using a 

least squares program (BASIC language) on the Hewlett Packard 2100A 

computer. 

Potentiometric Titrations 

The potentiometric titrations were conducted using the cell de

scribed in the Apparatus section, Figure 4. The spectra are recorded 

using the Carv 14R or the RSS spectrophotometers. The potential mea

surements are taken using the Corning Model 110 pH meter (mV mode) 

using the Pt indicating electrode and the Ag/AgCl reference electrode. 

The PAR potentiostat or the Heath polarograph are used to oxidize or 

reduce the heme peptide at applied potentials of +650 or -650 mv versus 
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the Ag/AgCl reference electrode, respectively. The mechanism for oxi

dizing and reducing the heme peptide as well as establishing the redox 

potential for the heme peptide at the indicating electrode is presented 

graphically in Figure 7. Since the heterogeneous electron transfer for 

the heme peptides is apparently small the two redox mediators, 

[Fe(CN)g]"') and MV, are necessary for oxidizing and reducing the heme 

peptide. Due to the low exchange current of the heme peptides the 

redox buffer is used to transmit the potential of the solution to the 

indicating electrode. The potassium ferrocyanide has a potential more 

positive than the heme peptide (HP) and is used to oxidize the HP. The 

methyl viologen has a redox potential much more negative than HP and 

is used to reduce it. The redox mediator is chosen so it has a redox 

potential approximately equal (± 60 mV) to the HP to establish chemical 

equilibrium with the HP as a redox buffer and then to mediate this po

tential to the indicating electrode. The ratio of oxidized to reduced 

HP is varied in both directions to check the reversibility of the 

measurements, and therefore, determine whether equilibrium has been 

established or whether time dependent phenomena are incidentally af

fecting results. Experiments were run at room temperature, 27 ± 3°C. 

The cell solutions are made up in either 0.05 M or 0.1 M pH 

buffer. The heme peptide concentrations are generally in the range of 

1 x 10 ^ M to 3 x 10 ^ M. The concentration of the redox buffer used 

was dependent on its spectral overlap with the heme peptide spectra and 

was generally between 5 x 10 ^ M and 5 x 10 ^ M. The addition of 

K^[Fe(CN)^] is made as a solid just prior to degassing the solution so 

-3 
that its final concentration is in the range of 0.9 x 10 M to 
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------ Id . ~ n lcatlng 
Generating electrode...........-
electrode (Pt0) 

(Sn0 2) 

Figure 7. Graphical representation of the redox system for the poten
tiometric titrations. 

The [Fe(CN)6]~3 is used to oxidize HP CEf~ >> E{') , the MV: is used to 
reduce !W CEMv << EHP), and Dye is used as a re~x buffer to couple the 
potential of t he HP to the indicating electrode CED}:e " F}W) . 



-3 
2 x 10 M. The methyl viologen (MV) is transferred from a stock solu

tion and its final concentration in the cell is 1 x 10 J M to 1.7 x 

10~3 M. 

The solution is deoxygenated before filling the cell by using 

the degassing chamber, Figure 6. The solution is cycled between a 

vacuum and a nitrogen atmosphere twice (5 to 10 minute cycles). Nitro

gen is also allowed to flow through the cell to remove oxygen. The 

cell is subsequently filled by forcing the solution from the degassing 

chamber into the cell and its side ams with a positive nitrogen pres

sure until electrical contact is made to all electrodes. 

The equilibrium of the heme peptide between its oxidation states 

is expressed in equations 11 and 12 (Nernst Equation) at 25°C, 

E° " 
0 + ne R (11) 

E = E°' + 59 mV log ̂  (12) 
n 

where n is the number of electrons per mole in the reaction and E is 

the observed potential of the solution for a given ratio of the concen

trations of oxidized species (Sq) to reduced species (S^). E°' is the 

formal potential for reaction 11 at a given pH. 

Deriving a relationship for as a function of the absorb-

ance at a certain wavelength follows the same derivation used in equa

tions 3 through 9, replacing with and with eR. In this case, 

EQ is determined by using a known concentration of completely oxidized 

heme peptide, and is determined by using a known concentration of 
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completely reduced heme peptide. The resulting equation 13 is similar 

to equation 9. 

(13) 

The assumptions one must make in arriving at equation 13 is that only 

the two components "0" and "R" are present, and that the absorbance 

change corresponding to the 0 ~ R conversion f ollows in a monotonic 

fashion. Incorporating equation 13 into the Nernst equation , equation 

12 , yields the following equation for E as a function of the absorbance 

at a given wavelength. 

E (14) 

A plot of E versus the log [(~ - ERbCT) / (E0bCT - ~)] results in a 

59 straight line having a slope of -- mV (n = 1 for the heme peptide) and 
n 

a y-intercept equal to E0 ~. A series of four to six titrations (2 or 3 

in both directions) is dorie for each sample. The data are processed 

using a least squares program (BAS IC language) on the Hewlett Packard 

2100A computer. 

Coulometry 

Coulometry of the heme peptide is done using the cell described 

earlier, Figure 4 . The method used is a variation of that reported 

previously (Hawkridge and Kuwana, 1973). The PAR 173/176 potentiostat 

is used for the generation of oxidant [Fe(CN) 6] 3- or reductant ~:). 



The current output is integrated using the integrator described in the 

Apparatus section. The titration is followed using the Gary 14R or 

RSS Spectrophotometers. 

The solution is prepared so that calibration of the coulometry 

system with methyl viologen and the actual coulometric data from the 

heme peptide is done without changing cell solutions. The test solution 

contains K^Fe(CN)^ and MV L , both at 10 ' M concentrations and the heme 

peptide concentration on the order of 2 x 10 ^ M. The solution is 

buffered with pll 7 phosphate buffer (0.1 M). 

Calibration is necessary to determine the current efficiencies 

of the oxidation and reduction titrations for the particular solution 

conditions. The current efficiency in this experiment cannot be ex

pected to be 100% since the charging current and the current due to 

background electrolysis is not small compared to the faraclaic current. 

This in situ calibration procedure eliminates the usual uncertainties 

associated with the assumption that the double layer capacity is un

affected by the addition of electroactive species. 

The electrochemical generation of oxidant or reductant is 

accomplished by sequentially turning the potentiostat on 

equals 0 volts versus Ag/AgCl), switching the E to either -0.650 
app 

volts or +1.00 volts (versus Ag/AgCl) to respectively generate either 

reductant or oxidant of an approximately known concentration, switching 

the back to 0 volts, and finally turning the potentiostat off. 

Following this procedure gives the most reproducible results. 

Calibration of the coulometry is accomplished by first, reducing 

the cell solution electrochemically until all the ferricyanide and heme 
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peptide is reduced. Once this point is reached, it is then possible to 

calibrate the system by monitoring the varying excess of MV* produced 

as the potential is cycled in the oxidizing and reducing direction. 

As the amount of methyl viologen radical is varied in this manner, the 

change in absorbance is monitored at 602 nm (e = 12,500 M "'"cm "*") versus 

the number of coulombs injected. These measurements are done at a 

constant time interval (between one-half to one minute) to minimize the 

effect of diffusion of material out of the main cell compartment. These 

data are plotted as absorbance versus coulombs added which gives a plot 

of the type shown in Figure 8. The plots result in straight lines of 

slopes (AA/AQ)^ ̂  for reductive titrations and (AA/AQ)Q ̂  for oxida

tive titrations. These slopes take into account the individual current 

efficiencies of the two processes. To determine similar plots for the 

heme peptide, the solution is reoxidized so all excess methyl viologen 

radical is converted to its oxidized form. At this point the heme pep

tide is cycled between its oxidized and reduced form while monitoring 

the absorbance at a given wavelength versus the coulombs added. A plot 

of these data similar to Figure 8 yields slopes for the heme peptide 

for the reduction, (AA/AQ)^ J_P, and oxidation, (AA/AQ)Q Monotonic 

variation of the absorbance over the whole reduction or oxidation is a 

good indication of a single redox couple. These slopes along with those 

from the calibration plots are used in equation 18, which results from 

equations 15, Beer's Law, and 16, Faraday's Law, 

M = art, ̂ equivalence • n (15) 
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Figure 8. Methyl viologen coulometry calibration. 

(a) The reduction calibrations of MV, (b) oxidation calibrations of MV. pH 7 phosphate (0.1 M). 
Monitored at 602 inn. AQ is the integrator output measured in volts. [MV] is 10"^ M. 
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Aequivalence = ^9- (16) 

where Ae is the difference in molar absorptivity of oxidized and re

duced species, b the cell path length, V is the volume of the cell, and 

F is the Faraday (96,487 coulombs per equivalent). Combining equations 

15 and 16 and rearranging yields 

AA 1 b 
AQ ' Ar.n FY (17) 

which has a constant term, b/FV, for the cell. Equation 17 can be 

written for both MV and HP and then substituting for the constant 

terms yield, 

AA AA 
AQMV _ AQHP ^ 

AeMV'nMV AeHP*nNP 

Rearranging results in the final equation for Ae^ as a function of the 

slopes and the known values of Aê , n̂ , and n̂ p. 

AA 

AQhp 
Ae
Mv"nMV 

tl9) 

The Ae^jp is calculated for both the data from the oxidation and reduc

tion plots. 
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Pyridine Hemochrome 

The determination of the concentration of the heme peptide is 

made by the method of the pyridine hemochrome. The method used below 

is that described by Falk (1964, pp. 181-182). 

To 4.2 ml of heme peptide solution (1 to 5 x 10 ^ M) is com

bined 1 ml of redistilled pyridine and 0.5 ml of 1 M NaOH. If the heme 

peptide is not completely oxidized a few crystals of K^Fe(CN)^ are 

placed in half of the above solution. To the other half of the solution 

are dissolved a few crystals of dithionite. The spectra of the two 

3 -1 
solutions are recorded. A value of Ac at the a-band ol 20.7 x 10 cm 

M ^ (Falk, 1964) is used to determine the concentration. Three succes

sive runs are used for each determination. 

Exogenous Ligand Titrations 

The addition of exogenous ligands was studied by spectral titra

tions to determine their ability to bind to HP1-65 in both oxidation 

states of the heme. 

The titration of oxidized HP1-65 is done by adding increasing 

amounts of a ligand to the HP1-65 solution of a fixed concentration in 

either a conventional 1 cm cell or the cell illustrated previously, 

Figure 4. The pH and buffer concentrations are maintained constant 

during the titration. The titrations are monitored between 350 nm and 

750 nm using the Cary 14R spectrophotometer. 

The titration of reduced HP1-65 at pH 3 (0.05 M acetic acid) is 

done using the cell in Figure 4. The titrations are done by using 

separate solutions with a fixed concentration of HP1-65 and varying the 
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amounts of the ligand. Methyl viologen is dissolved at a concentration 

of 10 ^ M to be used to electrochemically reduce and maintain HP1-65 in 

the reduced state. The spectrum of IIP1-65 is taken when it is complete-

-f + 
ly reduced and a small excess of MV is present (MV• monitored at 602 

nm) in the solution. The spectrum is monitored between 450 run and 

600 nm. 

At pH 7 (0.1 M phosphate) the titration of reduced HP1-65 is 

done in a 1 cm cell containing a glass jacketed stirring bar and sealed 

with a rubber septum to exclude oxygen. The solution is deoxygenated 

by twice alternating a vacuum and a nitrogen atmosphere over the solu

tion for about 5 minutes per cycle. The solution is reduced with a few 

milligrams of dithionite after oxygen removal. For the titration with 

imidazole a concentrated stock solution (pH 7) of imidazole was deoxy

genated by passing nitrogen through the solution for approximately 5 

minutes. The imidazole solution was then taken up into a hundred micro

liter syringe which was used to inject varying amounts of the imidazole 

into the cell. The spectrum was monitored between 350 nm and 650 nm 

after each injection. 

For the titration of reduced HP1-65 at pH 7 with the methionine 

derivatives the formation constants were too small to make a sufficient

ly concentrated stock solution. Therefore, the titrations were done 

in the cell by making separate solutions where the concentration of 

HP1-65 was kept constant but the concentration of methionine was varied. 

Deoxygenation and reduction are the same as described above. 

The determination of the dissociation constants for the com

plexes formed was done using a plot of the reciprocal of the difference 
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between the absorbances at ligand concentrations of zero and versus 

the reciprocal of the free ligand concentration, C^. The mathematical 

basis for this plot is given in equation 29, which is derived from the 

equilibrium, 

KD 
H P - L  H P  +  L  ( 2 0 )  

which is described by the following equilibrium equation 

K -  tHP]  ^  (21- )  
KD " [HP-L] 1 J 

Assume Beer's Law is followed for both HP-L and HP and write the 

mass balance equation for the heme peptide to obtain equations 22, 23, 

and 24, 

^IP-L = eHP-LbCHP-L (-22') 

V̂lP = eHPbCHP (-23-1 

CT = CHP-L + °HP ^ 

assuming the ligand itself does not absorb at the wavelength of inter

est. Let AAc be the difference in the heme peptide absorbance at the 

ligand, concentration of (analytical concentration >> C^) and 

zero ligand concentration, where AAC is a function of Cj.JP. 

^ ̂HP-L ~ eHP-)bCHP-L 
(25) 
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Also, let Mo be the difference in the heme peptide absorbance where HP 

is completely converted to HP*L (no further change in absorbance is 

seen; ~ an<̂  ŵ ere t̂ ie concentration of L is zero. 

M0 = teHP.L " eHP b̂CT ^ 

Subtracting equation 25 from 26 and substituting in equation 24 yields 

AAo - AAC - (27) 

Replacing Cj.jp. ̂  and C^, in equation 21 by equations 2 5 and 27 when 

[L] = yields equation 28. 

(AAo - AAC)CT 
KD " AAc k ™ 

Rearranging this equation results in equation 29. 

K° 1 + xfc (29) 
AAc AAO AAO 

Making a plot of (1/AAc) versus (1/CL) yields a straight line with 

y-intercept of (1/AAo) and a slope of (KQ/AAO) where is the disso

ciation constant for the complex. The formation constant, Kp, for the 

equilibrium is equal to the reciprocal of K̂ . 

Separation of the Heme Peptide-Nonheme Peptide 
Complexes 

The covalent complex 1-65-66-104 where the covalent bond is 

reformed between residues 65 and 66 was prepared by incubating a 1 to 1 



mixture of HP1-65 and P66-104 at pH 6 in the reduced state for 24 

hours or longer at 4°C (Wilgus, 1975). The mixture was then passed 

through a G-50 Sephadex column (1 cm x 50 cm) which is equilibrated 

with a 1% formic acid mobile phase. The elution profile gave one broad 

heme containing fraction followed by a nonheme peptide fraction. The 

complex 1-65-66-104 is expected to elute just prior to HP1-65. There

fore, the first half of the heme containing fraction was combined and 

the solvent removed by rotoevaporation (45°C). The residue was resus-

pended in 1% formic acid and separated a second time. This time the 

elution profile had a main heme containing fraction followed by little 

or no nonheme peptide. The first 10-20% of the heme containing fraction 

was combined and the solvent removed. This heme peptide is almost en

tirely the covalent complex and was used in the determination of the 

E°' for the covalent complex. 

All the remaining complexes studied were separated individually 

on a G-75 column (1 cm x 50 cm) using a 0.05 M phosphate buffer at pH 7 

as the mobile phase. Figure 9 shows the elution profiles of PI-104, 

HP1-65, cytochrome c, HP1-38, and P66-104 all made relative to blue 

dextran (BD) which elutes at the void volume. The pepetide, P67-104Gu, 

elutes at the same position as P66-104 as does HP14-21. As can be seen 

from the graph there is substantial overlap among the various fractions. 

In all the separations the complexes were eluted just slightly ahead of 

cytochrome c or approximately in the same position. These complexes 

would be expected to overlap at times with their corresponding heme 

peptide and nonheme peptide. However, a second separation would not 

improve the purity of the complex but would rather just further 



Figure 9. ELution profile of the individual heme peptides, nonheme peptides, and cytochrome c (FUC) 
relative to blue dextran (B.D.). 

Heme peptide-nonheme peptide complex samples are taken at the fractions indicated by the arrows rela
tive to B.D. Separation conditions are outlined in the text. 
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Figure 9. EJution profile of the individual heme peptides, nonheme peptide?, and cytochrome c (HHC) 
relative to blue dextran (B.D.)- ~ 
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dissociate it. Therefore, the complexes were taken from that portion 

of the eluted peak which had the least contamination from the heme pep

tide and nonheme peptide components on the basis of a curve resolving 

technique. If some contamination had to be tolerated then the fraction 

was taken so there was more excess nonheme peptide rather than heme 

peptide. Each complex was run separately and the positions of the elu-

tion profile where the sample for the various complexes were taken are 

indicated by arrows (Figure 9) for the complexes. These complexes were 

expected to be the same as those reported by Wilgus (1975). The redox 

potentials were determined directly on these fractions and no further 

analysis on the samples was done. 



RESULTS AND DISCUSSION 

Characterization of HP1-65 

Preparation of HP1-65 

HP1-65 used for these studies is prepared according to the 

method described in the Procedures section. The CNBr reaction used is 

very specific for the splitting at the peptide bond in which methionine 

supplies the carboxyl group (Spande et al., 1970; Means and Feeney, 

1971). The cleavage has been proposed to proceed according to the 

following mechanism (Spande et al., 1970). 

Cytochrome c CNBr (50x) , 
HCOOH (70%) 

4°C 

HP1-65 + P66-104 

-NH-CH-C-NH- CNRBR^ -NH-CH-C-NII -(CH3-SCN)> 
/ I! / 

CH. l3 CH. 
3 

> -NH-CH-C=SH-
/ \ 

H2O 

^2 / 

2 

imidolactone homoserine lactone 

46 
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Horse heart cytochrome c (IMC) contains methionine residues at 

positions 65 and 80 both of which will undergo the cleavage reaction in 

70% formic acid. To prepare HP1-65 an excess of the CNBr reagent is 

used to obtain complete reaction. The product of the reaction is sub

sequently purified by exclusion chromatography as described in the 

Procedures section. A typical chromatogram is illustrated in Figure 10. 

