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SPECTROSCOPIC AND MAGNETIC PROPERTIES 0? THE COMPLEXES 

OF THE HEME OCTAPEPTIDE FROM CYTOCHROME C 

by 

Esther Koo Yang 

ABSTRACT 

Detailed ligand binding effects have been examined a 

model system of cytochrome c, the N~acetylated ferric heme 

octapeptide (N~H8PT) directly isolated from horse heart 

cytochrome c. The room temperature absorption and magnetic 

circular dichroism (MCD) spectra of the complexes of N-HSPT 

with various external ligands such as 

imidazole (Im) and CN are found to behave generally as 

predicted from ligand field considerations .. These results 

are consistent \•dth the pAramagnetic susceptibility measure

·ments. There is a direct correlation between the Soret 

absorption band position, B band intensity or the Soret 

MCD intensity and susceptibility. 

The N-acetylated methionine complex of the N-H8PT, 

which shares identical axial coordination as the parent 

molecule, however, exhibits thermal equilibrium of spins 

between high and low spin states, while cytochrome c 

exists in the purely low spin state. The presence of 

thermal spin equilibrium in the model complex is not due 

to incomplete methionine binding nor bis~methionine complex 

formation nor carboxyl ligation. Temperature dependence of 

paramagnetic susceptibility of the methionine complex yields 
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~H0 = ~7.6 kcal/mole and ~so = ~25.9 e.u. for a high spin to 

low spin transition demonstrating a compensation effect between 

the two thermodynamic parameters. The low temperature ESR 

spectrum of the methionine complex indicates a low spin ground 

state with g values at 2.91, 2.31 and 1.51 which are distinct 

from the g values of cytochrome c. The axial (~) and rhombic 

(V) distortion parameters in the t 2g set of orbitals correspond 

-1 =1 
to 1200 em and 780 em , respectively. 

From these results, a model is proposed to account for 

the uniqueness of the methionine complex: a change in Fe-S 

distance may play a role in regulating the redox properties 

of cytochrome c. 
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CHAPTER I 

Biological systems in which metal ions are essential 

for activity are common. Among them the iron-porphyrin 

containing complexes are of special importance because they 

are ubiquitous in nature. In addition to that, hemeproteins 

are involved in a wide variety of physiological functions 

such as oxygen transport and storage, substrate reduction, 

oxidation and hydroxylation reactions, and electron transport. 

Oxygen transport in most mammals is carried out via reversible 

binding of oxygen to reduced hemoglobin molecules, Fe(II), 

which are found in red blood cells. Oxygen storage is the 

function of myoglobin which can release oxygen at lower 

partial pressures of oxygen than hemoglobin. Cytochromes are 

involved in electron trans processes. The electron 

transfer proceeds via changing the redox state of the iron 

between ferric (Fe (III)) and ferrous (Fe (II)) forms. Th.e 

chemical potential energy gained during the transfer of an 

electron from one redox component to another may be used in the 

energy transduction process which appears in the form of 

oxidative phosphorylation in mitochondria. Cytochromes are 

found in electron transport chains of photosynthesis, 

microsomal drug metabolism and many other energy conserving 

mechanisms of various micro-organisms (1). 

class of hemeproteins are the catalases. 

One other major 

They include 

oxidases and peroxidases which utilize molecular oxygen or 

hydrogen peroxide in their catalytic reactions to oxidize, 
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reduce or hydroxylate substrates. c oxidase is 

a fine example of this cate to a 

water mo e wh is cyto~ 

chrome c. An st one ca.n t heme~ 

proteins are equipped with t ity to such 

diverse functions even t more or less the 

same prosthet up(s) at the act site, In 

detailed understanding of t struct features associated 

with each catalytic function seems extremely helpful in 

advancing our knowledge of hemeprote 

The aim of this thesis work is to e the structure-

function relations one class of hemeproteins, cytochromes, 

Naturally the main question concerns the structural factors 

associated with the regulation of the redox properties of 

cytochromes, Is it the intrinsic ab 1 of the heme group? 

Is it the manner in which the is interacting with the 

remainder of the protein molecule? Or h01A7 s cant is the 

specific folding of the prate ? It is most likely the 

compos e effect of many le changes. For example, even 

within the same type of cytochromes, namely type c, the 

observed mid-point potent may vary between ~50 mv and 

+400 mv (1,2). This suggests that subtle structural 

variation at the heme group and s e local en~ 

vironment must be extremely e e chan the 

mid-point potential. For instance, t d-point potential 

and effective charge of the enzyme (3,4). pH may also 

change the nature of the axial li (sL In cytochrome _c, 
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chemical modification of the amino acid side chains only in 

the deepest part of the heme crevice is known to affect the 

redox properties (5). If the structure of the heme chromo

phore is examined, central iron ion is hexacoordinated. 

Four of the ligands are provided by the pyrrole nitrogens of 

a planar porphyrin ring and the remaining two axial ligands, 

by the amino acid side chains of the protein in which one 

of the axial ligands may be a water molecule. The magnetic 

state of the iron which is in large part determined by the 

chemical identity of the axial ligands is known to play a 

significant role in regulating the redox properties. A 

change in the spin state from a low spin (S = 1/2) to high 

spin (S = 5/2) state may induce a shift of reduction potential 

by differenti ly altering the importance of the 1T acceptor 

power of the ligand which leads to a higher reduction po

tential and the electron donor power of the ligand which 

gives rise to a lower reduction potential (2). In addition, 

model studies show that at least +160 mv shift is expected 

for the ligand change from histidine to methionine even though 

both ligands are of low spin type (6). This is in good 

accordance with the fact that most of b type cytochromes, 

i.e. bis-imidazole complex, indeed exhibit lower reduction 

potential than type c cytochromes as in mitochondria or 

photosynthetic apparatus in chloroplasts. Many data on the 

effect of axial ligands on redox potent are available, but 

more elaborate molecular mechanisms of electron transfer 

still remain to be investigated. 
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My approach is first to charact ze as thoroughly as 

possible the electronic and magnetic properties of the heme 

group through detailed ligand binding studies, and to find 

meaningful correlation en the heme group and its 

immediate protein environment. Cytochrome c is particularly 

convenient for this purpose since the electronic structure 

of the h12me group is already known fairly accurately and the 

high resolution x~ray analysis (7) as well as the primary 

amino acid sequence ( 8) have been studied. Indeed, 

cytochrome c is one of the most widely characterized heme-

proteins. In order to simplify the problem, a model system 

is chosen which mimics closely the native heme environment 

without having any extensive protein conformation The 

model system is the heme peptide fragment directly 

from horse heart cytochrome c which was first isolated 

by Tuppy and ius in 1955 (9). Described in this chapter 

are the physico chemical properties of cytochromes, in particular 

cytochrome c. Chapter II includes the theoretical basis for 

the techniques applied ln the investigation of the electronic 

and magnetic properties. In Chapter III, isolation and 

characterization of the heme peptides, and their aggregation 

properties [as studied by circular dichroism (CD) spectra) are 

discussed. Chapter IV describes the optical behavior of the 

various complexes of the heme octapeptide with externally 

added ligands, which consist of absorption and magnetic 

circular dichroism (MCD) spectral properties. Since magnetic 

properties are intim~tely related to electronic structures, 
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the magnet methods are powerful means of studying biological 

molecules which contain unpaired electrons. In the last 

chapter, scussion is focused on the magnetic properties 

of iron which are monitored by the two complementary tech~ 

niques, namely direct measurement of room temperature para-

magnetic susceptibility and sub-zero temperature electron 

spin resonance (ESR) measurements. 