The elution profile illustrates a main heme containing fraction eluting 

first which contains mostly HP1-65 (fractions '10-90). This is followed 

by fractions 90-130 which contain the nonheme peptides (containing resi

dues 66 through 104). In some preparations there was observed a second 

heme containing component (fractions 130-160 represented by the dashed 

lines in Figure 10) that eluted after the nonheme peptides. In these 

preparations a large molecular weight peptide fraction eluted at the 

same position as the first heme fraction indicated by a much smaller 

410/280 nm absorbance ratio. A check of the solubility and spectrum 

of this second heme fraction showed that it had limited solubility in 

water at pH 7 and gave a spectrum characteristic of a high spin heme. 

The material was soluble in organic solvents like CHCl^. This sug

gested that the material was either free heme or a heme group associated 

with a very small amount of protein. Since CNBr is very selective for 

the thioether of methionine, a possible additional reacting group in 

cytochrome c_ could be the thioether groups from cysteine linkages with 

the heme vinyl groups. A reaction of this type would yield free heme 

and a large molecular weight peptide. A mechanism for cleavage of some 

S-methyl cysteine peptides has been proposed (Spande et al., 1970) 

which could support this possible reaction. This reaction cleaves the 
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bond between the (3-carbon and the sulfur of the cysteine residues. The 

reaction of these S-methyl cysteines decreased by decreasing the tem

perature. Therefore, the cleavage reaction on HHC was performed at 5°C 

which helped to eliminate these extraneous products. Amino acid analy

sis of the first heme fraction eluted was done as described in the 

Procedures section. The results of two analyses are given in Table 2 

along with the theoretical values for the amino acid composition of 

HP1-65, HP1-80, and HHC. The reported values agree very well with the 

expected values for HP1-65. 

pH Effects on the Spectrum of HP1-65 

One of the most useful tools for studying the properties of heme 

proteins is to resolve the so-called heme-linked ionizations. These are 

ionizations that in some way affect the heme environment resulting in 

a change of a physical property of the heme. Even though these ioniza

tions give an indication that a pH dependent transition is occurring 

within the molecule, the exact interpretation is not always straight

forward. The effect that is being monitored usually is a result of a 

change in heme ligand but relocation of a single residue around the 

heme, or a larger conformational change of the peptide chain could also 

produce a spectral transition. 

Interpretation is also complicated since various interactions 

with the molecule can cause the observed pK to be quite different from 
a 

the pK determined for the residues that are free in solution. Effects 
^ a 

from metal-ligand complexation and hydrophobic or hydrophilic interac

tions in the heme peptide can cause the pK ' (observed pK ) to be 
3. «• 
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Table 2. Amino acid analysis of heme peptide samples. 

All values are normalized to leucine. Theoretical values for HPl-65, 
HP1-80, and cytochrome c are listed for comparison. 

Samples HPl-65 I-IP1-80 Cytochrome c 
Theory Amino Acid Heme Peptide3- Theory Theory 

Cytochrome c 
Theory 

Lysine 3.62 3.80 3.67 3.50 3.17 

Histidine .915 1.00 1.00 .75 .50 

Arginine .350 .333 .333 .25 .333 

Aspartic Acid 1.65 1.68 1.67 1.50 1.33 

Threonine 2.09 2.13 2.33 2.00 1.67 

Glutamic Acid 2.40 2.41 2.33 2.25 2.00 

Proline .947 .715 .667 1.00 .667 

Glycine 3.23 3.33 3.33 2.75 2.00 

Alanine 1.04 .989 1.00 .75 1.00 

Valine .903 .978 1.00 .75 .50 

Methionine .008 <.005 .000 .25 .333 

Isoleucine . 666 .646 .667 .75 1.00 

Leucine 1.00 1.00 1.00 1.00 1.00 

Tyrosine .396 .326 .333 .75 .667 

Phenylalanine .911 .946 1.00 .75 .667 

aAmino acid analysis of two separate preparations of HPl-65. 
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substantially different. In the case of the metal-ligand complexation, 

since the spectral properties being measured result from the change of 

one or more ligands complexed to the heme, the pK ' observed could be a 
a 

number of pH units lower than the actual pK of the ligand due to a 
cl 

strong complex formation. 

Two useful techniques for monitoring the ionizations that affect 

the heme environment are UV-visible spectroscopy and potentiometry. 

Spectroscopy is a convenient method for studying the heme peptide since 

the spectrum should vary with pH due to changes in ligand or protein 

orientation around the heme or both. 

Oxidized HPl-65. Oxidized HP1-65 has two spectrophotometrically 

observable ionizations in the pH range between 2 and 12. One of the 

ionizations has an "apparent" pK ' of 3.95 ± 0.06 with 0.99 ± 0.12 pro-
cl 

tons involved. Figure 11 shows the spectral transition occurring for 

this ionization. A plot of the data from this titration is presented 

in Figure 12. This pK ' compares well with the value of 3.8 determined 

by Babul et al. (1972) for HPl-65 monitoring at 395 nm. They reported 

the titration curve for their transition to be "broad" and not involving 

a single proton like our data suggest. The spectrum at pH 7 (Figures 

2 and 11) of HPl-65 has absorption maxima at 406 nm and 528 nm with a 

shoulder on the Soret band at 350 nm. There is no observable band at 

620 nm at this pH. This type of spectrum is characteristic of a low 

spin heme in which the two axial ligands are strong field ligands of 

either nitrogen or sulfur (Margoliash and Schejter, 1966). Since the 

HPl-65 contains no methionine the probable ligands are nitrogens of 



Figure 11. pH titration of oxidized HPl-65 at low pH. 

Arrows indicate direction of transition with decreasing pH. 
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either histidine and/or lysine. Histidine-18 is known to be a iigand in 

cytochrome c_ (Dickerson et al., 1971) and is likely a ligand in HP1-65 

since it is located next to the heme group in its primary structure 

(Histidine-18 will be assumed to be the fifth ligand for the remainder 

of the discussion). The sixth ligand is so far uncertain, however 

Babul et al. (1972) have suggested that it is a second histidine resi

due. Their reasons result mainly from the relative rates of carboxy-

methylation of the three histidine residues in the peptide (two react 

at equal rates but much slower than the third). This result, however, 

is not conclusive especially since in native ferricytochrome c, only 

one histidine is carboxymethylated at pH 7 (Stellwagen, 1966) even 

though only one is coordinated to the heme. Therefore, lysine cannot 

be eliminated as a possible sixth ligand at pll 7. 

The spectral transition occurring with the pK^' of 3.95 for 

HP1-65 is a result of a spin state transition of the iron due to the 

replacement of one or more of the axial ligands by weak field ligands 

(Kaminsky, Byrne, and Davidson, 1972). HP1-65 has its spectral maxima 

at 395 nm, 495 nm, and 620 nm in this high spin complex. Possible weak 

field ligands are F^O, carboxylates, phenolates, CI , or acetate. In 

this case may be the best choice due to its very high concentration. 

Babul et al. (1972) have given evidence that this transition is 

concomitant with the removal of two strong field ligands since they 

observe a for the transition of 9.5 x 10^ which they state is 

twice that expected for a removal of a single strong field ligand of 

Ae395 = ^-8 x l-O4 (Babul and Stellwagen, 1972). Since our data indi

cate a transition involving only a single proton over the whole visible 



spectral region, it is suggested that only a single ionization is 

spectrophotometrically detectable. Therefore, it is possible that the 

Ae395 4.8 x 10 cm M for removal of a single strong field ligand 

(Babul and Stellwagen, 1972) is not a real indication of the transition 

in HPl-65 equals 10.1 x 10^ cm "^"M from our results) and that 

only one ligand is replaced. Alternatively, it can be argued that the 

transition is due to two independent single proton ionizations having 

the same pK ' and therefore appears as one transition involving one 
a *• 

proton. 

Comparison of the spin state transition for oxidized HPl-65 

with other heme peptides and cytochrome c should give some indication 

of the relative strengths of the iron-ligand complexes for these sys

tems. Table 3 lists the values for the observed pK^' for the spin state 

transitions of cytochrome c and the heme peptides. Ferricytochrome c 

undergoes a spin state transition more than a pH unit lower than HPl-65 

due to greater stability of the heme-ligand complex in acidic pH's. 

On the other hand, the shorter heme peptides, Table 3, tend to have 

weaker interactions with the iron and therefore the same spectral tran

sition occurs at higher pH. Warme (1969) has shown that at pH 4.2, 

HPll-25 and HPll-26 have a 620 nm band along with the spectral maxima at 

495 nm which is characteristic of a high spin complex. His data show 

no further changes in the spectrum of the heme peptides between pH 2 and 

14 while monitoring at 410 nm. However, HP11-21 and HPll-25 underwent 

further spectral changes above pH 6.5 which were not observed in 

HPll-26. Heme peptide 11-26 is believed to be coordinated by two histi-

dines, whereas the other two peptides contain only one histidine. From 



Table 3. Spectral pK ' of oxidized heme peptides 
3 .  

System pK&' ± S.D. Protons ± S.D. 

HP1-65 3.95 ± 0.06 0.99 ± 0.12 

HP1-65 3.98 

HP11-21 ^6.0 ^1 

HP11-25 ^6.0 VL 

HP11-26 5.5 ^1 

HHC 2.5 *1 

HP1-65 10.36 ± 0.14 0.86 ± 0.11 

HP1-65 10.2 

HHC 10.2, 11.5 4 total 
12.6, 12.6 

HHC 10.4 4 total 

Tyrosine 10.07 1 

HHC 8.9+0.06 vL 

Comment Reference 

broad 
transition 

complex 
transition 

complex 
transition 

histidine 
ligand (?) 

tyrosine 
ionization 

tyrosine 
ioni zation 

fit curve to 
4 transitions 

unfolded HHC 

free 
tyrosine 

695 nm band 

Present study 

Babul et al. (1972) 

V/arme (1969) 

Warme (1969) 

Warme (1969) 

Theorell and .^kesson (1941) 

Present study 

Babul et al. (1972) 

Ruplcy (1964) 

Stelhvagen (] 964) 

Mahler and Cordes (1966) 

Greenwood and IVilson (1971) 

On 
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the data in Table 3 it can be seen that the axial ligands are less 

easily protonated in HP1-65 than are their counterparts in the smaller 

heme peptides. This reasoning can only be applied to the sixth ligand 

as the other axial ligand (probably Histidine-lS) is stable to low pH. 

If the inference of Warme is correct that at pi I 4.2 his heme peptides 

are in the rnonohistidine form and no apparent spectral transitions occur 

down to pH 2, this would tend to support the probability that HP1-65 is 

still coordinated by one histidine below pH 3.5. This type o'7 stability 

for Histidine-18 in this peptide may not be totally unexpected since it 

still possesses a substantial section of the protein of cytochrome c. 

The more interesting information from this titration is the 

substantial stability of the sixth ligand to acid dissociation. If his

tidine or lysine are possible ligands, their normal pKa being 6.0 

(imidazole) and 10.5 (e-NI-^), then the ligation to the heme must be very 

strong to shift the "apparent" pK to 3.9. However, if the ligand is 
* cl 

substantially surrounded by a large number of nonpolar groups from the 

peptide and the porphyrin ring, the respective cationic form of the 

ligand would be less favored than in an aqueous environment and there

fore would also lower the expected pK . 
3. 

The other observed ionization for HP1-65 is monitored in the 

UV region of the absorption spectrum and is characteristic of the ioni

zation of a phenolic tyrosine. The spectral change was observed between 

240 nm and 300 nm in the pH range of 7 to 11.5. Unlike cytochrome c 

(Greenwood and Wilson, 1971), this change in pH did not result in a 

change of the hemochrome spectrum of HP1-65 in the visible region. At 

pH 7 there is a weak band at about 275 nm which shifts to higher 



wavelengths with a concerted increase in absorbance. This type of 

transition is indicative of the ionization of a phenol to the corres

ponding phenolate ion (Silverstein and Bassler, 1968). The pK ' for 
3. 

this ionization was determined to be 10.35 ± 0.14 (Table 3) and in

volves 0.86 ± 0.11 protons. Figure 13 is a plot of the data for the 

titration and the solid curve represents a theoretical curve for one 

proton. Babul et al. (1972) reported a value of 10.2 for the same 

titration of HP1-65. This pK ' value is characteristic of a normal r a 

ionization for an exposed tyrosine (Mahler arid Cordes, 1966) and is 

equivalent to the tyrosines of cytochrome c in an unfolded structure 

where pK ' is 10.4 for all tyrosines (Stellwagen, 1964). Native cyto-
a. ^ 

chrome c however has only one tyrosine that ionizes with a normal pKa 

while the remaining three have progressively higher pK ' (Rupley, 
cl 

1964). Tyrosine-48 of cytochrome c is buried on the inside of the 

molecule and is hydrogen bonded to one of the propionic side chains 

of the porphyrin ring (Dickerson et al., 1971). Of the four tyrosines 

in cytochrome c, residues 48 and 67 appear to be the least exposed and 

in closest proximity to the heme moiety. They should be expected to 

have a higher pK '. Modification experiments of tyrosines in native c a. 

ferricytochrome c have demonstrated that Tyrosine-48 is not very reac

tive to iodination (McGowan and Stellwagen, 1970) and therefore prob

ably is not the residue that ionizes with the normal pK in cytochrome a 

c. 

It can probably be concluded that Tyrosine-48 in ferricyto

chrome £ is one of the residues ionizing with an above nomal pK&. This 

value, therefore, shifts to a more normal value in HP1-65 which suggests 
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that the tyrosine is more exposed to the solvent. This is interesting 

to note since in cytochrome c_ the part of the peptide chain which 

buries Tyrosine-48 is also contained in HP1-65. This suggests that at 

least this section of the polypeptide chain undergoes a conformational 

refolding in HP1-65 compared to cytochrome c in order to expose this 

tyrosine residue. 

If a histidine is to occupy the sixth coordination position of 

the iron in HP1-65 then a substantial reorientation of the molecule is 

demanded since all three histidines are located on the side of the heme 

where Histidine-18 is located in cytochrome c. For lysine to be this 

axial ligand in HPl-65 would not necessitate such extensive refolding 

since lysine residues in locations 53, 55, and 60 are all on the sixth 

ligand side in cytochrome c. Lysine-13 could also ligate with minor 

conformational changes. However, histidine must still be considered as 

a possible sixth ligand for HPl-65 since some reorientation of the 

peptide is suggested. 

The spectral transitions observed for ferriHPl-65 present 

some interesting points. From the low value of the pKa' observed for 

the spin state transition, an ionization of a histidine ligand would 

appear to be a more likely candidate for this conversion than lysine. 

If this is true and if Warme's HP11-26 undergoes the same transition 

then in ferriHPl-65 the peptide causes an increased stability in this 

coordination. Tyrosine-48 is essentially exposed in HPl-65 as compared 

to cytochrome c where it is buried. 
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Since no 695 nm band exists in HP1-65 it cannot undergo the 

transition reported by Greenwood and Wilson (1971) for cytochrome c_ 

which is characteristic of methionine ligation. 

Reduced HP1-65. The effect of pH on the visible spectrum of 

reduced HP1-65 was monitored between pH 3 and 10.5. The ultraviolet 

region of the spectrum was not studied due to the excessive spectral 

interference from the reducing agents used in the experiments. There

fore, the ionization of tyrosine was not studied for reduced HP1-65 and 

no comparison with oxidized HP1-65 can be made. 

Reduced HP1-65 appears to have three spectroscopically distinct 

forms in the pH range studied. The equilibrium among these species 

have been attributed to two single proton ionizations with "apparent" 

pK of 4.89 ± 0.16 and 8.47 ± 0.11 and calculated number of protons 9. 

of 0.77 ± 0.18 and 0.90 ± 0.11 respectively. Table 4 lists these 

"apparent" pK observed along with similar values for cytochrome c 
3 .  

and other heme peptides previously studied. 

The first transition of HP1-65 with a pK ' of 4.9 is illustrated r a 

in Figure 14 with the data plotted in Figure 15. The spectrum changes 

from a low spin complex at pH 7 to one with no distinct a- and (3- bands 

at pH 3. Along with the loss of the a- and ft- band, a general decrease 

and broadening of the Soret band occurred. The spectrum at pH 3 for 

HP1-65 appears to be like the ones reported by Warne (1969) for the 

monohistidine mesoheme at pH 7 (302 dioxane) and the mesoheme myoglobin 

(ferro) complex at pH 7. This spectra is also characteristic of a high 

spin ferrocytochrome c' (Vernon and Kamen, 1954) which contains one 



Table 4. Spectral pKa' of reduced heme peptides. 

Protons ± S.D. System pK ' ± S. D. a 

HPl -65 4. 89 ± 0.16 0. 77 ± 0.18 

HPl l -25 6 .25 

HPl l -26 6. 25 

HHC <4 

HPl l -21 7. 6 

HPl -65 8.47 ± 0.11 0.90 ± 0.11 

HPll-21 9. 5 

Corrrrnents 

Monitor a and S bands 

a-NH 
2 

a-1\1!-12 (His -26?) 

Monitor a -band 

a-NH2 group 

Monitor Sor et, a and S 
bands 

550 nm, a-NH2 -+ t: -NH2 

Reference 

Present study 

Warme (1969) 

Warme (1969) 

Warme (1969) 

Margoliash et al . (1959) 

Present study 

Margoliash et al. (1959) 

(J'\ 
N 
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Figure 14. pH titration of reduced HP1-65 at low pH. 

Arrows indicate direction of transition with increasing pH. Conditions 
for the titration are described in the text. 
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weak field ligand (Dickerson and Timkovich, n.d.). The spectral tran

sition also is similar to the transition of HP14-21 at pH 9.0 when 

titrated with imidazole (Harbury and Loach, 1960b). This tends to in

dicate that around pH 3 ferroHPl-65 is coordinated with one strong 

field ligand, probably Histidine-18, and one weak field ligand, prob

ably I-^O. Also this transition is indicative of a strong field ligand 

replacing a weak field ligand to form a low spin complex. Again the 

possibilities for the sixth ligand of the low spin complex could either 

be a second histidine (assuming Histidine-18 is the fifth ligand), or 

an e-amino group of a lysine residue. The x-ray structure of reduced 

cytochrome c (Takano et al., 1972) is similar to the oxidized form in 

that all three histidine residues are located on the same side of the 

iron porphyrin ring. This again would demand significant rearrangement 

of the peptide chain in order for a histidine to occupy the sixth 

coordination position. However, since histidine is a possible ligand 

in ferriHPl-65 it seems logical to assume that it be equally as likely 

in the reduced form. 

Comparing the pK ' for reduced HP1-65 with the other systems w cl 

listed in Table 4 a similar trend appears as was observed for their 

corresponding ferri complexes. Again cytochrome c is least affected 

by lowering the pH of the solution since no decrease in absorbance is 

observed to pH 4 (Warme, 1969). On the other hand the short heme pep

tides containing 11 to 16 residues all have pK above pH 6 (see re

spective references in Table 4). Heme peptide 11-21 and HP11-25 each 

contain one histidine while HP11-26 contains two. The suggested transi

tions for these three heme peptides were the dissociation of an a-amino 



group of the Valine-11 residue. The Histidine-26 .in I IP 11-26 was also 

suggested as an alternate possibility for that system. Intermediate 

between the value for cytochrome c_ and the short heme peptides is the 

pKa' for HP1-65 for the same transition. Heme peptide 1-65 has no 

a-amino group and therefore the functional group involved in its tran

sition is probably different from the other systems and that a histidine 

or lysine occupies the sixth ligand position. If a histidine is the 

ligand, the major factor for the lower "apparent" pK ' is that the 
cl 

actual pK is lower (histidine has a pK equal to 6.0, ct-MH0  of valine 
t-i 3. L 

has a pK equal to 9.6, Mahler and Cordes, 1966). If, however, an 
cL 

e-amino group of lysine (actual pK equals 10.5) is coordinated, the 
cl 

complex would be less favored due to the higher pK and a larger for-
cl 

mation constant of the complex, Kp, is necessary. A third determining 

factor for all these complexes is that the actual pK of the side 
cl 

group involved may be shifted due to an environment of low dielectric 

around the heme. This would make the protonation of the ligand less 

favorable and cause a decrease in the pK for the ligand. 
cl 

The second measured pK ' for ferroIIPl-65 is 8.47 ± 0.11 involv-
^ a 

ing 0.90 ± 0.11 protons (Table 4). The transition is illustrated in 

Figure 16 and a plot of the data are given in Figure 17. This transi

tion in the spectrum indicates a perturbation in the coordination of 

one of the ligands to the heme. In this case however there is no 

conversion from a high spin to a low spin complex. Rather the com

plexes existing on both sides of the transition have a typical hemochro-

mogen spectrum of a low spin complex. The most logical explanation is 

that there is a change in an axial ligand which is pH dependent and 
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W A V E L E N G T H  ( N M )  

Figure 16. Alkaline pH titration of ferroHPl-65. 

[MPl-65] = 3 x 10 ^ M, 0.05 M phosphate. Arrow indicates direction of 
change with increasing pH. 
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Figure 17. Alkaline pH titration data of ferro!TPl-65. 

Monitoring wavelength: 380 nm (A), 520 nm (©), 550 nm (EI) , 570 nm (©). 
[MV] = 3 x 10"5 M. 



69 

that both the incoming and outgoing ligands are strong field ligands. 

With this being the case, then the ionization of a lysine or Arginine-

38 are the probable new ligands at high pH. Alternatively the transi

tion can be accounted for by an ionization elsewhere in the molecule 

that causes a reorientation of the peptide resulting in an increased 

stability of the existing complex or a change of the heme ligand. 

Margoliash et al. (1959) reported in their study of HP11-21 a transition 

with pK.' of 9.5 which they attribute to a change in the heme ligand 
a 

from an a-amino of valine to the e-amino of the lysine residue. They 

monitored the increase in absorbance of the a-band as the pH was in

creased. No corresponding spectral change is reported to occur in 

cytochrome c up to about pH 12. 

The existence of the two ionizations in ferroHPl-65 makes it 

appear from spectrophotometric criteria more like the other heme 

peptide models rather than cytochrome c_. However, the spin state 

transition does occur at a low pH relative to the other heme peptides. 

This difference, however, could be mainly dependent on the ligand 

involved instead of the stabilization due to the peptide folding. The 

major difference that greatly stabilizes cytochrome c_ at low pH is the 

presence of methionine as the sixth ligand. This is not the case 

however in all the heme peptide models which have ionizable groups in 

the sixth position. 

If the sixth ligand is the same in both oxidation states, then 

the difference in the pKa' for the spin state transitions in the two 

oxidation states of HP1-65 can be accounted for in part to the stronger 

binding of the nitrogenous ligand in the ferri form (Harbury and Loach, 
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1960b). Part of the differences, however, probably is a result of a 

difference in the environment of the ligand in the two oxidation states. 

Interactions With Exogenous Amino Acids 

Studies in the binding of exogenous ligands to HPl-65 may result 

in some further insight into the question of the relative stability of 

the heme axial ligands. The three ligands of greatest interest to the 

system are; methionine because it is a ligand of cytochrome c, histi-

dine and lysine since they are possible ligands of HPl-65 at pH 7. 

Methionine. Since the methionine thioether is one of the li

gands of cytochrome £ at pH 7 (Dickerson et al., 1971) it is of interest 

to know how well it can bind to HPl-65 and therefore more closely simu

late the heme environment of cytochrome £. Spectral transitions of 

HPl-65 as a function of added methionine were used to determine the 

extent of methionine binding to the heme. The method used is described 

in the Procedures section. 

At pH 7.1 the titration of ferriHPl-65 gave no indications of 

binding as the visible spectrum remained constant upon addition of 

N-acetyl-methionine (NAM) and its methyl amide (NAMMA)_ FerroHPl-65 on 

the other hand, was able to bind methionine derivatives which resulted 

in the a- and g- bands becoming sharper with an increase in their peak 

absorbance. A plot of the reciprocal of the change in absorbance 

versus the reciprocal of the concentration of the methionine derivative 

is shown in Figure 18 for both ligands. The calculated Kp's (condi

tional constants), reciprocal of the dissociation constants, K^'s, for 

the heme peptide-ligand complexes (equation 30), 
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Figure 18. FcrroHPl-65 titration with NAM and NAMMA at pH 7. 

Monitored at 520 nm. NAM (©), NAMMA (A). [HP1-65] are 1.77 x 10 ^ M and 2.80 x 10 ^ M, respectively. 
~~ _ --J 
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KD 
I IP - L t HP + L (30) 

were 7.0 ± 1.4 M ^ for NAM and 8.2 ± 0.92 M ^ for NAMMA. All the 

values obtained from the binding titrations are recorded in Table 5. 

The values show that the ligands bind approximately the same to ferro-

HP1-65 and that their interaction with the heme is very weak. This 

appears to be a much weaker interaction with the heme than was obtained 

for HP14-21 with the methyl ester of NAM where a Kp on the order of 

-1 170 M (Harbury et al., 1965) was observed. This difference is most 

likely due to the difference in the binding of the ligands in the heme 

peptides that are being displaced by the methionine and not differences 

in the methionine. In HP14-21 the replaced ligand is probably 1̂ 0 

whereas in HP1-65 it is a nitrogenous ligand with a stronger interaction 

with the heme. In HP1-65 it has already been shown that I-^O binds less 

strongly than the nitrogenous ligand because H^O will only bind after 

the strong field ligand at pH 7 is weakened by a decrease in pH. 

The binding of NAMMA to ferroHPl-65 at pH 3.1 gives a Kp of 

166 ± 47 M ^ (see Figure 19 for the plot from the titration). At this 

pH the ligands of ferroHPl-65 are probably very similar to HP14-21 at 

pH 7 in which one coordination position is occupied by a HO molecule. 

This could then account for the similarities in the Kp's for their re

spective methionine complexes. This supports the proposal that the 

lower binding at pH 7 is not due to the methionine but rather results 

from the replacement by a more favorable ligand. The ligand being re

placed by the methionine sulfur should also be approximately twenty 

times more stable at pH 7 since this is equivalent to the decrease in 
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Table 5. Exogenous liganci formation constants of ferroHPl-65. 

Ligand pH Kp CM"1) SMP-L 

NAM 7.1 8.2 ± 0.92 1.70a 

NAMMA 7.1 7.0 ± 1.4 2.5ia 

.MAMMA 3.1 166 ± 47 1.68b 

Imidazole 7.1 59.3 ± 6.6C 2.6 5b 

a520 nm x 10"4 (M_1 cm"1). 

^550 nm x 10 4 (M 1 cm ^ . 

cFe(II) has a Kp for imidazole of 103"2 from Sillen and Martell (1964, 
p. 388). 

Table 6. Formal potentials for HPl-65 plus exogenous ligands. 

[Ligand] E°'-vs-NHE Slope S.D.a 

Ligand OD pH (mV) CmV) CmV) 

- - — 7.0 -108 46.0 3.4 

NAM 1.0 7.0 -130 58.5 5.0 

NAMA 5 x 10"3 4.8 -81 57.6 9.3 

NAMA 4.4 x 10"2 4.8 -63 47.8 6.4 

Imidazole 0.1 7.0 -117 51.2 9.7 

aStandard deviation of the E0". 



Figure 19. FerroHPr-65 titration with NAMMA. at pH 3. 

Monitored at 550 nm. [HP1-65] = 1.3 x 10 M. 
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Figure 19. FerroHPl-65 titration with NAMMA at pH 3. 
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stability for methionine. If this increase in stability is due to the 

protonation of the ligand which is displaced at pH 4.9 then the differ

ence in stability can be attributed to a residue which has a pK& of 

approximately 1.1 to 1.5 pH units (equal to a factor of 20 ± 9 change 

in Kp) above the pH of this spectral transition. This analysis however 

assumes that no other factors are contributing to the difference ob

served for the two titrations except the acid dissociation of the 

nitrogenous ligand. It is also a possibility that the methionine ti

tration at pH 7 does not represent the highest value for the increased 

stability of the nitrogenous ligand with increasing pH but will continue 

to increase above pH 7. 

The formal potential of HP1-65 was measured at pH 7 in the 

presence of excess methionine. The intent of the experiment is to 

determine the extent of its interaction in both oxidation states. 

However, due to the very low formation constants determined for methio

nine it was necessary to use a large concentration of NAM. 

The titration was done at a concentration of 1 M NAM. The E°' 

of -130 mV was measured (Table 6). This value represents a decrease 

of about 20 mV for the addition of NAM. This shift in potential is 

opposite those found for other model systems containing methionine 

(Harbury et al., 1965; Warme and Hager, 1970b; Wilson, 1974). This 

shift is also in the opposite direction from what is expected from the 

binding titrations with NAM. Therefore, there are other interactions 

that must be taking place. If methionine binds to ferriHPl-65 more 

strongly than to the ferro form a negative shift in the potential 

would be expected (Kp for oxidized would be approximately 20 M . 



Invariably it has been seen that methionine binds more strongly to the 

reduced form and that a Kp of 20 M is not considered a realistic 

value for binding to the oxidized form based on the work reported here. 

Alternately, the large excess of methionine added may be acting as a 

perturbant and causing an overall destabilization of the ligands of 

the reduced form. An increased exposure of the heme ring to the solvent 

is also expected to stabilize the oxidized form which should be consid

ered as a possible contributing factor. The exact mechanism of the 

interactions could not be resolved at pH 7 due to the low binding con

stants, so redox titrations were done at pi! 4.8 where more favorable 

binding conditions should prevail. 

At pH 4.8 the formal potential was determined for HP1-65 at 

concentrations of N-acetyl methionine amide (MANIA) of 5.0 x 10 0 M and 

- ?  

4.4 x 10 " M. The respective formal potentials of -81 and -63 mV were 

obtained for the two solutions (Table 6). These data did not represent 

values which fit to the equation in which just the reduced form bound 

M-acetyl-methionine. The data was resolved using simultaneous equa

tions in which both oxidized and reduced heme peptides bound methio

nine, equation 31 (Clark, 1960). 

Eobs - eJ:8 + °-059 lo« | + °-059 los i I (31) 

The resultant values of Kp ^ and Kp q were 99 M 1 and 3.9 M \ respec

tively. The value, Kp from the redox data is between the values 

-1 -1 
obtained from the binding titrations at pH 3 (166 M ) and pH 7 (7 M ). 

The value of the formation constant at pH 4.8 that is calculated for a 



decrease in stability of the methionine complex having an "apparent" 

pK of 4.9 is approximately 92 M \ This value is calculated using the 
3. ' — 

Kp of 166 M ^ at pH 3 determined from the binding titration. This value 

compares well with the one calculated from equation 31. The value of 

3.9 M ^ for Kp q has no previous system to compare numerically. How

ever, Harbury et al. (1965) have shown spectral evidence that methionine 

can convert a high spin complex of ferriHP14-21 to a low spin spectrum 

at a concentration around 0.25 M. Schechter and Saludiian (1967) have 

also demonstrated methionine ligation to ferriITPll-21 at a concentration 

around 1 M. Therefore, the Kp q calculated from equation 31 appears 

reasonable. 

Imidazole and Lysine. HP1-65 was titrated at pH 7.1 with in

creasing amounts of imidazole in both oxidation states. The oxidized 

spectrum gave no indication in the visible spectrum of any coordination 

with the imidazole up to a concentration of 0.5 M. The reduced ITP1-65 

titration with imidazole did result in a distinct change in the spec

trum. The a, |3, and Soret bands all became sharper and more intense 

with the increase in imidazole concentration. The data for the observed 

transition are plotted in Figure 20. The formation constant calculated 

from this plot is equal to 59.3 ± 6.6 M ^ (Table 5). Since the imidaz

ole is partially ionized (pK equals 6.0 from Mahler and Cordes, 1966) 
cL 

at pH 7.1 a calculation of the formation constant of unprotonated 

imidazole gives a corrected value of 64.2 M ^ using the pK of 6.0 for 
l~' —- cL 

imidazole. This value is again considerably smaller than the value 

obtained by Harbury and Loach (1960b) for high spin ferroHP14-21 plus 



Figure 20. FerroHPl-65 titration with imidazole at pH 7. 

Monitored at 550 nm. [IIP1-65] = 2.2 x 10 ̂  M. 
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Figure 20. FerroHPl-65 titration with imidazole at pH 7. -j 
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3 "1 imidazole. They calculated a value of 5 x 10"" M for their titration 

at pll 9.0. If all other effects are assumed equal so that direct com

parison of the two titrations is possible, then the replaced ligand in 

HPl-65 is bound approximately 80 times stronger than the weak field 

ligand in HP14-21. This difference is the same order of magnitude dif

ference observed for the methionine titrations (approximately a 20 fold 

difference in that case). This similarity is expected for the relative 

strengths since both are basically measuring the same interaction. 

However, comparison with the HP14-21 system may cause some uncertainty 

in the values since there is a large difference between the heme pep

tide systems, and in the case of imidazole, the pH used. 

The formal potential for HPl-65 in 0.1 M imidazole buffer of 

pH 7 was observed to be -117 mV (Table 6). This value indicates that 

imidazole affects the oxidized form of HPl-65 about the same as the 

reduced form or even to a slightly greater extent. Although imidazole 

did not appear to bind ferriHPl-65 it is known to bind other heme pep

tides in both oxidation states (Harbury and Loach, 1960a, 1960b). The 

binding to oxidized HP14-21 is slightly stronger than to the reduced 

3  3 - 1  
form Kp's of 8.3 x 10 and 5 x 10 M for the oxidized and reduced 

forms respectively. The interaction of the other heme peptides with 

0.05 M imidazole gave a slight decrease in their potentials at pH 7. 

A similar interaction appears to be occurring in HPl-65 since 

the potential shifts almost insignificantly compared to the value with

out imidazole. The calculated value from equation 31 for imidazole 

binding to ferriHPl-65 using the potentiometric data is approximately 

95 M This value is large enough to see the binding to the oxidized 
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form of HPl-65. However, a change between nitrogenous ligands, espe

cially if both are imidazole rings, could have the same spectra and thus 

be unobservable in a spectrophotometry titration. 

Both the data from th" methionine and imidazole ligands have 

comparable results in that the ligation of these residues were weakened 

due to the presence of strong field ligands coordinated to the heme. 

N-a-acetyl-lysine on the other hand gave no spectral evidence for bind

ing in either the oxidized or reduced forms of HPl-65. At pH 7 lysine 

binding is greatly hindered due to the unfavorable pK value for its 
8. 

e-amino group. 

Formal Potential of HPl-65 

The oxidation-reduction (redox) potential of the heme moiety is 

an important property of the heme peptide in studying it as a model 

system of HHC. Not only is the redox potential at the near physiologi

cal pH of 7 important, but also, the redox potential as a function of 

pH can give useful information. With the determination of the redox 

potential over an extended pH range it is possible to compare HPl-65 

with HHC, both in the shape of the potential versus pH curve and also 

the relative position of the curve. 