C~ochrome c 

Cytochrome c lS the most widely occurring and thoroughly 

characterized of all heme proteins found in cells from 

mammals to invertebrates and yeast ( 1). Cytochrome c was 

named and first described in the classical work of Keilin 

(10,11). Cytochromes in general can be classified into 

four main groups which are distinguishable ty their 

heme groups as shown in Figure 1. 

1. cytochrome a: cytochromes in which the heme group contains 

a long formyl side chain (Figure la). The 

heme is held into the protein mostly by 

non~specific hydrophobic interaction. 

2. cytochrome b: The heme group is 1ron protoporphyrin IX, 

protoheme (Figure lb). Again hydrophobic 

interaction is the dominant force between 

the heme and protein. 

3. cytochrome c: The heme group (protoheme) lS covalently 

linked to the protein via two cystinyl 

thioether bridges at the vinyl side chain 

sites (Figure lc). Today only thioether 

linkages are known. 
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Figure·l. Taken from R. Lemberg and J. Barrett, ncytochromes 11
, 

Academic Press, London and New York:, 19 7 3. 
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4. cytochrome d: The heme group is iron dihydroporphyrin, 

chlorin (Figure ld). 

Spectroscopically these hemeproteins may be distinguished by 

the pos ion of the a band of bis~pyridine hemochromogen 

[Fe(II)] spectra: 580-590 nm for cytochromes a, 556-558 nm 

for cytochromes b, 549-551 nm for cytochromes c and 600-620 

nm cytochromes d. This is due to the tendency to shift 

the absorption maxima to longer wavelength by electrophilic 

side chains. To extend the specification, some of the newly 

found cytochromes are signated as, for example, cytochrome 

b 562 (Escherichia coZi) where the subscript indicates the a 

band position and parenthes , its source. However, names 

such as cytochrome f (type c) or A
2 

(type d) are so widely 

used that they are still ln use. And no alternative name::; 

are given to cytochromes o and P-450, cytochromes cc' or c' 

which are bacterial 1n origin and represent the heme group 

in which one of the axial coordinations differs from a 

typical cytochrome c (1). These compounds show a more hemoglobin

like spectrum and react easily with external ligands with which 

cytochrome c does not react. Cytochrome c oxidase (cyto-

chrome aa
3

) is regarded as type a even though it also contains 

two copper ions. Strictly speaking, cytochrome c has no 

early definable prosthetic group since the heme is built 

into the protein by covalent linkages. With all these 

exceptions, one can still classify most cytochromes according 

to the heme group. The structure bf the protoheme which is 

also the prosthetic group of hemoglobin, myoglobin, catalases, 
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horse radish peroxidase and cytochrome c peroxidase is well 

known and was proven as early as 1926 by Fischer (12) who 

succeeded in synthesizing the heme. 

Cytochromes are essential components of cellular 

respiration, photosynthesis and anaerobic dark processes 

of bacteria such as nitrate reductionand sulfate reduction. 

Figure 2. shows the sequence of electron flow in the respiratory 

chain components the inner membrane of mitochondria (13). 

NADH collects electrons from many different substrates through 

the action of NAD~linked flavoprotein dehydrogenases. Other 

respiratory substrates may also be dehydrogenated by flavin

linked dehydrogenases, such as succinate dehydrogenase and 

acyl~CoA dehydrogenaie, which funnel electrons into the 

chain via ubiquinone (UQ). The sequence from NADH to oxygen 

is now fairly well established: electrons flow from lower 

reduction potential to higher reduction potential which ~s 

down hill in free energy change. Apparently, decline in 

free energy during the passage of an electron from NADH to 

oxygen lS enough to synthesize several ATP molecule~ by 

which the energy can be conserved. The three sites (I, II 

and III) in Fig. 2 indicate the site of ATP sjnthesis. The 

role of cytochrome c is to shuttle electrons between cyto

chrome c reductase (cytochrome c
1

) and cytochrome c oxidase 

(cytochrome aa
3

) at which molecular oxygen is reduced to water. 

Cytochrome c is a peripheral protein, and thus is easily 

isolable under a mild condition, while all the other cytochrome 

components in a respiratory chain dre meillbraGc bound. Great 
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Figure 2. Taken from A.L. Lehninger, "Biochemistry", Worth 

Publishers Inc., New York, 1972. 



12 

~ 
-F\) , 
CD . 
U> ~ -
~ 

~ 
c:f -0 
""' - ~ 

ICT -
. 

U> 

!P 

~ 
0 
~ -



13 

solubility in concentrated amrnonlum sul e solution allows 

removal of the more easily precipitated protein impurities. 

Because of remarkable stability to drying and heat, cyto

chrome c was isolated in nearly pure state by Keilin (14) 

and Theorell (15) as early as 1935. Cytochrome c is not 

auto oxidizable and does not react with CO (16). The mid

point reduction potential of eukaryotic cytochrome c lS 

+255 mv at pH 7. The molecular weight of cytochrome c from 

eukaryotic eel ranges between 12,000 and 13,000, and it 

consists of 104 amino acid residues. Figure 3 shows the 

diagramatic rep~esentation of mammalian cytochrome c obtained 

based upon a recent high resolution x-ray analysis (7). 

In Fig. 3a, the amino acid sequence and folding of the protein 

are give~ which include the site of two thioether bridges. In 

addition the two axial ligands, histidine 18 and methionine 80 

are indicated. The single polypeptide chain of 104 amino acid 

residues is wrapped around the heme ln two halves; the res 

dues 1 to 47 to the right and 48 to 91 to the left of the 

heme, which provide the heme crevice with one edge exposed 

to the solvent medium. Residues 92 to 104 form an a helix 

that rises over the top rear of the molecule. No disulfide 

bridges are present. The dark circles represent residues 

that are buried in the interior of the molecule while 

attached black dots mark residues whose chains pack against 

the heme. Arrows from tryptophan 59 and tyrosine 48 to the 

buried propionic acid group represent hydrogen bonds. Figure 
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Figure 3. Taken from R.E. Dickerson et a1., J. Bio1. Chern. 

246, 1511 (1971). 
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3b depicts the region of a helical straps as cylinders. The 

numbers in parenthesis indicate residue numbers. The a 

helix content is estimated to be 10% as a lower limit from 

the polypeptide circular dichroism spectral results. As 

can be seen, the heme is enclosed by the hydrophobic residues 

which are invariant in many species. This is reasonable since 

the hydrophobic residues may play an essential role in pro-

viding the proper heme environment. One of the most distinct 

features of cytochrome c is the high lysine content - 19 

residues are found in horse cytochrome while only 12 acidic 

residues are observed. In fact cytochrome c ls a basic 

protein with an isoelectric point near pH 10 (17). Further-

more, acidic and basic groups are segregated as patches on the 

molecular sur e and these regiOns are found to remain 

similarly charged in many species even if the individual 

residues may vary. In most globular proteins, the charg.ed 

groups that are not directly involved in catalytic sites play 

a role in maintaining an optimum pK for the molecule by a 

proper balance between acidic and basic groups. In cyto-

chrome c, segregation of charge seems necessary since it has 

to interact with several macromolecules like the reductase, 

oxidase and membrane itself. Macromolecular binding sites 

may be recognized by the distribution of surface charge. 