Potential at pH 7. The redox potential of HPl-65 was deter

mined according to the procedure presented in the Methods section. The 

pH wasmaintained at 7 with a phosphate buffer (0.1 M phosphate). The 

redox buffer used to help establish electrochemical equilibrium was 

indigotetrasulfonate (ITS). The spectral transition observed for the 

heme peptide solution at various degrees of reduction is shown in 
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Figure 21. The presence of ITS in the solution caused the apparent loss 

of three of the isosbestic points of HP1-65 in the figure due to the 

spectral overlap of the oxidized indigo dye in this region. Using a 

similar solution but without ITS present resulted in the same spectral 

transition for HP1-65 but in this case the presence of all four isos

bestic points are observed. It is a necessary condition that isosbestic 

points are maintained in crder to assume a single transition between 

two components. For the data in Figure 21, it is necessary to correct 

the absorbance at a particular wavelength for the interference due to 

the ITS before calculating the ratio of oxidized to reduced species of 

HP1-65. This can be accomplished by measuring the change in absorbance, 

AA^, at a wavelength of an isosbestic point and calculating the corre

sponding absorbance change, AA7, for the ITS at the wavelength used for 

calculating the ratio of the two redox species of HP!-65. This can be 

done by knowing the molar absorptivities of the ITS at the two wave

lengths, E| for AA^, and for AA^ and using equation 32. 

e 2  AA2 = AAl • (32) 

which is derived from Beer's law. 

After correcting the spectra for the titration, and using equa

tion 14 from the Procedures section we can obtain a plot of the solution 

potential as a function of logO^/cy. Figure 22 is a plot of the data 

for HP1-65 at pH 7 for five successive titrations. The x-intercept of 

the plot corresponds to the E°" (formal potential at pH 7 for the spe-
/ 

cific solution conditions used) of HP1-65 and the slope theoretically 



Figure 21. pH 7 spectra from redox titration of HP1-65. 

0.1 M phosphate, [HP1-65] = 1.5 x 10 ̂  M, [ITS] = 8.4 x 
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Figure 21. pH 7 spectra f rom redox t itration of HPl -65. 
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Figure 22. E-vs-log(ox/red) data at pH 7 for MPl-65. 

Monitored at 550 run. Symbols correspond to those in Table 7, 



84 

Table 7. Redox data calculated from titrations of HPl-65 at pH 7 
(0.1 M P04). 

E7' (mV) 
vs-NHE Slope (mV) 

S.D. (mV)a 
of E°' 

/ 

Direction^ 
of Titration Symbol0 

-108 48. .3 Ox. 0 

-106 42. ,2 - - Ox. A 

-103 42. , 9 - - Red. • 

-112 49. ,0 - - Ox. X 

-109 47. ,2 - - Red. • 

-108 46. ,0 3.4 Averages — 

cl 
Standard deviation of the Ey'. 

Ox. denotes an oxidation titration. Red. denotes a reduction titra
tion. Averages denotes the averages of the 5 titrations. 

cSymbol corresponds to those used in Figure 22. 
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should be 59.2 mV (one electron reduction at 25°C). Table 7 lists the 

calculated E^', slopes, and standard deviations (S.D.) o£ the E°" for 

the data in Figure 22. The standard deviation of the E0' is calculated 

for the five titrations. These values normally are between 5 and 10 

mV for the titrations. 

The variation of the slope can result from a number of contrib

uting factors besides the normal variation in experimental data. One 

of the most common is a poorly equilibrated system when redox buffers 

are used. These redox buffers are necessary for large heme peptides 

to establish electrochemical equilibrium with the indicating electrode. 

The low concentrations of these buffers causes poor establishment of 

equilibrium mainly at extremes of the titration where one of the redox 

species is in extremely low concentration. The equilibrium tends to be 

better at the F°' of the heme peptide where oxidized and reduced forms 

are in approximately equal concentration. Another factor causing non-

theoretical slope results from heme-heme interactions (Antonini et al., 

1964) which result from two heme groups close enough together to affect 

each other's properties. A similar complication that can occur is the 

formation of a dimer by the oxidized, reduced, or both forms of the 

redox couple (Clark, 1960). Without other supporting evidence, it is 

difficult to determine which if any of these mechanisms is functional 

since there is variation from one pH to another as to the exact value 

of the slope. 

The Ecalculated for HP1-65 is given in Table 8 along with 

the values for other model systems studied previously. From Table 8 

it can be seen that HP1-65 has an Ey' that is more positive than the 



Table 8. Formal potentials of cytochrome c model systems. 

Model System E°' 
n (mVf 

Solvent Medium Reference 

HP11-26 -0. 233 0.05 M Phosphate Warme (1969) 

HP11-25 -0. 23 0.05 M Phosphate Warme (1969) 

HP14-21 + imidazole -0. 221 0.05 M Imidazole Harbury and Loach (1960a) 

Bis-His-mesoheme -0. 22 b c 

Monohis-mesoheme -0. .21 b c 

HP14-21 -0. . 207 Phosphate Harbury and Loach (1960b) 

HP11-21 -0. 19 Phosphate Harbury and Loach (1959) 

HP1-65 -0. 108 0.1 M Phosphate Present study 

His-Met-mesoheme -0. ,074 b Wilson (1974) 

HP14-21 + NAM^ -0. 05 0.05 M Phosphate/0.05 M Acetate Harbury et al. (1965) 

Mono-Met-me soheme -0. .004 b c 

Bis-met-mesoheme +0. .020 b c 

Cytochrome c +0, .256 0.1 M Phosphate Rodkey and Ball (1950) 

g 
Potentials given with respect to the normal hydrogen electrode (NHE). 

^0.1 M Phosphate buffer pH 7.0, 30% v/v. Dioxanei^O. 

^Varme and Hager (1970b). 

*^NAM = N-Acetyl-dl-methionine. 
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other models (first seven) which do not contain methionine in the 

system. These first seven models listed are assumed to have either I-^O 

or nitrogenous ligands (a-Nf-^, or imidazole nitrogen) in the 

fifth and sixth coordination positions of the heme at pH 7 (see respec

tive references in Table 8). HP1-65 also is assumed to have nitrogenous 

ligands at pH 7 in both the oxidized (Margoliash and Schejter, 1966; 

Babul et al., 1972) and the reduced forms (Corradin and Harbury, 1971; 

Wilgus, 1975). The absence of any methionine eliminates that as an 

alternate ligand in HP1-65. The difference in Ey' more than likely is 

due to one or more of the following reasons. 

The axial ligands involved in the coordination to the heme 

differ in formation constants between the oxidation states, in such a 

manner as to stabilize the reduced form of the heme (formation constant 

of the reduced form is greater than the oxidized form). This type of 

effect, due to the different formation constants of metal ligand coor

dination, has been illustrated mathematically (Clark et al., 1940) as 

well as experimentally (Davis, 1940) for metalloporphyrins. Harbury 

and Loach (1960b) have similarly shown that pyridine when added to a 

solution of HP11-21 is able to shift the potential of the heme approxi

mately 0.1 volts more positive. They have shown that this can be 

attributed to the difference in pyridine ligation to the heme iron. 

Another possible contributing factor for the difference in E^" 

for HP1-65 is the absence of hydrophobic interactions with the heme 

from aliphatic and/or aromatic amino acid side chains. This has been 

proposed to preferentially stabilize the Fe(II) oxidation state of the 

heme (Kassner, 1972, 1973; Dickerson, Takano, and Kallai, 1973). This 
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phenomenon is proposed to occur because the Fe(II) porphyrin has a net 

charge of zero while the Fe(III) porphyrin has ;i net charge of plus one 

(tetrapyrrole ring has a net charge of minus two). I1P1-65 as compared 

to the smaller model systems has significantly greater number of hydro

phobic amino acids which should fold closer to the hydrophobic porphyrin 

ring as compared to the high dielectric solvent. Babul et al. (1972) 

have concluded from reduced viscosity measurements that HP1-65 is not 

a random coil configuration (Tanford, Kawahara, and Lepanje, 1966) but 

approximately midway between a random coil and a completely spherical 

configuration. 

From the existing data in Table 8 one is not able to determine 

the extent to which the ligand binding interaction, possible hydrophobic 

interaction, or some combination of the two play in causing HP1-65 to 

have a higher redox potential than the smaller model systems. This 

topic will be discussed further in the section describing the effect of 

pH on the Etj' of HP1-65 where a better definition of the system will 

result. 

Another important observation one can make from the data in 

Table 8 is that the addition of methionine to the system results in a 

shift in Efor the system to more positive potentials. This is not 

unexpected since thioether sulfurs tend to form stronger Fe(II) com

plexes compared to Fe(III). It should be noted however, that model 

systems of cytochrome c which have the same two ligands as the native 

molecule still do not approximate the potential of cytochrome c 

(Harbury et al., 1965; Wilson, 1974). These models therefore do not 

nearly approximate the heme environment of cytochrome c. This topic 



will be discussed further in the subsequent sections dealing with heme 

peptide-nonheme peptide complexes where other factors must come into 

effect. 

E°" As A Function of pH. The pll dependence of the formal poten

tial of HP1-65 was studied to determine its effect on the energetics 

of this model system. The pH profile of the E°' for cytochrome c has 

been reported by Rodkey and Ball (1950) for beef heart over the pH 

range of 0.4 to 10.0. Additionally, the E°" versus pH profiles of a 

number of the other heme peptides (Harbury and Loach, 1959, 1960a, 

1960b) and mesoheme derivatives (Wilson, 1974) have been reported. The 

availability of these data allows for a broader comparison of the data 

from HP1-65. 

The formal potential of HPl-65 was studied over the pH range of 

2.7 to 10.5. Table 9 is a list of the solution conditions employed for 

the determination of the E0' at each pH. The tabulation of the data 

resulting from the oxidation-reduction titrations at different pH's is 

given in Table 10. The E0' and the slope of the titration are calcu

lated from the linear least squares analysis of the data using equation 

14 from the Procedures section. The standard deviation (S.D.) of the 

E°" values is calculated from the determined E°" from repetitive 

titrations. 

The plot of the observed E°" as a function of pH is illustrated 

in Figure 23. The formal potential is independent of pH over a rela

tively large range of pH, but is dependent on a number of acid-base 

ionizations and ligand changes at the two pH extremes. The slope of 
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Table 9. Solution conditions for redox titrations of HPl-65. 

pH 
Buffer3" 
System 

[HPl-65] 
xlO5 (M) 

Redox^ 
Buffer 

[Redox Buffer] 
(uM) 

2.71C Acetate 0.88 Saf-T 4.4 

3.08 Citrate 1.4 Saf-T 10.9 

3.08 Citrate 0.88 Saf-T 7.5 

3.19 Phosphate 1.4 Saf-T 5.5 

4.16 Oxalate 1.5 A-g-S 107 

4.76 Acetate 1.5 A-g-S 116 

7.04 Phosphate 1.5 ITS 8.4 

7.50d Carbonate 1.1 IDS 5.4 

7.90 Tris 1.2 IDS 3.8 

8.52 Carbonate 1.5 IDS 5.4 

8.62 Carbonate 1.0 IDS 4.75 

8.67 Carbonate 1.0 IDS 10.6 

8.89 Carbonate 1.2 IDS 7.6 

9.26 Carbonate 1.0 IDS 7.9 

9.40 Carbonate 1.1 IDS 16.9 

9.45 Carbonate 1.0 MB 1.9 

9.66 Carbonate 1.1 IDS 5.4 

10.11 Carbonate 0.98 IDS 11.4 

10.52 Carbonate 1.2 IDS 7.6 

aAll buffers are 0.1 M. 

^Saf-T (Safranine T); A-g-S (Anthraquinone-g-Sulfonate); ITS (Indigo 
Tetrasulfonate); IDS (Indigo Disulfonate); MB (Methylene Blue). 

CNo K^[Fe(CN)g] added. 

"^Neutralized from the pH 9.66 titration. 
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Table 10. Data from redox titration of HPl-65 at various pH's. 

pH E°' (mV)a Slope (mV) S.D. of E°' (niV)b 

2.71 -32 46.0 10.5 

3.08 -57 29.4 6.4 

3.08 -66 48.0 2.8 

3.19 -59 43.7 3.6 

4.16 -103 64.9 5.9 

4.76 -102 65.6 2.2 

7.04 -108 46.0 3.4 

7.50C -93 48.1 1.0 

7.90 -106 59.6 6.0 

8.52 -125 80.8 5.6 

8.62 -115 59.8 6.4 

8.67 -126 57.8 6.0 

8.89 -125 55.9 4.8 

9.26 -141 40.9 8.2 

9.40 -154 62.5 7.8 

9.45 -141 41.1 7.9 

9.66 -151 59.1 2.2 

10.11 -154 47.7 13.2 

10.52 -171 53.7 2.9 

aE°' versus NHE. 

Standard deviation of the E°' from repetitive titrations. 

Neutralized from the pH 9.66 titration. 
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Figure 23. Formal potential variation as a function of pH for HPl-65. 

Solution conditions are listed in Table 9. Data are listed in Table 10. 
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the curve, AE°'/ApH, around pH 3 gave a value of approximately 60 to 

70 mV per pH unit from the data points below pi I 3.2. The solid line is 

drawn as the best fit of the data which will give a slope of 60 mV/pH 

below pH 3. This constitutes a theoretical slope for a single ioniza

tion affecting the potential in this region. The slope of the curve 

above pH 8 is approximately 25 to 35 mV/pH unit which cannot be attrib

uted to a single ionization. The simplest explanation for this slope 

is that a series of ionizations are operable in this pH region and that 

they have partially overlapping transitions. Since the curve around 

pH 10 appears to give no indication of leveling off, the least number 

of ionizations that gives the best fit of the data for this region in

volves two apparent ionizations of the oxidized heme peptide and one for 

the reduced. The simplest equation for describing the whole E°' versus 

pH curve is given in equation 33. 

S0 E = E + 0.059 log ̂  + 0.059 log [H] + 
x bR 

(33) 

[HJ2 + [H]Kr • KK 

0.059 log j 
[H] + [H]K0i + 

for the pH range studied (2.7 through 10.5). E in equation 33 is the 

value of the potential at pH 0 (+129 mV) if the slope of the curve would 

remain 60 mV below pH 2.5. This value itself has no physical signifi

cance, since it was not determined experimentally, but rather is used 

only to simplify the solution of equation 33. The last two terms of 
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equation 33 indicate the effect of pH on the E°'. The term 0.059 

log[H] accounts for the initial slope of the E versus pH curve, while 

the last term is the function of the four "apparent" ionization con

stants pK values. The calculated pK values from equation 33 are listed 

in Table 11 along with similar values for other model systems previously 

reported. These pK values are not necessarily the true ionization con

stants of the residues involved but are values that describe the pH 

curve. A better explanation of these constants will be given later in 

this section. The values for beef heart cytochrome c reported by Rodkey 

and Ball (1950) and horse heart cytochrome £ (Margalit and Schejter, 

1973) are also listed. Examination of the potentiometric values is for 

qualitative comparison of the relative shape and complexity of the 

curve and no real definitive explanation of the system is possible with

out other supporting evidence. 

Comparison of the data in Table 11 for the pK values of the 

systems below pH 7, all show increased stability for the reduced form 

(E°" increases) as the pH is lowered. Cytochrome c_ has its pK^ much 

lower than all the model systems reported. The systems reported by 

Harbury and Loach (1960a, 1960b) for HP14-21 both in the presence and 

absence of imidazole have substantially higher "apparent" pK^ values. 

Heme peptide 1-65 on the other hand has its "apparent" pKR at a value 

between cytochrome c and the HP14-21 models. This indicates that the 

ligation in HP1-65 appears less sensitive to acid pH than the HP14-21 

models and more closely resembles cytochrome £. In the alkaline pH 

region we see that HP1-65 has a more complicated equilibrium compared 

to the results listed for HP14-21 and for cytochrome c. It more closely 
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Table 11. pK values of cytochrome c and its model systems from the pH 
dependence of their formal potential. 

System v a P\ \r  ̂PKR 
2 

V a PK01 PKO A 
2 

Reference 

HP1-65 3.8 9.4 8.5 10.3 Present study 

HP14-21 6.4 NMb 10.0 NM Harbury and Loach 
(1960b) 

HP14-21 + 
Imidazole 

4.7 6.2 11.1 NM Harbury and Loach 
(1960a) 

HP11-21 + 
Imidazole 

^6.2 9.8 10.5 11.1 Harbury and Loach 
(1960a) 

Cytochrome c 
Beef heart 

1.75 1.75 7.8 NM Rodkey and Ball 
(1950) 

Cytochrome c 
Horse heart 

NSC NS 9.0 NM Margalit and 
Schejter (1973) 

Slope of the E°' versus pH curve increases with increasing pH at the 
pH equal to the p% values. Slope of the E°" versus pH curve decreases 
with increasing pH at the pH equal to the pKq values. 

None measured (NM). 

Slot studied (NS). 
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resembles HP11-21 plus imidazole in the "observed" number of ioniza

tions involved probably due to the greater number of possible ligands 

in these heme peptides compared to IIP14-21. Cytochrome c has methionine 

coordinated to both oxidation states over the majority of the pi I range 

studied which probably accounts for its low number of redox linked 

ionizations. The pH where the formal potential of HP1-6S starts to 

decrease is more like cytochrome c than the other heme peptides but this 

is the only "real" similarity in this region. 

As previously noted this type of comparison is at best qualita

tive since it does not distinguish between a redox potential linked 

ionization that occurs for a proton displacement from a residue due to 

its ligation to the heme and a transition in the P°' resulting from a 

residue which no longer needs to displace a proton to ligate (where the 

formation constant is no longer a function of pH). The following reac

tion mechanism will illustrate these two transitions (where L is a 

nitrogenous ligand and M is the heme). 

PKa' 

HL + M t  M ' L  +  H® 

pK r a 
Nh® 

PKp 

L + M M«L 

From the above mechanism we see that the electron transfer properties 

of M will be pH dependent when HL is complexing to M (pK ') and again 

will be independent of pH when L is unprotonated (pK ). Also, pK^' is 

dependent on both pKa and pKp (conditional formation constant). This 



mechanism can best be understood by a mathematical analysis of possible 

pH effects on the F,°" due to heme ligation and to the proton dissocia

tion constants of the heme ligands. This analysis should help to 

predict the simplest mechanism for the transitions observed in the 

spectral and potential variations with pH. Appendix A gives the mathe

matical basis for the equations of the formal potential dependence on 

endogenous ligand binding (equations A-9 and A-ll of Appendix A). The 

pH dependence is summarized into seven rules at the end of the appendix 

which will be used in this discussion. These rules will be referred to 

by number in the following paragraphs. 