For instance, the basic lysyl side chains are essential for 

binding of oxidase. If the lysyl residues are chemically mo-

dified such that its basicity becomes lost, the electron 
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transfer from cytochrome c to oxidase also becomes inhibited (18). 

Some conformational change is evident upon reduction and oxi~ 

dation of cytochrome c. Several evidences include 1) the sixth 

ligand exchange with external ligand such as cyanide is easier 

ln the oxidized state, 2) the reduced protein is less susceptible 

to trypsin hydrolysis, 3) the reduced protein lS more stable to 

heat, and 4) the nuclear magnetic resonance (NMR) spectra are 

also different in the two states. All suggest a more compact 

structure of the reduced cytochrome c with the heme crevice 

closed or blocked. The effects of solvent perturbati6n, 

denaturation by .urea, ionic strength and pH indicate that 

cytochrome c exists in a number of conformational states that 

may best be differentiated by absorption and optical rotatory 

dispersion (ORD) or circular dichroism (CD) spectral features 

(19). For ferricytochrome c, between pH 2.8 and 8.5, little 

change in protein conformation is observed. Below pH 2.5, 

the protein unfolds, the methionine ligand is replaced by a 

chloride ion if the low pH is achieved by the addition of 

hydrochloric acid, and even the imidazole ligand may be 

replaced or at least protonated. At this low pH, if the 

ionic strength is increased, however, some of the a~helical 

content is recovered. Methionine ligand may also be replaced 

by lysine with a pK value of 9.3 (20). And in the extreme 

alkaline region (pH> 12.5) the denaturation effect appears 

similar to the one observed at the low pH. The loss of 

methionine ligand that may be monitored by di sapi'earance of an 
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absorption at 695 nm is directly correlated with the loss in 

enzymatic activity (21-23). This implies that the methionine 

ligand must play an essential part in maintaining a correct 

reduction potent of cytochrome c, or the electron transfer 

actually occurs via the methionine ligand. An interesting 

observation is that cytochrome c contains several aromatic 

rings which tend to occur in parallel pairs throughout many 

different species (Fig. 3a) for example, tryptophan 59 and 

tyrosines 67 and 74 to the left and phenylalanine 10 and 

tyrosine 97 to the ght. The right side leads to histidine 

18 and left side to methionine 80 residues. These aromatic 

sidechains are thought to provide chain flexibility (18) 

to allow passage of an electron from the surface to the lron 

~"Jhich is kno~~1n as the "V.Jinfield" ·mechanism of electron 

transfer (24). 
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II 

INTRODUCTION 

s s ert s o hemo or por 

mo:ee e of metal 

s t;o extensi.ve between yrin 1T 

iron d:r also e electronic 

s ctra of t und.ers tanding 

of electronic structure of and magnetic pro-

ies of theo1•etica:L 

l::asls spectra, 

e ln cons ts of ur 

s 1 d by me ne dges into a planar 

structure. s assignment for protoporphyrin 

IX, a common ic in heme prate 
. . . 

, 1.s g1 ven 1n 

' .L The macr'ocycle s eleven conjugated 

e bo on of ese are required to form a 

f 1y conju e ( ick trace of g, la) (1), 

If. two lved are regarded as equivalent 

to me e s 18-atom, 18-electron stem 

r• 
!<::1 sfies e e 4n+2, for aromaticity. This 

can not be used as a model metal porphyr~ns, 

however" well r'esolvecl x str>uctural ysis of 

ns to 1 t s the lengths of 

I and I Fig, la) are 

st ct a corres aromatic 

system (2). len s would have to be intro-

duced, is not stic of having iull aromaticity. 



Figure l. 

a) 
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The "outer" conjugation path of the metal porphyrin. 

It passes through a total four a,S-pyrrole bonds 

(ar.!'OWS), 

b) The "inner 11 conjugation path of metal porphyrin, 

in which only the atoms in contact with the metal 

atom are included. 
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According to the x-ray results, a more appropriate model 

appears to be the one with the inner conjugation system 

(thick trace of Fig. lb) which consists only of atoms in 

contact with the central metal ion. In this model, all the 

bond lengths are equal and are close to those of aromatic 

compounds. However, from the formal standpoint, this lS 

not a cyclic polyene: it consists of 16 atoms and 6 TI 

double bonds. It is best characterized as the porphyrin 

dianion in which the four nitrogen atoms are replaced by 

methine groups and two electrons of the metal ion are also 

included. The aromaticity of this model, first proposed 

by Gouterman, ( 3, 4) is discussed by Corwin, et al ( 5). 

Most hemoproteins contain iron protoporphyrin IX as 

the chromophore (the sidechain assignment lS shown in Fig. 

1). Addition of aromatic sidechains such as vinyl groups 

affects the electronic structure of porphyrin due to their 

electron donating nature. In cytochromes of type c, these 

vinyl side chains are broken because the heme is thioether 

bonded to the protein at the two vinyl sites (6). The 

central iron ion in hemoproteins is hexacoordinated; four 

ligands are provided by the nitrogens of pyrrole groups and 

the two axial ligands may come from protein amino acid side 

chains, or one may be a small molecule like water. In 

cytochromes, the axial ligands are thought to play a slgnl

ficant physiological role in electron transport. The chemical 

nature of the axial ligands controls the spin state of iron 
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which reflects magne c properties of the unfilled outer 

shell d orbital electrons. The iron atom may exist in high, 

intermediate or low spin ground state in either redox state 

depe g on net e ve field environment. 

At room temperaturoe where the protein is physiologically 

, hm'lle ver ~ a number of hemoprotein derivatives 

exhib eq librium tween high and low spin states. 

In porphyrins, the effective ligand field strength 

within the heme plane is much stronger than that out of the 

plane (7). The x~ray structural analysis shows that the 

-to-ligand bond length is typically shorter within the 

plane than in the al direction (2). Thus the axial 

gands seem to provide a fine control for obtaining thermal 

equilibrium of spins. s t~~ing of thermal equilib um 

splns lS thought to play a role in regulating the function 

hemoproteins (8). The physical orlgln of this phenomenon 

scussed on the basis ligand field theory. Complexes 

involving interme ate sp ground state or quantum-

mixed-spin ground state are much less well characterized. In 

contrast to thermal mixture of ln states in which protein 

molecules e st two cally distinguishable pure 

sp states, a protein molecule having a quantum admixture 

of· spin states corresponds to a single magne c species with 

magne c propert s dis ct from either pure spin states. 

In one class of hemoproteins, i.e. bacterial cytochromes c', 

the ground spin state has been claimed by Meltempo, et al 

(9,10) to be the quant xed state bet~een hi and 
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termediate spin states. Magnetic properties of iron may 

be monitored by the direct measurement of paramagnetic 

susceptibi ty or by the low temperature electron spin 

resonance (ESR). Both te s measure Zeeman effect 

the degenerate states of iron in the applied magnetic 

ld. The theoretical basis the two methods is dis-

cussed in det l. Magnetic rcular dichroism also measures 

Zeeman splitting of degenerate states of iron in the 

lied magnetic ld but the virtue of this technique 

is s association with the electronic transitions of par-

phyrin. Because there is extensive mixing between iron dn 

and porphyrin n orbitals, the singlet ground state of par-

phyrin reflects the spin degenerate ground state of iron. 

s lca~ds tc the pur<J..rnc.gnctic M.CD e ct due tc the 

distribution of spins according to Boltzmann factors among 

the spin multiplets of the ground state. Current views on 

the orlgln of Soret MCD c hemoproteins are discussed. 

ABSORPTION SPECTRA OF HEMOPROTEINS 

A. Electronic Structure o s 

Free Electron Model 

The electronic spectrum of porphyrin can be successfully 

e lained by a simple model in which all 18 n electrons are 

treated as being free to rculate in a ring (Fig. la) (11). 

In s model, each electron is given orbital angular momentum 

that can be attributed to circulation about the porphyrin ring. 
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Because circulating to the left or to the r'ight are equal in 

energy in the absence of magnetic and el~ctric lds, this 

leads to a simple energy level diagram shown in Fig. 2, where 

the energy levels are labeled by their angular momentum, 2. 

The ground state has a ed shell with no net angular 

momentum. Two doubly degenerate sin t electronic transi~ 

tions are possible as indicated by the arrows with a 

resultant angular momentum of ± 1 if the transition takes 

place between energy levels having the corresponding quantum 

numbers with the same sign, or± 9 if the sign changes. The 

former transition is "allowed 11 according to Hund's rule 

while the latter is "forbidden 11
• Hund's rule also indicates 

that for a given multiplicity, the lowest energy states have 

the greatest angular momentum: the model predicts an intense 

transition at high energy and a weak transition at lower 

energy which correspond to Soret and visible absorption . 

bands, respectively. 

Four Orbital Model 

More quantit ve interpretation of the electronic 

spectrum of porphyrin can be obtained using a four orbital 

model proposed by Gouterman (4). The model considers exci~ 

tations only from the two highest filled orbitals to the 

two lowest empty orbitals. The molecular orbitals are cal~ 

culated under the D
4

h point group using the extended Huckel 

model in which all valence orbitals of each atom involved 

ng shown in Fig. lb are included. 
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Figure 2. 

a) Orbital ene levels. 

b) Trans energies. 



30 

. I 
I= 1--

N I I 
I 

( ) ( l 

XBL 7610-4841 A 



31 

(For me ns, the 3d, 4s and 4p orbitals of a metal 

D4h 

are 

ele 

are so d 1'10 cal ion,) 1be resultant 

s hi st lled orbitals in 

are and 
u lowest 

u 

J~n g, 3, The Alu and A2 u orbit 

orbitals? eg 

s are nearly 

nerate ln ene which lows two doubly degenerate 

c e t ne same energy and of same 

(the c:u•ro\foJS in g, 3). T~.is leads to strong 

gura on .interaction results in two new doubly 

nerate transi s tAlhich se from addition or sub-

traction of the trans lon dipoles, The model predicts a 

very intense abs tion at high energy, the Soret band~ 

a weaJ<: d at low energy, Q band. Two bands appear in 

tl1e vi sib re on because 0=-1 vibronic component (() '\ 
''<Q-1' 

on the hi energy side the 0-0 transition CQ0-0) becomes 
.. 

QO~O and Q0 1 are commonly re rred to as a and S 

ly. 

E;lectron 1 is able of including metal 

ions except as rturbations, because it deals with TI 

ctrons only. On the other hand, the 

four 

ln bases set c orbitals and thus is capable of 

the extent of d orbital mixing porphyrin n 

In most cases, s por·phyrin n 

been shown to be well s from those of 
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Figure 3. Electronic trans ions in a four orbital model. 
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the d orbitals such that little mixing occurs. However, 

iron and manganese porphyrins are exceptions. There is 

extensive ng between iron dn porphyrin TI orbitals 

of these metalloporphyrins, which camp cates interpretation 

of the absorption spectra. The success of Gouterman's model 

lS in s ability to predict both the position and intensity 

of the absorption bands in met loporphyrins. 

B. Li 5 of a d 
. +3 

stem (Fe 

li field theory is essentially the refinement of 

the crystal field theory. In the crystal field model, the 

influence of ligand atoms on the central ion for a given 

e cluster is treated as being purely electrostatic 

(12,13). The cryst field strength does not depend on the 

nature or positions of the ligand atoms associated with the 

met lon but only on the effect of interaction potentials 

on the electrons of the central ion. By contrast, the ligand 

ld theory covers all aspects of the manner in which a 

metal lS influenced by its nearest neighbor atoms, 

including the strength of the metal~ligand bond, stereochemistry 

and coordination number. In practice, however, the ligand field 

theory is of little use unless certain approximations ar~ made. 

The progression from treating the ligand atoms as point charges 

through point dipoles to a simple molecular orbital model still 

s the quantitative calculation of the ligand field effect 

unsatis ory. Thus, the ligand field effects will be ex-

plained from the crystal eld approach. For example, whether 

or not all the ligands are identical, we use the term "acta-

hedral" to re to a coordination cluster in which six 
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ligands are located at the vertices of a regular octahedron. 

Tr2msi on metal complexes possess unfilled outer 

11 3d orbital electrons which constitute the basis for 

their obse:r'ved s ct tic properties. In Fig. 4 

is shown a single electron d orbital energy diagram in 

rent .crystal field environments. In the free ion case, 

the ve d orbitals are degenerate in energy. When the 

met atom placed ln an octahedral coordination sphere, oh' 

where the crystal :field strength is equivalent in each 

ction (x, y and z), the five-fold degenerated orbitals 

are split into two levels: t 2 g and eg states. The t 2 g set 

includes d , d and d orbitals and the eg set contains xy xz yz 

d 2 2. and d 2. The latter lies higher in energy because 
X -y Z 

the orbitals pointing in the direction of the ligands ex-

perience greater electron repulsion. Typically the energy 

s aration between the two levels corresponds to about 10,000 

·cm-l which is commonly referred to as the crystal field energy, 

~ (12). As the Oh symmetry is lowered to D4h, in which the 

al crystal field is different from the in-plane eld, 

the d orbitals are split further into four levels. In 

the case of hemoproteins where the axial field is much 

we r than that in-plane (tetragonal), d 2 lies lower than 
z 

d 2 2 whi d and d lie higher than d , as illustrated 
x -y xz yz xy 

in Fig. 4. When the D4h symmetry is even further reduced to 

D
2
h' where inequivalency in x andy directions is induced due 

to rhombic distortion, the degenerate e state (d and d ) g xz yz 

is split. 
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Figure 4. Single electron d orbital energy levels in 

different ligand fields. 
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')+ 
Ferric ion (Fe

0 
) has five d orbital valence electrons, 

5 
d , which may exist in different spin states depending on 

the crystal eld strength. gure 5 (top gure) shows the 

energy correlation agram between weak and strong crystal 

field limits for d
5 

in Oh symmetry (12), Weak crystal field 

environment pefers to a situation whePe the electron repul~ 

sian (or pairing) energy exceeds the cpyst field enepgy. 

In such a case the ground state will have the highest spin 

multiplicity, llowi Hund 1 s rule. other words, the 

maximum number of unpaiPed electPons is achieved; i.e., 

the total spin lS S = 5/2, which is called the high spin 

state. Because each orbital contains one electpon, thepe 

11 be no net orbital angular momentum; thus, the ground 

In the strong cryst 

ld limit, the electron rep lOn enepgy is overcome 

the large crystal field energy. The electrons are 

now forced to r up leaving only a single unpaired 

electron the state. It is evident then, that 

the total spin becomes S = 1/2, which is called the low 

spin state, and ground state symmetry corresponds to 

2 T2g. Most hemoproteins e st in either a high OP low 

spin ground state, but a signi cant number of hemoprotein 

derivatives exhibit thermal spin equilibrium between high 

and lmv spin states near room temperature (14). Such a 

phenomenon can occur when the net effective ligand d 
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F:ig1Jre .S. Top: Energy Corl'e lation Diagram for d
5 

in Oh 

and Td ~·~. Bottom: Tanabe~Sugano Diagram for d
5 

J..n 0 •'• " h 
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strength lies near the high and low spin crossover point. 