From the observed spectral transitions it is known that pH 

dependent ligand changes occur at pH 3.9 for the oxidized form (Rule 2 

of appendix, decrease slope of E0' from increasing pH) and one each at 

pH 4.9 and pH 8.5 for reduced HP1-65 (Rule 1 of appendix, increased slope 

of E0"). These values are shown on Table 12. The redox titration data 

give four ionizations (Table 11) with increased slopes at pH 3.8 and 

approximately pH 9.4, and decreased slopes at approximately pH 8.5 and 

pH 10.3 (see Table 12, row 1). Knowing the spectral and potentiometric 

pK values, it is possible to propose other heme linked ionizations 
ct 

that must be involved in order to maintain the correct shape of the E°' 

versus pH curve. Using these data it will be possible to dwrite mecha

nisms which account for all spectral and potential transitions observed. 

One can then draw some tentative conclusions or predictions which could 

be tested to determine their validity. The method for determining the 

addition transition for the HP1-65 is oulined below. 



Table 12. Analysis of potential dependent transitions in HP1-65. 

Slopes of E°'-vs-pH. 

PH 

Transitions 3.8 3.9 4.9 8.5 9.4 10.3 

3. S 
Observed inc. -- -- dec. inc. dec. 
potentiometric (1 or 4) (2 or 3) (1 or 4) [2 or 3) 
transitions (rules) 

Observed -- dec. inc. inc. 
spectral 
transit ions (pK ') 

cL 

Proposed^ -- inc. dec. dec. 
transitions (rules) (1 or 4) (2 or 3) (2 or 3) 

^ec. means a decrease in the slope of the E°" curve v.ith increased pH is observed or expected. Inc. 
means an increase in slope of the E°' curve with increased pH is observed or expected. Numbers in 
parentheses are the ruies from the appendix governing the transition. 

These transitions are proposed to obtain the net change in the E°'-vs-pH slope obtained potentio-
metrically from the spectral transitions observed. The direction of the change in slope followed 
by the rules used from the appendix are listed. These proposed transitions are not the ones ob
served spectrally. 

o 
CO 
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In row 1 of Table 12 are listed the values from Table 11 that 

define the shape of the potential versus pH curve. The transitions in 

row 3 are written so that at a given pH the net effect on the potential 

will add up to those which are actually obtained from the potentiometric 

data. Row 2 are the effects on the potential obtained from the spectral 

titrations at their appropriate pH. Row 3 are the proposed transitions 

for the system when the observed spectral transitions, pK ' values, and 
cl 

the observed potentiometric transitions are correlated. At pH 3.8, 9.4, 

and 10.3 there are no observed spectral transitions and therefore the 

transition at these values only reflect the potentiometric transitions. 

At pH values 3.9 and 4.9 are observed spectral transitions but no 

associated potential transitions. Therefore, in each of these cases 

transitions in row 3 must be proposed to counterbalance the effects on 

the potential due to the spectral transitions and to yield a zero net 

change in the potential at these pH values. At pH 8.5 was observed a 

spectral transition in the reduced form (row 2) which would yield an 

increase in E0", yet what is obtained from the potentiometric data is 

a decrease in the potential. Therefore, an additional transition is 

proposed at this pH, which counteracts the observed spectral effect on 

the potential, to yield the actual decrease in potential. In parenthe

ses are listed the rules in the appendix which govern the potentiometric 

and proposed transitions. Again, the effects in rows 1, 2 and 3, when 

combined will give the resulting transitions observed in the potentio

metric data. 

Table 13 is the list of transitions (observed spectral, poten

tiometric and proposed transitions) from Table 12. 



Table 13. List of transitions which affect the potential of HP1-65. 

Observed £0SSiM̂ ieS S°T the 
Observed Spectral Potentiometric pH of Proposed iopose ians] ions 
Transitions (pKa') Transitions Transitions Ligand Change or pKa 

Ox-3.9a Ox(2) 

R -4.9 R(l) 

R -8.5 R(l) 

3.8 R(l) Ox(4) 

8.5 Ox (2) R(3) 

9.4 R(l) Ox(4) 

10.3 Ox(2) R(3) 

3.9 R(l) Ox(4) 

4.9 Ox(2) R(3) 

8.5 Ox(2) R(3) 

3. R = FerroHPl-65; Ox = FerriHPl-65. These abbreviations are followed by the rule number used to pro
pose the respective transition. 
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At this time it would be extremely helpful to determine which 

of the two possible transitions (ligand change, pK or the ligand's v cl 

ionization constant in the protein environment, pK ) is occurring at the 
a 

pH of the potentiometric and proposed transitions. This cannot be done 

arbitrarily but should follow some logical deductions in order to arrive 

at one or more reasonable mechanisms for the data. The following cri

teria will be followed in determining possible mechanisms. 

1. Keep the number of ligand change transitions (from the proposed 

transitions) to as few as possible since no spectral evidence 

is observed for these transitions. 

2. Attempt to end up with approximately equal number of ligand 

changes (pK ') and ionization constants (pK ) since most of 
cl a. 

the ligands should have both their pK ' and pK in the pH 
a. a. 

region studied. 

3. The condition that pK is greater than or approximately equal 
3. 

to its paired pKa' (ligand change) must hold according to the 

theory for metal complexation with nitrogenous ligands. 

4. That the transitions make chemical sense for the HP1-65 system. 

5. That Histidine-18 is probably a ligand at all pH values studied 

due to its expected strong ligation to the heme which is a re

sult of its close proximity to the heme. Spectral evidence 

discussed earlier also suggests this strong interaction. 

As is shown in Table 13 there are three transitions that must 

occur around pH 8.5 two of which have the same two possibilities for 

the transitions (both are either a ligand change in the oxidized form 



or a pK for the reduced form). Since Histidine-18 is very likely one 
a 

of the heme axial ligands, it is not possible that two ligand changes in 

the oxidized form occur at this pi I simultaneously in the sixth coordina

tion position. Similarly, Histidine-18 is not expected to have a pK 
<3. 

of 8.5 (Histidine-18 would have to be in an extremely ionic environment 

to raise its normal pK of 6 up to 8.5, which is unlikely close to the 

heme) in the protein and therefore the possibility of having two pK 

transitions at this pll is also not realistic. Therefore, the most logi

cal explanation is that one of the transitions is a ligand change in 

the oxidized form and the other is a pK for the reduced form. 1 a 

A similar argument is possible for the proposed transitions at 

pH 3.8 and 3.9. However, this time there is an observed ligand change 

also at pH 3.9 which makes it possible that both the proposed transi

tions at pH of 3.8 and 3.9 could be pKa values for the oxidized form. 

This possibility will result in the Tables 15 and 17 (pp. 104 and 105) 

which will be discussed shortly. If the two proposed transitions at 

pH 3.8 and 3.9 are both ligand changes for the reduced form, then the 

resulting mechanism would have four ligand changes in the reduced form 

which include the two seen spectrally (pK ' of 4.9 and 8.5). It would 

be reasonable to expect then that the unassigned proposed transitions 

at pH 4.9 and 10.3 are pK values of the reduced form, which will give 
a 

reasonable ionization constants to the above ligand changes. If this 

situation is correct the following pairings, pK ' with pK , for just a a 

the reduced form would appear to be the most logical: 3.8 with 4.9, 

3.9 with 8.5, and 4.9 (spectral) with 10.3. It would have to follow 

then that around pH 7 both axial ligands in the reduced form would have 
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pK values above 8 which would exclude Histidine-18 (same reason as 
a 

the previous paragraph) which is expected to be a ligand in HP1-65. 

For this reason this mechanism will not be considered further in this 

discussion. The third possibility for these two proposed transitions 

is that one is a ligand transition in the reduced form and the other is 

a pK transition in the oxidized form. This seems to be a reasonable r a 

possibility and therefore will be considered further in Tables 14 and 

16 (p. 105]. 

At this point the proposed transition around pH 4.9 is the next 

transition to be considered. Using the two decisions made about the 

transitions around pH 3.8 and 8.5 there are four tables that can be 

written. Tables 14 and 15 will have the proposed transition at pH 4.9 

be a reduced form pK and Tables 16 and 17 will assume this transition r a 

is a ligand change in the oxidized form, pK '. All transitions are 
3. 

assumed to involve single protons. In these tables "spectral" means 

that this transition is actually seen spectrally and "no spectral" were 

not observed in the spectral region studied. "Redox" means that the 

transitions were obtained from the potentiometric data. 

The transitions at pH 9.4 and 10.3 are included in these tables 

in the forms that follows best with the rest of their respective tables. 

The heme ligand changes, pK ', are listed across from the ionization 
a 

constant, pK , that corresponds best when considering ail pairings in 
a. 

each respective table. The criteria for pairing is that the majority 

of the transitions should be paired and that the pKa of a pair is 

greater than or approximately equal to its ligand change, pKa'. 
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Table 14. Scheme I.a 

pH of Heme Ligand Changes (pK ') 
3. pK of Ligand r a 

<2.5 Ox-3.8 (redox) 

R -3.9 (no spectral-proposed) R -4.9 (proposed) 

R -4.9 (spectral) R -8.5 (proposed) 

Ox-3.9 (spectral) Ox-9.4 (redox) 

R -8.5 (spectral) R -10.3 (redox) 

Ox-8.5 (no spectral-redox) >10.5 

aR = Reduced HP1-65. Ox = Oxidized HP1-65. pKa' = pH of ligand change. 
pK = Ionization constant of the ligand in the protein environment. 
a 

Table 15. Scheme II.a 

pH of Heme Ligand Changes (pK ') pK of Ligand 
3. ci 

<2.5 Ox-3.8 (redox) 

Ox-3.9 (spectral Ox-3.9 (proposed) 

R -4.9 (spectral) R -4.9 (proposed) 

R -8.5 (spectral) R -"8.5 (proposed) 

Ox-8.5 (no spectral-redox) Ox-9.4 (redox) 

Qx-10.3 (no spectral-redox) >10.5 

aR = Reduced HP1-65. Ox = Oxidized HP1-65. pKa' = pH of ligand change. 
pK = Ionization constant of the ligand in the protein environment. 
a 
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Table 16. Scheme III.a 

pH of Heme Ligand Changes (pK ') pK of Ligand 
a. d. 

Ox--3, .9 (spectral) Ox-3.9 (proposed) 

R -•3. .8 (no spectral-redox) R -8.5 (proposed) 

Ox-•4. ,9 (no spectral-proposed) Ox-9.4 (redox) 

R -•4. .9 (spectral) R -10.3 (redox) 

R -•8. ,5 (spectral) >10.5 

Ox-•8. ,5 (no spectral-redox) >10.5 

aR = Reduced HP1-65. Ox = Oxidized HP1-65. pKa' = pH of ligand change. 
pKa = Ionization constant of the ligand in the protein environment. 

Table 17. Scheme IV.a 

pH of Heme Ligand Change (pK ') 
a. 

pK of Ligand 
d. 

<2.5 Ox-3.8 (redox) 

Ox-3.9 (spectral) Ox-3.9 (proposed) 

Ox-4.9 (no spectral-proposed) Ox-9.4 (redox) 

R -4.9 (spectral) R -8.5 (proposed) 

R -8.5 (spectral) R -10.3 (redox) 

Ox-8.5 (no spectral-redox) >10.5 

aR = Reduced HP1-65. Ox = Oxidized HP1-65. pKa' = pH of ligand change. 
pK = Ionization constant of the ligand in the protein environment. 

ct 
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In deciding which of these tables gives the most reasonable 

system, the following arguments can be made. 

1. Tables 14, 16 and 17 all have a pK (oxidized) of 9.4 associated 
a 

with a ligand change at a lower pH. They also have a non

spectral ligand change at pH 8.5 in the same oxidation state 

associated with a pK above 10.5. These three transitions must 
cl 

occur in the same coordination position, since Histidine-18 is 

likely the fifth coordinating ligand with a pK^ less than 8.5 

(Histidine-18 argument presented earlier), then the fact that 

these pairs overlap makes this an improbable situation. Two 

ligands competing for the one coordination position with pK 
cl 

values of 9.4 and >10.5 would not show the transition (no 60 mV 

change in slope) at pH 9.4 because the other ligand (pK > 10.5) 
a 

would continue to increase in stability and the potential will 

remain pH dependent above pH 9.4. Therefore, Tables 14, 16 and 

17 are unlikely according to the criteria being used. 

2. It has been shown in the previous section that N-acetyl-

methionine methyl amide (NAMMA) binds at least twenty times 

greater to ferroHPl-65 at pH 3 than at pH 7. This suggests that 

NAMMA is competing with a much stronger ligand at the higher 

pH which is in direct contradiction to Table 15. 

Therefore none of these tables as written above appears to give 

a good fit of the data. This suggests that the assumption that the 

two transitions at pH 8.5 (the two that do not include the reduced form 

spectral transition at pH 8.5) do not have to be one reduced form pK^ 
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and one oxidized form ligand change (pK '). Since there is a reduced 

form ligand change at pH 8.5 (spectral) the next most likely choice for 

the other two transitions at pH 8.5 are reduced form pK values. 

Therefore all four tables can be rewritten so that the oxidized form 

ligand change at pH 8.5 is changed to a reduced form pK& (Rules 2 and 

3). The four new schemes are written below (Tables 18-21). 

Again the transitions at pH 9.4 and 10.3 are included in these 

tables in the forms that best follow the rest of their respective 

tables. The criteria for pairing are the same as mentioned above. 

The following arguments can be made in order to come up with 

the most logical scheme written for the data. 

1. Table 20 has two reduced form pK values (8.5) that govern 
a 

spectral changes below pH 5. This would mean that one of the 

pK& values is due to Histidine-18 which was argued before to 

be unlikely. 

2. Imidazole has been shorn to bind to both oxidation states of 

HP1-65 at approximate equal strengths at pH 7 as it does in 

HP14-21 where it replaces a water molecule (Harbury and Loach, 

1960b). In HP1-65 however the binding constants are orders of 

magnitude smaller indicating competition with stronger ligands 

in both oxidation states. This contradicts Table 19 which 

shows very little stabilization between pH 3 and 7 for the oxi

dized form ligand and a large stabilization in the reduced 

form. Tables 18 and 21, however, do show increased stabiliza

tion in both oxidation states which explain the lower formation 

constants in both oxidation states. 
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Table 18. Scheme V.a 

pH of Heme Ligancl Changes (pK ') pK o£ Ligand 
3. 3. 

<2. .5 Ox-3.8 (redox) 

R -•3.9 (no spectral-proposed) R -4.9 (proposed) 

R -•4.9 (spectral) R -8.5 (proposed) 

Ox-•3.9 (spectral) Ox-9,4 (redox) 

R -•8.5 (spectral) R -8.5 (redox) 

Ox-•10.3 (no spectral-redox) >10.5 

^ = Reduced HP1-65. Ox = Oxidized HP1-65. pKa' = pH of ligand change. 
pK = Ionization constant of the ligand in the protein environment. 

cl 

Table 19. Scheme VI. 
a 

pH of Heme Ligand Changes (pK ') 
3. 

pKa of Ligand 

<2.5 

<2.5 

Ox-3.9 (spectral) 

R -4.9 (spectral) 

R -8.5 (spectral) 

R -9.4 (no spectral-redox) 

R -4.9 (proposed) 

Ox-3.8 (redox) 

Ox-3.9 (proposed) 

R -8.5 (proposed) 

R -8.5 (redox) 

R -10.3 (redox) 

^ = Reduced HP1-65. Ox = Oxidized HP1-65. pKa' = pH of ligand change. 
pK = Ionization constant of the ligand in the protein environment. 

3. 
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Table 20. Scheme VII.a 

pH of Heme Ligand Changes (pK ') pK of Ligand 
3. 3. 

Ox-3. ,9 (spectral) Ox-•3.9 (proposed) 

R -3. ,8 (no spectral-redox) R -•8.5 (proposed) 

Ox-4. .9 (no spectral-proposed) Ox-•9.4 (redox) 

R -4. .9 (spectral) R -•8.5 (redox) 

R -8. .5 (spectral) R -•10.3 (redox) 

^ = Reduced HP1-65. Ox = Oxidized HP1-65. pKa' = pll of ligand change. 
pKa = ionization constant of the ligand in the protein environment. 

Table 21. Scheme VIII.a 

pH of Heme Ligand Changes (pK ') pK of Ligand 
cL. ci 

<2.5 Ox-3.8 (redox) 

Ox-3.9 (spectral) Ox-3.9 (proposed) 

Ox-4.9 (no spectral-proposed) Ox-9.4 (redox) 

R -4.9 (spectral) R -8.5 (proposed) 

R -8.5 (spectral) R -8.5 (redox) 

Ox-10.3 (no spectral-redox) >10.5 

aR = Reduced HP1-65. Ox = Oxidized HP1-65. pKa' = pH of ligand change. 
pK = Ionization constant of the ligand in the protein environment. 
a 



The binding of NAMMA to the reduced form of HP1-65 results in 

approximately a twenty fold decrease in its binding to ferro-

HP1-65 from pH 3.1 to pH 7.1. As was stated in the exogenous 

ligand section, this decreased binding is attributed to a resi

due that has its pK at least 1.1 to 1.5 pH units (equal to a 
CI 

factor of 20 ± 9 change in Kp) above its ligand change (pK '). 

In Table 21 the ligand change at pH 4.9 (reduced) is the only 

residue causing an increase in stability in this region. This 

ligand will have an increase in stability equivalent to 2.2 pH 

units from pH 4.9 to pH 7.1. In Table 18 the increased stability 

is due to this same ligand change at pH 4.9 (reduced) as well as 

another reduced form ligand change at pH 3.9 (associated with a 

pK of 4.9). Table 18, therefore, would have an additional 
3. 

stabilization equivalent to one pH unit compared to Table 21. 