The bottom part of Fig. 5 is a Tanabe-Sugano diagram which 

describes the relation between the energies of states 

and the crystal ld strength more quantitatively than 

does the top figure (12). Dq corresponds to the crystal 

crystal field splitting (~ = 10 Dq) and B, to the Racah 

electron. repuls n parameter. In this figure it is clear 

that in the intermediate field range where the high and 

low spin states cross each other, the lowest excited state 

above the high spin ground state is.the low spin state and 

vice versa. Thus, the only requirement for obtaining 

thermal spin equilibrium is to have the energy separation 

between the ground and excited states in the order of kT 

Dear room temperaturee 

The intermediate spin state (S = 3/2) or the quantum 

mechanically admixed spin states in which the wavefunction 

is a true combination between S = 5/2 and S = 3/2 or 

S = 3/2 and S = l/2, are much less well known. They have 

only rarely been invoked as a possible explanation for some 

atypical hemoprotein magnetic phenomena. The stability of 

the S = 3/2 ground state is still questionable. Griffith (15) 

proposed ln his simple model that the relative energy levels 

of the S = 3/2 and S = 5/2 states depend entirely on the 

energy level of the d 2 2 antibonding orbital in the heme 
X -y 

plane. The model suggests that, if bringing one electron 

down from d 2 2 becomes energetically favorable, then 
X ~y 
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bringing another electron down from d 2 is even more 
z 

energetically favorable. In other words, the S = 1/2 state 

is always more stable than the S = 3/2 state, Recently, 

however, Meltempo and Moss (10) have criti zed Griffith's 

argument and claimed that the stable intermediate spin 

ground state is obtainable if the variable iron position with 

respect to the heme plane is considered. They suggest that 

the energy leve of d 2 2 and d 2 are not necessarily inde-x -y z 

pendent of each other, while Griffi assumes that changing. 

al gands would not have any effect on the energy level 

d 2 In view of the x-ray results, Meltempo and Moss's x2~y · 

model for the high, intermediate and low spin energy levels 

for single~electron d orbitals corresponds to the diagram 

shown in Figure 6. The x~ray analysis of ferrimyoglobin, 

which is in the high spin state in its native form, and of 

the ferrimyoglobin~cyanide derivative, which in the low 

spin state, have shown that in the high spin state the :Lron 

displaced out of the heme plane toward the proximal 

histidine ligand by about 0.4 ~'while it is in the plane 

in the low spin state. Thus, the position of the inter-

mediate spin iron is proposed to be in between the high and 

low spin positions. Quantum mechanical mixing of spin states 

occurs via spin~orbit interaction, in which case the selec-

on rule fiS=O,±l must be satisfied first. This indicates 

that between S = 1/2 and S = 5/2, there will be no first 

order mixing of the wavefunctions.· In other words, no 
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Figure 6. Correlation between the spln state and the 

position of iron atom. The low spin iron is in the 

plane, the high spin iron lS out of the plane and the 

intermediate spin iron is in between the two positions. 
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quantum mechanical mixing is expected to occur between those 

two spin states. An additional requirement for obt ning 

quantum mechanical mixing of spin states is to have the 

energy separation between the unperturbed pure spin states 

in the order of the spin orbit coupling constant, which is 

about 400 cm~l in ferric heme complexes. 

C. Absorption Spectra of Hemoproteins 

The absorption spectra of ferric hemoproteins are complex 

to interpret because many overlapping bands appear in the 

visible region due to extensive interaction between iron dn 

and porphyrin n orbitals. Figure 7 shows the molecular energy 

diagram of a typical high spin hemoprotein whose absorption 

spectrum is even more complex than the low spin form. For 

a high spin trar.~.-

sitions, several charge transfer (CT) transitions are 

possible in the visible region. Although the exact assign~ 

ment of these transitions is not knowh with certainty, it is 

generally thought that there are two allowed CT transitions 

of E symmetry resulting from porphyrin n to dn excitation, 
u . 

as indicated by the arrows in Fig. 7. The particular por-

phyrin n orbitals involved are also not known with certainty, 

but they are most likely the same porphyrin 1T orbitals 

that are involved in the 1T~n* transition: Alu and A2u. 

Consistent with the polarized crystal spectra of myoglobin, 

which exists mostly in the high spin state, the two CT 

transitions are in~plane (xy) polarized (16). Because the 
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Figure 7, Electronic transitions of ferric iron porphyrin 

in weak crystal field. 



47 

(I) 
:J 
tO 

-. (I) 
tO 
'< (I) =r 

(I) 

c., c., ro ro -. 
N cQ (ft 0 

0 c 
N 

;::::, -- N 

0 
c c c., c., 

'< 
~ 

X _, 
'< - -~ - -- rr rr - cQ -

0 
ro 

0 -. 

ro 
fTl 

0 -. c 
'< 

X cQ 
OJ 

ON 
-r~~ 

0 0 
eN c 

(ft 
0 .. 

ro 0 
cQ 

I 
~ - -c., 

c., 
:::t ~ -- -



48 

CT excitations show identical symmetry and are sufficiently 

close in energy to the visible band (QO~O)' they can mix 

via con guration interaction. As a result, the CT bands bor~ 

row intensity from the visible band. Their position and 

intensity are thus strongly dependent on the nature of the 

axial ligands, which determines the relative energy separation 

between porphyrin and iron TI orbitals. Another allowed CT 

transition in the visible region is from the porphyrin A2u 

orbital to the iron d 2 orbital. The excited state of this 
z 

transition is of A2 u symmetry and is· z polarized. Its 

intensity, however, is expected to be rather small, because 

there is no other z~polarized transition from which it can 

borrow intensity. It is probably buried underneath the 

strong porphyrin bands. A typical high spin absorption 

spectrum consists of four in-plane pqlarized transitions 

the visible region in addition to the Soret transition. 

The two in the middle are not well resolved but they 

correspond to Q
0

_0 (a) and Q
0

_
1 

(6) bands while the two on 

the high and low energy side of the Q band region are the 

mixed in-plane CT transitions. In the low spin case, the 

d orbital energy levels relative to the porphyrin TI orbit~ls 

are such that the CT bands are not close in energy to the 

porphyrin rr+rr* bands. The xy-polarized CT transitions of Eu 

symmetry like the ones in high spin hemes fall in the infrared 

(IR) region. This indicates that there will be little or no 
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con gura. interaction and, as a consequence, the a and 

S bands d remain strong and well resolved. Sometimes, 

a weak z-polarized transition appears in the near IR region 

be-tween 620 and 700 nm low n heme complexes such as 

cytochrome c, myoglobin-azide and hemoglobin-azide. In the 

case of cytochrome c, band at 695 nm is believed to be a 

charge transition from the axial gand (sulfur 

or me to (17,18). Hot-Jever, an alternative 

ation at it can also be a CT transition from the 

porphyrin A2u to 

plexes. 

iron dz2 is given for the azide com-

According to Mel tempo and Moss, ( 10) the intermediate 

n hemoprotein should give rise to more or less the same 

act tics as the 

shown in Fig. 6, the energy level of drr orbitals does not 

when the spin state changes from S = 5/2 to S = 3/2. 

This suggests that the CT transitions should occur at 

ne the same energy as in the high spin case. The extent 

con guration interaction, however, is expected to be 

slightly di rent. The relative energy levels of porphyrin 

rr orbi are different 1n the two spin states due to 

di rent degrees of doming of the heme plane. In other 

words, the optical spectra are not capable of distinguishing 

the intermediate or quantum mechanically admixed spin state 

between S = 5/2 and S = 3/2 from the pure high spin state. 
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It is worth noting that in Gouterman's (19) model for high 

spin hemes, the iron displacement out of the heme plane is 

a requirement, consistent with the x-ray results. According 

to his model, low or intermediate spin states should occur 

with the iron position in the heme plane, This, however, 

does not agree with Meltempo and Moss's model for the 

intermediate spin state where the iron lies between the high 

and low spin positions, 

Magnetic Circ~lar Dichroism of Hemoproteins 

A. Introduction to MCD 

Magnetically induced optical activity arises from the 

well known Faraday effect; where the electronic transitions 

between the levels split by the applied magnetic field are 

preferentially allowed by t-he ]eft or right circularly 

polarized light. In contrast to natural optical activity in 

which the presence of molecular dissymmetry is a requirement, 

magnetically induced optical activity is present in all sub

stances placed in a properly oriented magnetic field (20-22). 

Analogous to natural circular dichroism: (CD),and optical 

rotatory dispersion (ORD), magnetic cular dichroism (MCD) 

measures the difference of the extinction coefficients for 

left (LCP) and right (RCP) circularly polarized light, i.e. 

sL~ER' while magnetic optical rotatory dispersion (MORD) 

measures the rotation of the plane polarized light in terms 

of the difference in refractive indices, i.e. nL-nR. This 

chapter will focus on the application of MCD since it is much 

better characte zed and mo:'::'e convenient to ':-: <:i'.:' ~n·e ~' erimen tally 

than MORD. 
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The theory of MCD has evolved through a joint effort of 

several workers. The most rigorous treatment is given by 

Stephens (23). His approach introduces the magnetic field 

perturbations expli ly to the conventional semiclassical 

theory of thee ctric~dipole approximations. The theory 

is successful ln including the zero field splitting induced 

by spin~orbit coupling and/or by vibronic interactions 

(Jahn-Teller effect). The electric~dipole approximations 

which are developed by Buckingham and Stephens (20) are 

essentially extensions of the classical theory of optical 

activity for transparent regions into absorption regions. 

The expression for magnetic optical activity may be given 

in terms of three experimentally distinguishable band 

components; A, B ~!d C term e cts. 

where f
1 

and f
2 

are line shape functions. The effect of 

magnetic field is to spl all of the degenerate levels into 

equally spaced Zeeman components with EMJ = gBHMJ' where MJ 

corresponds to the angular momentum in the direction of the 

applied field specified by J, the total angular momentum of 

a molecule; H is the intensity of the field; B, the Bohr 

magneton and g, the "spectroscopic" splitting factor. If 

spin-orbit interaction is neglected, g corresponds to 1 for 

a singlet~singlet electronic trans'i tion. Figures 8 and 9 
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illustrate the f 1 and f 2 spectral band shapes mentioned 

above (Eq. 1). In g. Sa, the energy level diagram shows 

case in which the ground state is orbitally and spin 

non-degenerate (J=O) while the excited state is orbitally 

degenerate (J=l). J=l state will be split by the magnetic 

ld into MJ=O and ±1. A very important physical pheno

menon is that circularly polarized light has a well defined 

z component of angular momentum: MJ=+l and MJ=-1 may be 

speci cally associated with the left and right circularly 

polarized light, respectively. Thus the selection rule 

indicates that the trans.i t.ions to MJ=+l and MJ=-1 are allowed 

only .in LCP and RCP light, respectively. In the applied 

magnetic field, the absorption spectra for RCP and LCP light 

will be shifted from the absorption maximum in the absence of 

the field by -gSH and +gSH, respectively. The Zeeman split

ting is, .in general, much smaller than the ab~orption band 

dth; thus, the absorption spectrum does not usually exhibit 

an observable splitting. But the resultant HCD band shape 

resembles the first derivative of the absorption band, as 

shown in g. Sb. The magnitude of peak-to-trough 

splitting will depend on the magnetic field strength and the 

angular momentum of the excited state. Figure 9a shows the 

reverse situation where the ground state is degenerate and 

is specified by J=l. When the ground state .is degenerate, 

the dominant effect arlses from thermal distribution of 

molecules among the Zeeman sublevels. Since the selection 

rule .indicates that t:he high energy transition from NJ=-1 
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Figure 8. Magnetic circular dichroism where the excited 

state is orbitally degenerate and the ground state is 

non-degenerate. 
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Figure 9. Magnetic circular dichroism where the ground 

state is degenerate and the excited state is non-

degenerate. Le zed light .LS 

absorbed more strongly according to Boltzmann 

statistics. 



X 
OJ 
r 

-

---

56 

v 



57 

to J=O is associated with the LCP light and s1nce MJ=-1 

state is more populated than MJ=~l state by a Boltzmann 

factor, the absorption band for the LCP light will be more 

intense and lie higher in energy than that for the RCP 

light, 'The resultant MCD band shape t..Jill be a skewed 

positive absorption (Fig, 9b), The first derivative MCD 

band shape (f1 ), more commonly referred to as an A term, 

can arise from either the degenerate ground or the excited 

state, However, in the degenerate ground state, the A 

term effect is rarely emphasized due to population differences 

and transition probability differences among the sub~levels, 

The absorption MCD band shape ( f 2 ) , is the result of B and C 

term effects. A B term describes the mixing between the 

states .induced by the magnetlc field, while a C term reflects 

degeneracy of the ground state, The latter can be easily 

differen ated from the former by temperature .dependent HCD 

measurements. 

B. ~ctra of Ferric Hemoproteins 

MCD offers much promise for assigning the electronic 

structure of the heme group, because the technique is 

intrinsically sensitive to distinguishing the redox and spin 

state changes of iron, independently of each other, Porphyrin 

alone or low n ferrous hemochrome yields an MCD spectrum 

that consists predominantly of A term effects and some B 

term effects (24). In both the Soret and visible electronic 

transi ons the excited state configuration corresponds to the 

doubly degenerate E state CA
1 

,A
2 

~e ) while the ground state 
u u u g 
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is orbit non-degenerate. This means that only the excited 

state is sp t by the external tic ld giving rise to 

rst vative band A term dispersion (Fig. 8). 