The total stabilization for Table 18 for these ligands is equiv

alent to 3.2 pH units (at pH 7.1). Therefore Table 21 more 

closely agrees with the increased stabilization measured from 

the NAMMA binding titrations (1.1 to 1.5 pH units). Also, as 

was shown from the imidazole titration of reduced HP1-65 at 

pH 7.1, an eighty fold decrease in binding is observed in HP1-65 

compared to the replacement of a I-^O molecule in HP14-21 

(Harbury and Loach, 1960b). This difference can be attributed 

to a residue that is stabilized approximately 1.9 pH units simi

lar to the NAMMA difference. Even though these numbers are 

approximate values, both the NAMMA and the imidazole data 

support Table 21 much better than Table 18 because it more 
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closely agrees with the increased stability of 2.2 pH units of 

Table 21. 

4. Table 21 fits best to the NAMMA and imidazole data, does not 

exclude Histidine-18 as a ligand in either oxidation state, and 

does not have an overlapping pair of pK '-pK in either oxida-
cl 3. 

tion state. All the other tables, however, do not follow all 

the existing data as well as Table 21. However, Table 18 

appears to be the second best choice. 

For reasons outlined above it appears that Table 21 fits the 

data best and appears to be the most logical. In Table 21 the ligand 

changes for the oxidized form at pH 4.9 and 10.3 have no spectral evi

dence for their existence, but since they are expected to be due to the 

conversion between nitrogenous ligands, it is possible that no substan

tial difference in the spectra exist. 

It should be emphasized that since many of these transitions in 

this scheme were determined by indirect means and proposed because they 

give the best fit, undisputed acceptance of Table 21 cannot be made 

without a greater amount of supportive evidence. The proposed transi

tions, especially at pH regions where many transitions overlap, can 

only be expected to be accurate within about ±0.5 pll units. However, 

the scheme does give a reasonable working model for the system to 

consult and which can be tested for substantiation. 

The proposed transitions for the system can also occur from 

ionizations which cause a conformational change in the peptide result

ing in a change in stability of the existing ligand. This will result 
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in a potential transition expected for a ligand change without an 

actual change in ligand. This possibility can give a redox potential 

transition where no spectral evidence exists for the transition, since 

the actual ligand remains the same. This type of phenomenon may, for 

example, be suggested for the ligand change at pH 10.3 of ferriHPl-65 

from Table 21. 

The actual ligands in HPl-65 at the different pH's can only be 

tentatively proposed from the existing data (also, assuming Table 21 

represents the system). First, at pll 3 the spectra of HPl-65 (see sec

tion on spectral transitions) in both oxidation states appear to contain 

one strong field ligand and one weak field ligand (presumably Histidine-

18 and water are the best choices). Above pH 4.9 the reduced form 

changes ligand yielding a low spin complex. FerriHPl-65 is converted 

to a low spin complex above pH 3.9. If the pK of 9.4 (oxidized) and 
ci 

8.5 (reduced) are correct in Table 21, then lysine residues appear to 

be the most logical choice for these ionizations. The reason for this 

is that a histidine would have to be in an overwhelmingly ionic environ

ment to raise its normal pK of about 6 to above 8 within the protein. 
d. 

A seemingly more likely rationalization is that a lysine, normal pK of 
3. 

about 10.5, is in a hydrophobic environment near the aromatic heme which 

results in protonation being unfavored and resulting in a decrease in 

its pK . Histidine and arginine, however, should not be completely 

ruled out. The other transitions at high pH values are probably due to 

lysines and/or the arginine residue since this is the region of pH in 

which they undergo ionization. This suggests that the peptide in HPl-65 

does not necessarily undergo a large amount of refolding at pH values 
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above 5 when the peptide residues 66 through 104 are removed from 

cytochrome c by CNBr cleavage. The spectral transition (oxidized) at 

pH 3.9 associated with a pK around 3.9 almost certainly implicates a 
3. 

histidine residue in this pH region due to its low pK . A carboxylate 

ligand is ruled out for this transition since it does not form a low 

spin complex (Kaminslcy et al., 1972) which is present in this pH. This 

pK is about two units lower than the normal value expected for histi-
ci 

dine which means it has to be buried within the protein in a hydrophobic 

environment closed to the heme moiety. Therefore, a substantial re

folding of the molecule would be necessary at this low pH. The oxidized 

pK at pH 3.8 occurs at a pH where a number of ionizations of the amino 
a 

acids are expected. The transition at this pH could be due to one of 

these groups acting as a ligand or inducing conformational changes which 

affect ligation. 

The most interesting observation from Table 21 is that lysine 

appears to occupy the sixth coordination position at pH 7. 

A general equation describing Table 21 over the whole pH range 

using the derivation in the appendix could be written but would result 

in an extremely complicated expression. A general expression will not 

be derived in this discussion. Since the proposed transitions were 

arrived at using the results of the appendix, it is logical to expect 

that these transitions do represent the theory derived. 

Coulometry of HP1-65 

Coulometry was used as a check on the concentration of HP1-65 

determined by the pyridine hemochrome method (Falk, 1964) described in 
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the Procedures section. The pyridine hemochrome can be subject to in

herent difficulties which in some cases can be resolved by coulometry. 

Therefore, an alternate check in some instances may be necessary. 

A single value of the e for the pyridine hemochrome is not 

universally accepted and there exists some variation in the values used. 

The pyridine hemochrome cannot distinguish between a single or a multi-

component system since it measures only the completely oxidized spectrum 

versus the completely reduced spectrum. It also assumes that the pro

tein has no effect on the determination of the pyridine hemochrome 

spectrum (this in most cases should be a good assumption since most 

proteins are completely unfolded in 0.1 M NaOH). 

Coulometry however can resolve some of these problems since the 

amount of charge consumed by the heme peptide can be measured accurately 

and therefore related to concentration directly. It does not need to 

be independent of the protein and therefore can be used to measure the 

concentration at pH's where the protein is folded as well as unfolded. 

It has the capability of measuring a two component system if the E°' of 

the components are different and their Ae values are different at a 

given wavelength. 

Coulometry in the case of HPl-65 was used primarily to check the 

e value at 406 ran (Soret maximum) for the ferriHPl-65 obtained by the 

pyridine hemochrome and give supportive evidence that the preparation 

was a single component system. 

The method used for the coulometry at pH 7 was explained in the 

Procedures section. The calibration of the coulometry was done in situ 

using the methyl viologen (MV*) absorbance at 602 nm. The plots for the 
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calibration are given in Figure 8 in the Procedures section. Calibra

tion is necessary in both oxidation and reduction directions since the 

current efficiency is different for the two directions. These slopes, 

AA/AQ, are taken from the plots for MV- and are listed in Table 22. 

Similarly, a plot of the AA versus AQ for HP1-65 (Figure 24) is deter

mined between the limits of the completely oxidized and reduced heme 

peptide at pH 7. Again data is taken in both oxidation and reduction 

directions and the AA/AQ for the heme peptide are taken from the plots 

and listed in Table 22. The values calculated for the Ae at 550 nm for 

the heme peptide from equation 19 are also listed which gave an average 

value of 7410 ± 510 M 1 cm \ This value is used to calculate the value 

of the Soret absorbance of HP1-65 in the oxidized form. This was done 

by recording the spectrum of oxidized and reduced HP1-65 and calculating 

the concentration in the solution from the Ae and the AA at 550 run and 

subsequently calculating the e at 406 nm from the calculated concentra

tion and the absorbance at 406 nm for ferriMPl-65. This value was 

calculated to be 1.06 ± 0.7 x 10^ M ^ cm 

The value obtained from coulometry compares well with the value 

5 - 1  - 1  
of 1.8 ± 0.09 x 10 M cm calculated from the pyridine hemochrome 

[Ae55Q = 20.7 mM"1 cm"1 from Falk (1964)]. These values are within the 

limits of accuracy of the methods. It is not possible to determine from 

the existing data which of the two methods is better since the values 

agree within experimental error. 

From the data for HP1-65 the absorbance changes linearly as a 

function of the amount of charge injected during the whole transition 
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Table 22. Coulometrv data for HP1-65 at pH 7. 

MV+2 602 ran; HP1-65 550 nm. 

System 
M/A(W 
(xl0^)a 

WAQred 
(XL04)a 

Ae = e i " £ 
red ox 

Calibration 
(M~^cm"-J 

Ae = c , - E 
red ox 

HP1-65 orW1) 

MV 1.95 1.68 12,500 

MV 2.00 . 1.71 12,500 - -

MV (ave) 1.98 1.70 12,500 - -

HP1-65 1.09 - - - - 6881 

HP1-65 1.12 - - - - 7071 

HP1-65 - - 1.05 - - 7721 

HP1-65 - - 1.08 - - 7941 

HPl-65(ave) 1.10 1.06 - - 7408 ± 508 

Slopes have dimensions o£ absorbance units per volt. Volts from the 
integrator output is directly proportional to coulombs. 



0.5 1.0 1.5 0.5 I .0 15 
AQ 

Figure 24. Coulometry of HP1-65 at pH 7. 

a = reductions, b = oxidations. Monitored at 550 nm. AQ is the integrator output measured in volts. 
Conditions described in the text. 

I—1 
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between the completely oxidized and reduced forms. This is a necessary 

condition for support of the presumption that the solution is homo

geneous . 

Summary and Future Research 

HP1-65 on the basis of the presented data and the proposed 

scheme appears to be for the most part like the other heme peptides 

previously studied. The larger number of ionizations is more charac

teristic of the shorter heme peptides rather than cytochrome c. Also, 

the Ey' for the HP1-65 is still much more like the short heme peptides. 

However, the position of some of the ionizations and transitions seem 

to be approaching those of cytochrome c. This suggests that the longer 

peptide adds to the stability of the ligands in the system. The Ey" is 

also higher, although not a large increase, and in the direction 

towards cytochrome c. 

At pH 7 the ligand interactions involving the heme are more 

stable in both oxidation states compared to the weak field interactions 

at pH 3. This stabilization results in a competition for the coordina

tion position when exogenous ligands are incorporated into the system, 

resulting in a weaker binding of these ligands. This stabilization as 

presented in scheme VIII (Table 21) of the discussion indicates that 

both oxidation states have approximately the same increase in stability 

compared to the ligands at pH 3 (these ligands at pH 3 are expected to 

be the same ligands suggested for HP14-21 at pH 7). It seems reasonable 

to conclude that the 100 mV position shift in Ey" for HP1-65 over 

HP14-21 is not due to stronger ligand binding in the sixth position in 
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the reduced form compared to the oxidized form. The difference then 

must be due to preferential stability of the fifth coordinating ligand 

in the reduced form and/or the existence of the heme in a more hydro

phobic environment which is expected to stabilize the reduced form. 

If scheme VIII is the correct description of the system, then it 

would appear that histidine does not occupy the sixth coordination 

position at pH 7 considering the high observed pK values (8.5 and 9.4) 

for the ligand in both oxidation states. However, further ionizations 

around neutral pH that are not observable by the techniques used, could 

bring hisitidine into the scheme. On the basis of scheme VIII, lysine 

residues might be a better choice for this coordination position. If 

this is the case then a gross refolding of the peptide around the heme 

is not necessary to explain the data. An interesting question that 

arises is, does the fifth ligand side of the heme (assuming Histidine-18 

is ligated) keep somewhat the same folding as it does in cytochrome c_ 

although not as compact folding? The studies presented in this discus

sion are not able to definitively answer this question. This study 

does present a model which supports this idea and which can be tested 

by further studies. 

The area of future study for this system would be to extensive

ly study the exogenous ligand binding at a much larger number of pH 

values. Especially in the pH range of 3 to 3.5 where an increased 

stability in the heme ligand (endogenous) is observed. Binding sites 

over this pH region should indicate how the increased binding varies 

with pH and therefore determine if scheme VIII fits these new data (if 

the binding constants of the endogenous ligands increase continually 
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with increased pH between pH 4 and pH 8). These experiments can be 

done spectrally for ferroHPl-65 but would necessitate correlation of 

potentiometric data with the spectral data of ferroHPl-65 to obtain the 

variation in binding to ferriHPl-65. 

E°" of Heme Peptide-Nonheme Peptide Complexes 

The study of the interacting heme peptide-nonheme peptide first 

studied by Corradin and Harbury (1971) for I-IP1 -65 • 66-104 has been ex

tended by Wilgus (1975) for a wide variety of systems. These systems 

-7 
tormed complexes possessing dissociation constants, K^, from 4 x 10 

to 2.2 x 10 5 M and have varying spectral and electron transfer proper

ties compared to cytochrome c [see Table 23 for selected data about 

these complexes (Wilgus, 1975)]. Necessary for completing the study 

by Wilgus (1975) are the formal potentials of these complexes. These 

values have substantial importance for understanding the systems as 

models since spectroscopy only offers a qualitative assessment of pro

tein structure and biological assay is dependent on both kinetic and 

thermodynamic considerations. Therefore, potentiometry is useful for 

comparison to the spectroscopic interpretations and in distinguishing 

between the kinetic and thermodynamic variables of the biological assay. 

These data will also add a further dimension to the study of the heme 

peptide systems since these complexes possess substantially larger for

mation constants than are observed for the heme peptides with simple 

methionine ligands. 

The formal potentials of some of the heme peptide-nonheme pep

tide systems were determined at pH 7 (0.05 M phosphate). The 



measurements were made using the potentiometric procedure described in 

the Procedures section. A tabulation of the data for all complexes 

studied is given in Table 24. Also included in the table are the values 

determined for the free heme peptide systems. All the 1:1 complexes 

and the covalent 1-65-66-104 complex in the table were obtained by the 

method described by Wilgus (1975) using exclusion chromatography. The 

method is outlined in the Procedures section. The l-65-66-104Delac 

complex has not been studied using C.D. measurements and is therefore 

not previously classified. It is known that it does not function in the 

bioassays (Corradin and Harbury, 1974) and therefore it is not of Class 

I. On the basis of the Ey" it is most like the Class III compounds. 

All the other complexes of nonunity ratio were made up by combining the 

appropriate concentrations of heme peptide and nonheme peptide to obtain 

the given ratio. These solutions were reduced by an excess of methyl 

viologen radical in the cell, Figure 4, and allowed to incubate for 

thirty minutes to twelve hours. Only a solution containing HP1-65 and 

P66-104 demonstrated any time dependent change in the redox potential 

during the incubation step. This has been shown previously to be a 

result of the reformation of the covalent bond between residues 65 and 

66 (Corradin and Harbury, 1974). The other complexes cannot form a co

valent bond and are not expected to have this time dependency. This 

appeared to be substantiated since even after a short incubation of 

thirty minutes to an hour the formal potential obtained for the solu

tions did not shift in any direction during the three to four hours 

needed to do repetitive titrations. The same potentials were obtained 

for reductive and oxidative titrations for a given solution. Therefore, 
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3. Table 23. Selected results of heme peptide-nonheme peptide systems. 

System'3 V (xl0° M) 
d 

Type 

0 
Biological 
Activity 

1-65-66-104 0.41 B + 

1-38-1-104 1.93 B -

1-65-1-104 1.74 B -

1-80-1-104 1.55 B -

14-21-1-104 2.21 I! -

l-65-67-104Gu 7.18 E -

aData from Wilgus (1975, pp. 62-79). 
•L 
Systems are listed as HP-P. 

c KD 
Reduced form dissociation constants for the equilibrium HP-P £ 
HP + P. 

= C.D. spectra characteristic of a buried heme. E = C.D. spectra 
characteristic of an exposed heme. 

e+ = Active in the both oxidase and reductase assay. - = Not active in 
either oxidase or reductase assay. 
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Table 24. Ey' o£ HP-NHP complexes. 

System Ratio E°;x (mV) Slopea (mV) Class 

1-65-66-104 
(covalent) 

261b 71.5 I 

1-65-66-104 
(Delac)1" 

1:1 -25b 104.2 (?)  

1-65-66-104 
(Delac) 

1:2 -IS 81.1 (?)  

1-38-1-104 1:1.93 199 67.5 II 

1-38-1-104 1:1.0 I86b 89.7 II 

1-65-1-104 1:2.0 196 66.2 II 

1-80-1-104 1:2.04 189 77.5 II 

14-21-1-104 1:1 -119b 62.1 III 

1-65-67-104Gu 1:1 -112b 75.0 III 

HP1-38 -131 59.6 heme peptide 

HP1-65 -108 46.0 heme peptide 

HP1-80 -125 55.7 heme peptide 

HP14-21d -207 - - heme peptide 

^igh slopes (>>60 mV) encountered in some of the titrations are due to 
a heterogeneous solution of the complex and the heme peptide. 

^Complexes separated as described in the Procedures section. 

cDelac. indicates that the lactone of homoserine is opened in pH 10 
solution and therefore cannot form a covalent bond. 

J 

Phosphate buffer (Harbury and Loach, 1960b). 



124 

it was assumed that for the noncovalent complexes a long incubation 

period was not critical. 

The solutions with the higher stoichiometric amount of the non-

heme peptide were measured because at these ratios the complexation 

reaction is favored over the dissociated heme peptide. This yields a 

more ideal solution since the heme peptide is more completely complexed. 

The values obtained for the titrations varied over a wide range 

depending on the complex but almost always gave an increase in the Y^°" 

compared to its respective heme peptides. These values will be compared 

to each other and to the data obtained by Wilgus (1975) in the succeed

ing sections. The abnormally high slopes of some of the redox titra

tions are due to a heterogeneous solution of complex and heme peptide. 

Classification of the Complexes 

The heme peptide-nonheme peptide complexes have been divided 

into classes depending on spectral and biological activity criteria 

alone (Wilgus, 1975) as shown in Table 23. The only difference exist

ing between Class I and Class II by definition was the lack of biologi

cal activity for the latter. The exact reason for the inability for 

Class II complexes to transport electrons between the reductase and 

oxidase could not be determined by kinetic measurement alone. There

fore, it became important to determine the redox potentials in order to 

understand if the problem was of kinetic or thermodynamic origin. The 

third class deviates from the first two by also being spectrally dis

similar to cytochrome c. 
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As can be seen in Table 24 HP1-65•66-104 (covalent) complex, 

where the peptide bond between residues 65 and 66 is reformed, has a 

formal potential very similar to native cytochrome c (Margoliash and 

Schejter, 1966). This complex is expected to have the same potential' 

since it has only a minor difference in the primary sequence 

(Homoserine-65 instead of Methionine-65) and has full biological activi

ty. This complex more than likely folds around the heme exactly as the 

native molecule which is supported by the fact that the redox potential 

is also the same. 

The complexes of Class II were all the ones containing an over

lapping complex of the heme peptides IIP1-38, HP1-65, and HP1-80 with 

the apoprotein, Pl-104. These complexes were spectrally similar to 

cytochrome c and are reported to be characteristic of a buried heme 

(Wilgus, 1975). These complexes did not have substantially different 

dissociation constants from Class I but were not active in the bio-

assays. The formal potentials observed for the complexes of this class 

were around 190 mV versus the NHE. As will be shown later this poten

tial will increase to as high as 220 mV by adding excess Pl-104 to the 

solution. These values represent a substantial increase in the Ey" of 

the heme peptide due to the complexation of the apoprotein. It also 

indicates that these overlapping complexes are very much like cytochrome 

c with respect to their redox potential as well as their spectral 

similarity. However, there still remains a slight difference between 

the models and cytochrome c since they differ by about 30 mV to 70 mV. 

This difference, however, is not sufficient to prevent it from being 

biologically active on thermodynamic grounds. The reported value for 
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cytochrome a (the initial electron acceptor of cytochrome oxidase) is 

about 190 mV (Wilson and Dutton, 1970) and for cytochrome c^ (from 

cytochrome reductase) is about 223 mV (Green, Jarnefelt, and Tisdale, 

1959). Therefore, since thermodynamic criteria are met for the reaction 

of these overlapping systems with both the oxidase and the reductase, 

the remaining factor which must be preventing the reaction is probably 

an inhibition of the binding of the oxidase and reductase to the over

lapping systems. The possibility remains however that the kinetics 

could be affected by either intrinsic or extrinsic complications in the 

complex or a combination of the two effects. The extrinsic factors are 

easy to rationalize since the overlapping systems contain some extra

neous protein extending around the complex which could sterically 

affect the "correct" binding of cytochrome c to the oxidase and/or re

ductase. It has also been shown that various peptide fragments from 

cytochrome £ are competitive inhibitors of the cytochrome c reaction 

with cytochrome oxidase (Baba et al., 1967; Wolman, Scheiter, and 

Sokolovsky, 1972). A similar effect may also be operable in these com

plexes which helps to limit the desired reaction. Possible intrinsic 

perturbations are not as obvious to predict but the complexes that are 

formed do not fold exactly as the corresponding residues in cytochrome 

c. A slight perturbation in the folding appears to be likely since a 

difference in the Ey" is observed relative to cytochrome £. This per

turbed structure could then affect the "site" of interaction with the 

oxidase or reductase to inhibit electron transfer. Whether this is a 

binding site or the site for electron transfer (if these "sites" differ) 

would also be questionable. It was determined, however, that ascorbic 
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acid was able to reduce these complexes at almost the same rate as it 

reduces cytochrome c. A 2 x 10 ^ M solution of complex HP1-6S-1-104 

(1:1 ratio not previously incubated in the reduced form) was reacted 

with 10 ^ M ascorbate (E°' = 58 mV) at pH 7 phosphate (0.05 M) and 

- 7 .  _ 1 
gave a first order rate constant of 17.4 x 10 ~ sec (Figure 25). If 

the reaction can be assumed to be pseudo first order similar to cyto

chrome c then a second order rate constant of 17.4 M ^ sec ^ can be 

calculated from the data. This value is similar to the rate of 27.6 M 

sec ^ reported for cytochrome c (Skov and Williams, 1968). Therefore it 

can be concluded that not all reactions are equally influenced by the 

difference in the protein folding in the complex. A more important 

factor that is suggested by this result is that incubation in the re

duced form is not necessary to obtain a complex with a high redox poten

tial. It is very possible that for the overlap systems the complex can 

be formed in their final conformation without incubation, whereas the 

HP1-65*66-104 cannot. This suggests that the overlapping sections of 

the peptides tend to "anchor" the remaining portions and possibly even 

facilitate the "correct" complex formation. 

The Class III compounds, as defined by Wilgus (1975), are those 

not having the biological or spectral properties of cytochrome £. They 

were reported to have circular dichroism spectra of an open structure 

with an exposed heme compared to cytochrome c which has the heme buried 

in a compact structure (Myer, 1968). As was expected for an open struc

ture the Ey' for these systems were more like the heme peptides rather 

than the Class I and Class II complexes. The values reported in Table 

24 were invariably around 0 mV and below. Comparing the data for the 
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Figure 25. First order kinetic plot for complex HPl-65-1-104 (2 x 
10"^ M) with .001 M ascorbate at pi I 7 phosphate (0.05 M). 
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dissociation constants of these complexes, indicates no great decrease 

in the complex formation relative to the other classes. This means 

that the lower Ey' of these complexes are not due to large differences 

in dissociation constants but to the "openness" of the structure. The 

HPl-65'67-104Gu especially shows no apparent increase in potential for 

the complex indicating no net stabilization of either oxidation state. 

It was not determined if the effect is due to the guanido groups on the 

lysines or the absence of residue 66 that makes it different from 

HP1-65•66-104Delac. Complex HPl-6S-66-104Delac is as stated before 

probably of the Class III type. Complexes HP14-2.1-1-104 and HPl-65• 66-

104Delac had a slight stabilization of the reduced form attributable 

to a stronger complex in the ferro state and/or a slight decrease in 

heme exposure compared to the isolated heme peptide. HP14-21 is cer

tainly less exposed to the solvent in the complex compared to the free 

heme peptide. 

It is not possible to quantitatively account for the changes in 

E°" for the complexes at this time since the for the oxidized form 

is not known. These values are important in determining the shift due 

to other factors like the solvent around the heme. It will also be 

seen later that some (and possibly all) of these complexes are not in a 

fast equilibrium between the complexed and uncomplexed states. In other 

words the complexation equilibrium more likely does not follow the 

simple reaction 34 but rather a more complicated reaction with one or 

more intermediate complexes. 

HP-P t HP + P (34) 
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This has been shown to occur for ferroHPl-65-66-104 (Marks and Harbury, 

1975) where the Methionine-80 ligation has been shown by stopped-flow 

kinetics to be preceded by a complex formation. The ligation step was 

proposed to follow a faster step resulting in an intermediate complex. 

Further evidence will be presented in the section on HP1-38-1-104 

complex. 

It is apparent from the difference of E°' for HPl-65-66-104 

where the covalent bond is reformed and where it is unable to reform, 

Delac, that this bond is important for this system. For the covalent 

complex the structure is effectively the same as the native heme pro

tein. The lack of this bond in the delactonized complex does not just 

create two more ionic groups on the molecule but probably causes an 

overall loosening of the structure. 

Residues 65 and 66 are located on the left side (Methionine-80) 

of the molecule (Dickerson et al., 1971; Takano et al., 1972) and cen

ters the broad loop of the peptide from residue 54 to 74. This loop 

covers most of the left side of the heme group. There exists three 

sharp 3 q̂ bends in the cytochrome c primary structure near residue 65 

(Dickerson et al., 1971). One occurs between residues 61 and 64 with 

the hydrogen bond between these two residues. The other bends are 

between 66 and 69 and also 67 and 70. There isn't any noncovalent 

interaction between the peptide sections 1-65 and 66-104 in this region. 

Therefore, it appears that after the peptide bond between 65 and 66 is 

cleaved these sections are no longer held together effectively. The 

resultant effect would be an increase in the exposure of this side of 

the heme to the solvent. This complex would be more open and similar 



in visible and C.D. spectra to HP1-66-66-104 and HPl-65-67-104Gu where 

approximately the same situation should exist. Complex HP1-66-66-104 

is a Class III complex (Wilgus, 1975). 

Potential Dependence of Heme Peptide/Apoprotein 
Interactions 

The Class II complexes appear to be the most interesting and in 

need of further study. The covalent complex on the other hand is ex

pected to be just like the native molecule in its properties. 

The Ey' of HP1-38 was measured at a variety of ratios (concen

trations) of Pl-104. Since there appeared to be a complexation equilib

rium governing the system, it was expected that the E°' would increase 

by increasing the concentration of the apoprotein to a limiting value 

possibly close to that of cytochrome c_. Also, an analysis similar to 

the one used for HP1-65 plus imidazole (equation 31) may yield a Kr, for 

the oxidized heme peptide-nonheme peptide complex. 

The values of the formal potential at various ratios of the 

nonheme peptide are given in Table 25. The 1 to 1 complex was prepared 

by column separation at pH 7 as described earlier. The reamining solu

tions were prepared without the use of any separation procedure. The 

E°' values for the 1:0.77 and the 1:0.38 ratios gave plots for the 

E-vs-log(ox/red) which were characteristic of a two component system 

(Tsudzuki and Wilson, 1971). The plot of the data for the 1:0.77 ratio 

was given in Figure 26. The plot of the data gives a sigmoid shaped 

curve with the two extremes tending toward straight lines. This is 

indicative of two redox components with widely separated formal poten

tials. These data can be resolved by a least squares program that 



Table 25. Formal potentials of IIPi-38 complexes. 

132 

System Ratio [IFP1-38] E^ (mV) Slope (mV) 

1-•38-1--104 1 \1.1 1 .13 X 10" 
5 
M 220 66.5 

1-38-1--104 1 

o
 

CO î -

1 .98 X 10" 
5 
M 216 62.9 

1-•38*1--104 1: : 3.85 1 .13 X 10" 
5 
M 210 69.5 

1-38-1--104 1: : 1.93 1 .13 X 10" 
5 M 199 67.5 

1-38-1--104 1: : 1.0 1 .96 X 10" 
5 
M 186 89.7 

1-38-1-
a 

-104 1: : 0.77 1 .13 X 10" 
5 M 158 (assume 59 mV) 

1-38-1--104b 1: : 0.38 1 .13 X 10" 
5 
M 116 (assume 59 mV) 

1-38-1--104 + BSA 1: : 1:10 1 .13 X 10" 
5 
M -159 (assume 59 mV) 

1-38 + BSA 1: :10 1 .13 X 10" 
5 M -144 55.3 

aE°'08 for HP1-38 = 

bE°'og for HP1-38 = 

-120 mV from curve fit (1:0.77). 

-131 mV from curve fit (1:0.38). 
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Figure 26. Potentiometric data for IIPl-38'1-104 (1:0.77 ratio). 

[HP1-38] = 1.13 x 10 ^ M in pH 7 phosphate (0.05 M). Dashed lines have 
slopes of 60 mV. 
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calculates the best fit of the data for a two component system (Cusano-

vich, 1975). The results calculated by the program are the formal poten

tial of the two components and the relative amounts of each. The values 

reported in Table 24 are for the high potential component of the mix

tures. The lower formal potential component had a calculated E°" of 

-120 mV and -131 mV for the 1:0.77 and the 1:0.38 ratio systems respec

tively. This suggests that the low potential component was free HP1-38 

(Ey' equals -131 mV). Therefore, it is believed that the two compo

nents are logically HP1-38 and HP1-38-1-104 complex which are propor

tionated by a very slow equilibrium step (or steps) where the initial 

complex formation is fast but the compiexation equilibrium is very slow 

compared to electron exchange. The conversion between the two forms 

is necessarily slow in order to see two separate components. This 

phenomenon is probably not totally unexpected since there should be a 

large number of interacting groups between the two peptides which form 

the complex. These interactions could slow down the dissociation of 

this complex considerably. The possibility also exists that there are 

a number of intermediate complexes that also exist in solution. 

The equation for the equilibrium between the heme peptide and 

the nonheme peptide with the complex can be represented by equation 

35 for both oxidation states. 

HP1-38-1-104 t HP1-38 + Pl-104 (35) 

for the reduced form the dissociation constant, is that determined 

by Wilgus (1975) and is equal to 1.9 x 10 ^ M. The dissociation 



constant, q, for the oxidized form has not been determined. How

ever, a relative estimate for this value can be made. The results 

from the analysis of the data from the ratios 1:0.77 and 1:0.38 indi

cate that the high redox potential component's contributions were 44% 

and 123, respectively. Taking into account these percentages and the 

molar absorptivities at 550 nm (assuming the molar absorptivities are 

those for the complex and "free" HP1-38) it is possible to calculate 

the concentrations of the complex and the heme peptide in solution. 

Using these values plus a mass balance equation for PI-104 the concen

tration of free Pl-104 can be calculated. With these three concentra

tions it is possible to calculate a for the system (equation 35, 

where is dependent on both oxidation states). The values obtained 

were 1.8 x 10 ^ M and 6.8 x 10 ^ M for the 1:0.77 and 1:0.38 ratios 

respectively. Both these values are larger than the ^ of 1.9 x 10 ^ 

M determined by spectrophotometric titration of the reduced heme peptide 

with the apoprotein. Since the calculated by the potentiometry is 

dependent on both oxidation states while the spectrophotometric titra

tion is only affected by the reduced form, then it seems reasonable to 

conclude that the oxidized form of the complex has a higher dissociation 

constant, q, than the reduced form. 

The E°' data in Table 25 shows a general positive trend with 

increases in the ratio of nonheme peptide to heme peptide. This be

havior is characteristic of the preferential stabilization of the ferro 

heme form. A plot of Ey' versus the logarithm of the unbound apoprotein 

concentration is given in Figure 27 (the apoprotein concentrations were 

calculated using the equaling 1.9 x 10 ^ M (Wilgus, 1975) and are 
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most accurate above log[Pl-104] of -5.0 where the concentration is 

mainly due to excess Pl-104}. The solid line represents the relative 

change of the potential as a function of the ligand concentration if 

for the reduced form is 1.9 x 10 ^ M and the for the oxidized form 

is 4 x 10 ^ M, calculated from equation 36. 

1 + K R[Pl-104] 

Efp.p - + E
x 
+ 59 log i + KjTQLPI-104] <̂ 36'1 

In equation 36, Ej°p.p is the formal potential of the complex at this 

[Pl-104] and Ej0p is the formal potential of the free heme peptide (-131 

mV). E in this equation is the shift in the formal potential not 

attributable to ligation in the 6th coordination position. As was 

stated earlier the complexation reactions probably undergo binding be

fore the ligation step. Due to the low dissociation constant for the 

reduced form of 1.9 x 10 ^ M, at the concentrations above 10 ^ M of 

Pl-104, the reduced form should be almost completely complexed. Above 

this concentration of the apoprotein it may be expected that the main 

process occurring is the ligation in the oxidized form. If this is a 

reasonable assumption, using equation 31 (Kp ̂  equals 1/K̂  ̂  and Kp q 

equals l/K^ q) the points in the region of [Pl-104] of 10 4 to 10 ^ M 

would give a q for the oxidized form around 10 4 M. The assumption 

that the oxidized ligation is the only important process in this Pl-104 

concentration region, is not expected to be completely valid even in 

this region. The actual value for the q could easily be plus or 

minus an order of magnitude. It seems reasonable, however, to expect 

the q to be in this region since it has been demonstrated that the 
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1 to 1 complex (ferri) gives spectral indications that a complex is 

formed and at least partial ligation of methionine is maintained (Wil-

gus, 1975). The C.D. spectrum for this 1:1 complex is characteristic 

of a folded protein and a buried heme (Myer, 1968) and the presence of 

a 695 nm band for this complex is characteristic of methionine ligation 

(Schechter and Saludjian, 1967). 

Although experimentally it hasn't been possible to separate the 

contribution of the shift in potential due to the methionine ligation 

and that which originates from other factors it should be possible to 

roughly separate them mathematically using the dissociation constants. 

- 6  
Using the ^ of 1.9 x 10 M (Wilgus, 1975) at the Pl-104 concentra

tion of 10 M in equation 36 (Kp R equals 1/K^ p) the increases in 

potential due to ligation (third term on the right in equation 36) if 

Kq q (Kp q = 1/Kp q) is 10 ^ M would be approximately 80 mV. Alter

natively, if it is assumed that the oxidized form did not complex at 

all, the shift in potential would still be only about 100- mV at this 

concentration of Pl-104. Consulting Figure 27 we can see that the 

actual increase is around 350 mV (E^ + E^) compared to free HP1-38 

(Eequals -131 mV). Therefore, we can expect that at least 250 mV 

fE ) cannot be accountable to the methionine ligation. The 250 mV is 
- x 

most likely accounted for by a net stabilization of the fifth coordi

nating ligand for the reduced form and to the decreased exposure of 

the heme which also stabilizes the ferro form (Kassner, 1973). 

It is of interest to determine if the complexes with a ratio 

greater than 1 to 1 have increasing Ey' because the excess Pl-104 wraps 

around the complex to stabilize a tightly folded complex. Bovine serum 
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albumin (BSA) has previously been used to stabilize labile enzymes to 

increase the lifetime of these proteins. Therefore, BSA was added to 
r 

a 1.1 x 10 3 M solution of the HP1-3S-1-104 complex (1:1 ratio) at a 

-4 concentration of 10 M to determine if this protein would stabilize 

the complex. The resulting effect of the BSA was to cause a greater 

dissociation of the complex. The data obtained gave results similar to 

the 1:0.77 ratio (see Table 25 for results). Therefore the addition of 

such a nonspecific protein does not appear to aid in stabilizing the 

complex. Since serum albumin has a larger number of acidic groups 

compared to basic groups, the specific problem that may have occurred 

was the binding of some of the positively charged PI-104 to the BSA 

which caused the dissociation of the heme peptide-nonheme peptide com

plex. BSA also had some effect on just the HP1-38 since a 10 ^ M BSA 

solution resulted in a slight decrease in the E°" of HP1-38 to -144 mV 

(Table 25). Therefore the presence of any excess protein is not ade

quate to stabilize the complex. However, due to the great differences 

(especially molecular weight and charged groups) between PI-104 and 

BSA it has not been specifically shown that the excess protein in the 

absence of BSA does not stabilize the complex by wrapping around it. 