As in absorp on s ctra, however, insertion of an iron 

into porphyrin induces ti MCD spect bands, The 

paramagnetic nature of 1ron comes reflected 1n the n+n* 

electronic transitions of porphyrin. n~orbit interaction 

arising from delocalization of 1ron d orbital electrons 

to porphyrin TI orbitals 1s thought to be the major mechanism 

by which the paramagne sm of iron is manifested in the MCD 

ctra (25), Ii s 10 and 11 illustrate schematically the 

origin of Soret MCD for the low spin and high spin states 

of ferric iron porphyrins, res ctively (25,26). The 

electronic con gurations of the ground and excited states 

are described as a composite of the porphyrin n and 1ron 

to 

to 

systems. In the low spin case the ground state corresponds 

2E [(A2
1 

·A2
2 

)·(b2
2 

·e 3 )J while the excited state corresponds 
g u u g g 

2 E [(A1 ·A2 ·e 1
) · (b 2 ·e 3 )]. The parentheses on the left u lu 2u g 2g g 

indicate the configuration the porphyrin part and on the 

right, of the iron in D4h symmetry. In low spin hemo~ 

proteins such as cytochrome c, however, the ground state. is 

actually orb al;Ly non~degenerate. The reason is because 

the lowest three d orbi of iron, i.e. b 2g and eg (Fig. 4), 

are mixed by spin~orbit coupling which removes the degeneracy 

of e orbitals of 1ron. As a consequence the ground state 
g 

1s described as a product v72'.·efL:;~ction bct:\·:ce~l :::. e ]lCr yr1n 1T 

system and the lowest Kramers doublet of the low spin iron. 
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Figure 10. Mol~cular energy diagram in the presence of spin~ 

orbit coupling and magnetic field interaction, and 

corresponding magnetic circular dichroism of low spin 

heme for the Soret region. 
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Figure 11. Molecular energy diagram in the presence of 

~pin~orbit coupling and magnetic field interaction, 

and corresponding magnetic circular dichroism of high 

spin heme for the Soret region. 
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In Fig. 10 the ground state wavefunction is represented as 

I±> where ± indicates a Kramers doublet. The excited state 

+ 
wavefunction is given by !L-> where L is the excited state z z 

orbital moment of the Soret transition, i.e. ±1. Spin-orbit 

interaction between the spin magnetic moment of iron and the 

orbital motion of porphyrin TI electrons splits the excited 

·State into two doublet states. For iron porphyrin complexes 

this zero-field splitting is found to be much greater than 

the Zeeman splitting. In addition the sign of the spin-orbit 

coupling constant is known to be negative for S = 1/2 which 

suggests that the lowest energy component of a multiplet 

corresponds to the parallel orientation of the orbital and 

+ 
spin moments. Thus I (±1)-> is a degenerate state in which the 

orbital angular momentum induced upon excitation is in the 

dire on of the resultant momentum of spin-orbit coupling 

at the lron, + 
and 1<±1) >is a degenerate state in which the 

orbital angular momentum is counter to the iron angular 

momentum. Each degenerate state exhibits a Zeeman splitting 

in the applied magnetic field. The arrows with + and -

signs indicate transitions associated with the left and right 

circularly polarized light, respectively, according to the 

selection rule. From this, the appearance of paramagnetic C 

term effects of opposite sign can be easily understood, as 

shown in the lower portion of Fig. 10. The transitions from 

the 1-> state which is more populated by a Boltzmann factor, 

exp(-2gSHS /kT), are shown with greater intensi At 
z 

reduced temperatures, the Soret MCD intensi~y is expected to 



64 

increase as a function of l/T if the ensity is assumed 

to be directly proportional to the population difference. 

When spin~orbit coupling is neglected, however, this C term 

e ct s ars ruld only the A term remains, because +and 

- absorptions mostly cancel each other. The low spin hemo~ 

protein comp xes exhibit Soret MCD spectra as predicted 

from the s le s ck diagram shown in g. 10. Sometimes 

addition MCD features appear on the high energy side of 

the Soret transition which introduces asymmetry to the first 

derivative band This is most likely due to B term 

effects arising from the vibronic side bands. 

The high spin hemoproteins exhibit very weak MCD. 

Although no quantitative treatment has been given in the 

lite.catur·e, the stick d.ictgr·anL illustr•ated in Fig. ll may 

account for the origin of weak MCD at least semi~quantitatively. 

The symmetry assignment of the ground state is 
6 

A1 g[ (A~u·· A~u) · 

Cb
1
2 

·e 2 ·A
1
1 ·b1

1 )] and the excited state is 6E [(A1
1 ·A

2
2 ·e1 )· g g g g u u u g 

l 2 l l 
(b 2 ·eg·A1 ·b1 )]. It is clear that the first order spin~orbit 

~g g g 

eraction will not split the ground state degeneracy, because 

there lS no orbital moment but the spin moment. The excited 

state on the other hand will be split into six doublet states. 

The corresponding wavefunctions are given in Fig. ll assuming 

that the s n~orbit coupling constant (A) lS still negative. 

A were positive, the lowest energy component within the 

multiplet would be the one with I (±1)+ 512
>. As shown in the 

lower portion of g. ll MCD of the high spin heme consists 

of twelve individual lines. The shape of ti>e spc::ctrum ~vill 
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depend largely on the extent of spin-orbit interaction which 

determines the spaclng between the individual lines and on the 

sign of the spin~orbit coupling constant. In iron porphyrin 

complexes, two mechanisms of spin~orbit coupling are believed 

to contribute to the splitting of degenerate states. The 

first mechanism describes the appearance of the non~zero spin 

density of iron on the porphyrin orbitals with non-zero orbi~ 

tal moment. This leads to the normal splitting with A > 0; 

the lowest energy component corresponds to the anti-parallel 

arrangement of the orbital and spin magnetic moments. The 

second mechanism is one in which the spin magnetic moment of 

iron interacts with the orbital motion of porphyrin TI 

electrons. For this type of interaction A is negative. The 

real sign of spin~orbit coupling will then depend on which 

of the above two mechanisms happens to be dominant. In the 

high spin case it is difficult to determine whether A is 

positive or negative, because the observed MCD is very weak 

and the bands are superimposed. The s ck diagram shown in 

Fig. 11 illustrates that the MCD spectrum will consist of 

weak C terms on the high and low energy ends. Most of the 

MCD effect will be cancelled out, since the intensity of 

the + and- absorptions is about the same. 

Magnetic Susceptibility 

Magnetic susceptibility measures magnetic induction ln 

a substance when it is placed in a magnetic· ld; i.e., it 

represents the bulk magne c property of a molecule (27). 



66 

Magnetic induction, B, is simply defined as the sum of the 

applied field and the induced field, such that 

B = H + tl.H 

If the molecule ~s isotropic the magnetic induction is g~ven 

by 

B = H + 4rri 

where I is the intensity of magnetization. The volume 

susceptibility, K, is then related to I by 

K = I/H 

In general, the mass susceptibility, Xg' ~s used, which ~s 

given by 

where p is density of the substan·ce. The molar suscepti-

bility, XM' is then 

= X xM g 

where M is the molecular weight. 

A measured magne c susceptibility contains contributions 

from both molecular paramagnetism and diamagnetism. All 

molecules exhibit diamagnetism which arises from orbital 

motion of paired electrons in the applied field. In such a 

case the induced magnetic dipoles lie antiparallel to the 
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direction of the magnetic field so that the intensity of 

magnetization is negative and consequently xg is negative. 

Diamagne c susceptibi es of atoms in molecules are 

addi ve within reason le ts. This is a very useful 

quality in determining the diamagne c susceptibilities of 

li d atoms and counter~ ions in transition metal complexes, 

The diamagne c susceptibility expression for a molecule may 

be written as 

dia ", xffiQl .". L 

l 

X· + L: e: 
l 

where n. indicates the number of atoms of a glven element 
l 

ln the molecule, X·, atomic susceptibility of the element and 
l 

e:, constitutive corrections such as the existence of TI bonds. 