This seems, however, to be an unfavorable occurrence since both the 

apoprotein and the complex have a high density of positive groups with 

very few negatively charged groups. Therefore, some repulsion between 

the two may be expected by this criterion. 



140 

Summary and Further Research 

The formal potential was determined for a number of complexes 

prepared by Wilgus (1975). The redox data supported the classification 

of the complexes in three groups. The Class I complex which has the 

covalent bond formed between residues 65 and 66 has biological activity, 

spectral identity, and formal potential equivalent to cytochrome c. 

The complexes of Class II have their main difference to Class I in that 

they lack biological activity. They also have a lower potential com

pared to cytochrome c but this should not in itself cause the complete 

inactivity in the bioassays. Therefore the probable reasons for the 

loss of activity are due to extrinsic steric effects that inhibit the 

correct binding of the reductase and oxidase, or intrinsic structural 

perturbations that prevent the passage of the electron to and from the 

heme with the oxidase and reductase, or a combination of the two 

effects. The data illustrated in Figure 27 indicate that the E°" is 

still increasing with increasing apoprotein concentration. It would be 

of interest to determine what the limiting value of this complex is at 

even higher concentrations of P1-I04. However, further increases in 

the concentration is hampered by precipitation during the redox titra

tion. The study of the complex HP1-38*1-104 at various ratios indicates 

a mechanism for complex formation which is more complicated than a sim

ple ligand binding equilibrium. The data also suggest that the oxidized 

complex is more labile to dissociation than the reduced form. Disso

ciation is observed to increase significantly when the anionic bovine 

serum albumin is incorporated in the solution. BSA caused the formal 

potential of HP1-38 to decrease slightly when apoprotein is not present 
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in solution indicating a slight stabilization of the ferriHPl-38 

species. A similar experiment where Triton X-100 (a neutral surfac

tant) is combined with IIP1-3S at a concentration of 0.16S resulted in 

no net change in the formal potential. This last experiment was an 

attempt to increase the hydrophobic environment of the heme by the 

surfactant to effect an increase in the E°" of the heme peptide by a 

less specific interactant compared to the apoprotein. 

The Class II complexes were also observed to be reducible by 

ascorbate at pH 7. The rate of the reduction for a 1:1 ratio of HP1-65 

to Pl-104 gave a pseudo first order rate and a second order rate con-

-1 -1 
stant of 17.4 M sec This value is slightly lower than the constant 

reported for cytochrome c_. This means that the rate of reaction of the 

complexes in the bioassays can be completely inhibited while much 

smaller molecules are still able to react with the complexes at approxi

mately the same rate of cytochrome c. 

The Class III complexes are much more opened than the other two 

classes and are very similar in their formal potential to the smaller 

heme peptides which are uncomplexed. Even complex HP1-65-66-104(Delac) 

is most like Class III according to potential and is probably in an 

"open" conformation. 

A more extensive study into the interactions of the complexes of 

Class II is needed to understand these systems. It would be of interest 

to determine the for the oxidized complexes in order to better under

stand the dependence of the potential on ligation in both species. 

Binding titrations of both oxidation components using C.D. measurements 

may also give some indication of the concentration of Pl-104 needed to 
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obtain changes in protein folding around the heme (Myer, 1968) which 

could be used to correlate the change in potential due to the protein 

folding and actual heme ligand interactions. 

The overlapping complexes of Class II have an Esufficient to 

react in the bioassays. The reason for their inability to react may 

be due to external steric effects. It would be of interest to know if 

these extrinsic sequences could be removed by trypsin (Fisher et al., 

1973) and result in a biologically active complex or if it would cause 

a decreased stability of the complex. If the new complex is stable, 

the redox potential would indicate if it is able to fold in such a way 

as to increase the formal potential to a value similar to cytochrome c_. 

Another direction of further study is to obtain a complex of a 

heme peptide with nonspecific interactants which would enclose the 

heme but not necessarily cause a change of ligand. Synthetic peptides 

with hydrophobic residues would be expected to wrap preferentially 

around the heme to give a more hydrophobic environment which should in

crease the potential (Kassner, 1972). These hydrophobic peptides could 

be added separately or be combined onto the peptide of a small heme 

peptide (Wainio et al., 1970). 



CONCLUSIONS 

The model system studies of HP1-65 and the interactive systems 

suggest a number of possible conclusions about the models and cytochrome 

c. 

The increased length of the peptide of HP1-65 compared to the 

shorter heme peptides indicates an increased stabilization of the sixth 

ligand of the heme but that this increase is not observed in the 

This means that the sixth ligand in both oxidation states of HP1-65 

still have comparable stability. Although HP1-65 does not contain 

methionine (which complexes more strongly in the reduced form) as a 

potential ligand it is possible that the low formal potential is mainly 

due to the lack of a hydrophobic environment of the heme. The whole 

protein and not just a major portion may be necessary to obtain the 

hydrophobic environment and the high redox potential of cytochrome c. 

The heme peptide-nonheme peptide systems in most cases contain 

all of the protein found in cytochrome c_ with strong ligation of 

Methionine-80 at pH 7. Since N-acotyl-methionine is a poor ligand at 

this pH, the strong ligation in these complexes must be a result of the 

interactions of the remainder of the nonheme peptide with the heme pep

tide. This results in an effectively large local concentration of the 

methionine around the heme because the complexing properties of methio

nine itself should not have changed. The large local concentration 

increases the complex stability of the methionine and results in a 

conditional formation constant for the complex which is about four 

143 
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orders of magnitude greater than the simple methionine derivatives. 

Therefore, the effective local concentration of methionine at the heme 

should be approximately 10^ higher than the concentration obtained from 

an amino acid analysis. This local concentration can be expressed in 

terms of probabilities where the attachment of the methionine to the 

peptide results in the methionine being most likely found close to the 

heme coordination position. 

These HP*P complexes have also illustrated that high E°" values 

occur only for complexes with a "closed" structure (hydrophobic heme 

environment). For HP1-38*1-104 it has been specifically shown that the 

majority of the difference in the Ey' values between the heme peptide 

and the complex is not due to the ligation of methionine. The differ

ence is probably due to the hydrophobic environment of the heme. It is 

expected that similar effects are occurring in cytochrome c_ where 

methionine is completely coordinated to both oxidation states and the 

heme is in a similar environment. 



APPENDIX A 

DERIVATION OF THE EQUATION OF THE FORMAL POTENTIAL 
DEPENDENCE ON ENDOGENOUS LIGAND BINDING 

The formal potential dependence on ligand binding should vary 

as the relative strengths (conditional formation constants, Kp') of the 

interaction vary. The strength of the binding will be pH dependent 

also when the ligands involved in the binding undergo a proton ioniza

tion. This type of equilibrium has been expressed mathematically by 

many authors including Ringbom (1963) for exogenous ligand binding to 

metals. A similar analysis should also be applicable to endogenous 

ligands from the peptide. The derivation will be done for the system 

in which the complexation equilibrium is between the "free" metal, M, 

(penta-coordinated heme with I-^O in the sixth ligand position) and the 

metal ligand complex, ML, (where L is a nitrogenous ligand of the heme 

peptide which replaces the coordinated I-^O) in a given oxidation state. 

The nitrogenous ligands will be assumed to coordinate only in the un-

protonated form and therefore its complexation to the heme will be pH 

dependent. 

The equations for the metal-ligand complexation and ligand pro-

tonation for a single ligand at a time are 

(A-l) 

(A-2) 

145 
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The mass balance equation for the heme, M, and the ligand, L, are 

CL = [L] + [ML] + [ML] (A-3) 

^ = [M] + [ML] (A-4) 

where and are the sums of the concentrations of all the forms of 

L and M in a given oxidation state, respectively. Using the above equa

tions, an equation for [M] in terms of the [H] can be obtained as 

follows: 

c = W + M • tMLl + rMLl fA-51 
LL [M]K K TMJK lMLJ 5J 

cl 

[ML] is factored from the terms on the right and substituted for [ML] 

of equation A-4 to yield 

{cM ' + rw + " (A"6) ivi " ' [MIA i. 
a 

The terms on the right are expanded and then multiplied by K K[M], 
3. 

KaKMCL = Va + + WM " Ka[M] - [H] [M] 

(A-7) 

" [M]2KaK 

Equation A-7 is rearranged in the form of a quadratic. 

KaK[M]2 + {KaK(CL - + Ka + [H]} [M] - + [H]} = 0 (A-8) 

Solving the quadratic equation for [M] yields equation A-9 
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[M] = 1B + J ̂  - "AP (A-9) 

where A = K^K, B = {-K.K(CL - C^) + K& + [H]}, and D = -Cy]^ + [H]}. 

A, B, and D are the coefficients of equation A-S. Inspecting the coef

ficients of equation A-8 we should expect [M] to change where [H] ̂  

[K K(C, - CJ + K ] (term B) and at fH] ^ K (term D). Sample calcula-cl -L M cl cl 

tions shown below will illustrate that [M] begins to decrease at [H] % 

[KaK(C^ - C^)], where M is being complexed to form ML and K& << 

[K K(C^ - C^.p ] • [M] will stop decreasing when [H] ̂  K^, (HL is com

pletely dissociated). [M] will be shown to decrease proportionally with 

[H] between the two transitions. 

The Nernst equation can be written in terns of Mq, oxidized 

heme, and M^, reduced heme, (in which the sixth ligands are h^O). 

is the formal potential observed for the aquated complexes of Mq 

and M^. Equation A-10 can be written to include the total concentra

tion of the oxidized, Sq, and the reduced, S^, forms of the heme where 

Sq = (C^)q (Cĵ j for the oxidized species) and SR = (C^ for the 

reduced species). Therefore rewriting equation A-10 yields 

(A-10) 

E = EX + 59 log w + 59 log ° S. 

S, 
0 

R 
(A-11) 



From equation A-11 it can be seen that the .formal potential, 1!°', at a 

given pH is a function of E and the effect of ligand binding on [Mn] X u 

and [Mp] (governed by equation A-9). 

[M01 

(r ) 
E°' = n + 59 log fv'!̂ ° (A-12) 

L- -̂ j 

Ŝl'R 

An equation in this form can better represent the potential linked 

transitions for a heme peptide system. Using this equation for ligand 

coordination involving only the oxidized form {[M^] = at all pH 

values} for sample calculations over a wide pH range will illustrate 

the effect observed for the E0' of a test system. 

The following values will be used to calculate the E°' versus 

pH curve: Ka = 10'9, = 10~5, Kp = 105"1, and CL = 1 M. CL should 

assume a high value relative to since it will be located in a rela

tively confined area resulting from the protein structure. Therefore, 

its local concentration, C^, is expected to be high relative to C^. 

Warme (1969) has shown that in the bishistidine mesoheme compound, the 

histidine has a local concentration of approximately 1.5 M on the basis 

of the residue's radius of rotation. Also, when the E°' values of 

HP14-21 plus 2 M N-acetyl-methionine (Harbury et al., 1965) and 

histidine-methionine mesoheme (Wilson, 1974) from Table 8 are compared, 

it is seen that they have the same formation constants, then the attach

ment of the methionine to the heme causes a local concentration of this 

ligand to be approximately 1 M. It should be expected that the local 
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concentrations of residues within a protein are the determining factors 

for their intramolecular equilibria since dilution of the protein does 

not affect these equilibria. Therefore, if the equilibria are thought 

of as a probability of interaction, then the equilibria are dependent 

on the local concentrations (increased probability). Therefore, the 

value of 1 M for should be reasonable. Using the above four con

stants in equation A-8 it can be seen that the second term on the left 

is always much larger than the first term {KaK(C^ - C^) >> K&K[M]} since 

[M] cannot be greater than 10 ^ M (C^). Also, when [M] = 10 ^ M the 

first term on the left will also be much smaller than the third term on 

the left up to pH 7. It will be seen below, however, that [M] starts 
_ C> 

to decrease at pH 4 and will actually be less than 10 1 M above pH 7. 

2 
Therefore, even above pH 7 the term K K[M] will be much smaller than 

cl 

the third term on the left. It is then possible to drop the first term 

of equation A-8 for these calculations and solve for [M] from the sim

plified equation which yields 

Substituting equation A-13 into equation A-12 {set [M^] = (C^)R} yields 

the following equation where (C q̂ cancels out 

|~\n - WKa + [H]} 
(A-13) 

E°' = E +59 log 
x & 

{Ka + [H]} 

{KaK(CL - Sl) + Ka + LHj! 
(A-14) 

As stated earlier, we can expect to see the E°' begin to change at 

[H] ̂  K KCt (C,, << CT and K « KKC.), and at [H] ̂  K the E°' should 
c l  L  M  L  3 . 3 - L  3 -



again be independent of pH. Sample calculations from pH values between 

0 and 13 for equation A-14 are shown in Table A-l. As can be seen from 

the table [M] (column 4 times using equation A-13) above pH 7 is 

_ g 
10 ' M or lower. Thus the assumption that the first term in equation 

A-8 is small compared to the third term is valid. The plot of the E0' 

values as a function of pH from equation A-14 is illustrated in Figure 

A-l. The potential transition at pH 4 is due to the ligand, L, re

placing the 0 molecule while the transition at pH 9 is due to the pK 
*" Z cl 

of the ligand (all the HL is dissociated to L, the unprotonated form). 

A similar analysis can be done for the reduced form except in 

this case the E°' calculated from equation A-12 { [Mq] = (C q̂) will in

crease at [H] ̂  (K KC.) and stop increasing at [H] ̂  K . 
a. 1j c ct 

It is also possible to use this same derivation for the conver

sion of ML^ to ML^ where and are two different ligands. In this 

case the mass balance equation for M will be the following 

= [MLJ + [ML2] (A-15) 

since [M] << [ML^] and [ML2]• F°R this case, equation A-9 is used to 

calculate [ML-jJ instead of [M]. The K used for this case is a condi

tional formation constant for which is relative to the formation 

constant for L^. From the calculated values of [ML^] from this analysis 

it is possible to calculate [M] using equation A-l. Additional ligand 

changes (i.e., ML^ -*• ML^) can also be done in a similar fashion. 

With this information in mind we hopefully can better describe 

the system from the E-vs-pH curve and the spectral transitions observed. 
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Table A-l. Tabulation of sample calculations from equation A-14. 

Ka = 10~9, K = 10D-i, CL = 1 M, CM = 10"5 M. 

o 
K + 
a 

[H]a 
E° ' 

pH Ka + [H] K KC. + 
a L 

Ka - [H] K KC. + 
a L 

Ka ^ [H] (mV) 

0 1 1 1 0 

1 10"1 10'1 1 0 

2 10~2 10~2 1 0 

3 IO"3 1.13 X 10~3 . 8S5 -3 

4 10"4 2.26 X 10"4 442 -21 

5 10'5 1.36 X 10"4 7.35 X 
-2 

10 -67 

6 IO"6 1.27 X IO"4 7.87 X io'3 -124 

7 1—
' 

o
 t 

1.26 X 1—
1 

o
 1 

7.94 X 10"4 -183 

8 1.1 x 10"8 1.26 X 10"4 8.73 X io-5 -239 

9 2.0 x 10-9 1.26 X lO"4 1.59 X 1—
; 

o
 i cn

 

-283 

10 
-9 

1.1 x 10 1.26 X 10"4 8.73 X io-6 -298 

11 1.01 x 10~9 1.26 X 10'4 8.02 X io-6 -301 

12 1.001 x 10"9 1.26 X io"4 7.94 X io-6 -301 

13 1.0001 x 10"9 1.26 X 10"4 7.94 X io"6 -301 

« CL* 
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Figure A-1. E°'-pH results from equation A-14. 

Oxidized form transitions. 
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The following seven "rules" of immediate use can be defined and were 

used in the text. 

1. A change of ligand (pH = pK ') in the reduced form resulting in 
a 

a conversion to a more stable complex causes an increase in 

E°' with increasing pH. 

2. A change in ligand (pH = p.K ') in the oxidized form resulting in 
cl 

a conversion to a more stable complex causes a decrease in E°' 

with increasing pH. 

3. A change of pH above the pK of the ligand of the reduced heme 
3. 

causes a decrease in the E°" with increasing pH because the 

ligand no longer has to release a proton to ligate. 

4. A change of pH above the pK of the ligand of the oxidized heme 
a ^ 

causes an increase in E°" with increasing pH because the ligand 

no longer has to release a proton to ligate. 

5. If the pK& of a ligand at a pH very close (or approximately 

equal) to the pH where its initial ligation to the heme is 

observed, (pH = pK '), little or no net change will be observed 
3. 

in the E°" for this ligand if there is no net change in the 

complex stability between the incoming ligand and the one it 

replaces as the pH is increased. 

6. If the change in ligand occurs at a pH where both the leaving 

and incoming ligands are pH dependent then no net change in 

the potential dependence on pH will occur at that pH. This 

situation occurs when the pK of the leaving ligand is approxi-
a 

mately equal to the pKa' of the incoming ligand as the pH is 

raised and the new ligand yields a more stable complex. 



154 

7. If similar pK or pK ' transitions occur in both oxidation 
cl cL 

states at a given pH, no net change is observed for the E°' due 

to this process. [Having rules 3 and 4 (or 1 and 2) occur at 

the same pH is an example of this rule.] 

Rules 5, 6, and 7 are actually just special cases of the first four 

rules. All these slope changes are equivalent to 59 mV per proton. 

The values of K and cannot be calculated separately since 

cannot be determined exactly. However, C7 may be expected to assume a 

large local concentration of 0.1 M or higher. The value for the product 

K'CT -K can be determined at the pH of the spectral transition where 
J-j cl 

[H] = K + K KCt from term B of equations A-8 and A-9. Since the K 
a a L a-

will be known from the data, the product K-C^ can therefore be 

calculated. 
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