Because the additivity of X· was establashed by Pascal, X· 
l l 

is commonly referred to as Pascal's constant, Molecular 

paramagnetism is a consequence of the interaction of orbital~ 

and/or spin--angular momenta of unpaired electrons with the 

applied field. The observed paramagnetic susceptibility 

fines the effective magnetic moment, ff' as 

2 
]Jeff -

3k'I' 

NS 

re B is the Bohr magneton (6 = eh/4Timc = 0.927 x lo- 27 

erg gauss-~ N, Avogadro's number; k, Boltzmann's constant 

T, temperature. If JJ is temperature independent, x 

lS inversely proportional to temperature, which is known as 

Curie 1 s Lm-v, x = ciT where c is the Curie constant. So far, 

only magne cally dilute and isotropic molecul~s have been 
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considered. However, even single crystals, except those 

belonging to the cubic class, are magnetically anisotropic; 

thus, the susceptibility must be described by three orthogonal 

principal crystal susceptibilities. For solution samples 

then the observed susceptibility is the average susceptibility: 

XX + Xy + Xz 
X :: 

3 

2 + 2 + 2 
]Jx ]Jy ]Jz]l/2 

11eff :::: [ 
3 

The bulk magnetic interaction of a substance may be 

described as arising from changes in the energy levels of an 

ensemble of atoms when it is subjected to a magnetic field. 

A quantum mechanical treatment seeks to find new energy levels 

of individual atoms in the magnetic field and to derive the 

susceptibility expression from the thermal distribution of N 

atoms among all possible states, according to Boltzmann 

statistics. The derivation of a general equation for such a 

system is due to H.J. Van Vleck. Thus, it is generally 

referred to as Van Vleck's equation (28). There are two 

important assumptions made in his derivation; (1) the 

system is magnetically isolated so that no magnetic interaction 

between atoms has been considered, and (2) the energy of the 

ith level of the atom in the magnetic field may be expressed 

as a power series. This means that the energy of the ith 

level of the atom is glven by 

w. 
l 

( 2 )H2 w. 
l 
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re 
( 0 ) 

of the ith vel of J.S ene sence 

eld 
(1) 

and 
( 2) 

the rst and second order Lll 0L are 
], 

coe magne-

zation :r·e1a.tec1 to rate of energy 

mo cule c e 

(1) 

its susc to 

::; that re will no eld 

of li cates that the 

terms oncl r Zeeman e ct must be 

ne ctecl. s s :f s e ssion to a at extent. 

N a oms, sum of individual 

]. tiza. mu d Boltzmann 

f<::tctor de<:.:I ld: 

( /kT) N r [ 
(1) 

H 
J. 

:J. 

The t I'' term, 
(1) 

sents c ld 

on a degenerate level i ch leads to sp tting 

level irrto a set of aced onents 

s d g T'he second t rm, 
(2) 

1..0 " 
l 

ses from 

rate 1eve by ·the magnetic field .. 

The net e ct is to lower or se the levels i~volved in 

ml g thou·t any cnanges de racy. 
( ~) 

w. is typically 
l 
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in the order of a few cm~l that is, much smaller than kT 

except at very low temperatures. This further simplifies 

the Van Vleck equation. Since exp(-w./kT) = exp(~w~O) /kT) 
l l 

x [(l-H·w~l)/kT)•(l-H2 ·w~ 2 )/kT) .... ], 
l l 

·x M 

N E[(w~l)) 2 /kT ~ 2w~ 2 )J exp(-w~ 0 )/kT) 
. l l l 
l 

L: exp(-w. 0 )/kT) 
l 

l 

The Zeeman coefficients are related to the wavefunctions by 

the magnetic dipole operator. In classical electrodynamics 

-the magnetic dipole moment is given by the sum of orbital and 

spin moments. Likewise the magnetic dipole operator may be 

given by 

~ = (L + 2S )8 z z z 

where the direction of quantization is in z. Then, 

r <t/J.I L +2s !t!J.>•<t!J.I·L +2S I1J!.>8 2 
(2) = j l z z J J z z l 

wi (O) (0) 
w. w. 

l J 

Ferric hemeproteins and their derivatives exhibit spln 

degenerate ground states; therefore, the first order term 

is expected to dominate ths susceptibility. If we neglect 

the second order effect and assume w~ 0 )= 0, then the suscep
l 

tibility may simply be given by 

x~,I = <o) 
r L exp( -w. /kT) 

l i 



71 

rmore~ if e wavefun s are s cified by the 

orbital and spin angular momentum quantum numbers the 

J.C eld 

ch yie 

I [ L+ 2 S ] 2 + , . , , , , .. 

[ ( ) ] 2 + L+2 S 1 + .... 

+[~L+2SJ 2 

+[~L+2(S~l)J 2 

. 2 2 
+[1+2(-S)]- + ..... [-1+2(-S)] 

c:valuat s ves (27) 

N 2 
X - [L(L+l) + 4S(S+l)] JVl -· 

The ef ctive tic moment, which is an empirical para-

meter', is then directly r'elated to [L(L+l) + 4S(S+l)J 112 . 

far L and S are treated i endently of each other. 

·rn the presence of sp -orbit interaction; however, L and 

S are not quantum numbers anymore. Thus a new quantum 

s. J 

andg 

,J must be intro d which is a vector sum of L and 

not co a:c th c dipole operator; an 

al parameter, g, 1s included the magnetic dipole 

ssion such ·that 

jJ f .. r e:r 

de d as 
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In transition metal comp xes, the d orbital degeneracy 

which accounts for the orbital moment is usually removed by 

crystal field interaction. This leads to quenching of the 

orbital moment In such a case it is a common practice to 

regard the observed magnetic moment as arising from the 

spin moment only: 

~eff = 2[S(S+l)]l/2 

The number of unpaired electrons at the paramagnetic center 

can then be evaluated. The ground state symmetry of iron in 

high spin hemeproteins is 
6
Alg' and the first excited state, 

4
A

2
g' which lies about 2000 ~ 3000 cm~l above the ground 

state is not thermally accessible. The observed ~eff is 

ground state symmetry is assigned to 2Eg which suggests that 

even if spin-orbit interaction removes the orbital degeneracy, 

there will be a residual of the orbi moment via "mixing in 11 

of the low lying orbitally degenerate excited states. In 

fact the low spin magnetic moment is close to IS rather than 

the spin only value of 13 .. If there exist thermally accessible 

degenerate excited states addition to the degenerate 

ground state, then the second order e ct can not be neglected. 

In this case no simplification of Van Vleck's equation is 

possible, and we may expect a complicated temperature-dependent 

susceptibility, A deviation from the Curie law will lead to 

the observation of a temperature-dependent magnetic moment. 
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Care c on of Van Vleck's equation to temperature 

de nee sus tibili will thus assign the ground 

state symme and provide information the excited 

states as well, 

Electron onance 

A. Introd on to Electvon I~esonance 

Electron in Resonance (ESR) is extremely spe fie in 

its cation because only those terns which contain un~ 

red e ctrons such as trans metal ions, free radicals 

e ctron centers will give se to an ESR signal. 

Like any r resonance method, ESR spectroscopy monitors 

the net absorp of energy from a radiation field when 

molecules ch ir energy state (29-31). Essentially it 

measures the electron Zeeman energy of a paramagne~cic species 

magne c d. discussed earlier, the magnetic 

dipole an electron consists of an orbital part and a 

spin part, A n moment is a purely quantum mechanical 

e ct and can not be scribed accurately by classical 

analogs while the 1. moment can be easily de ved from 

a l electrodynamics nt The magnetic 

momeni: molecules wi unpai electrons is dominated by 
·..;· 

moment~ thus ESR spectra are usually interpreted 

by means a lt an than actual 

d by making the g values deviate 

from the free electron value, 2.00232. The quantum mechanical 
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spin magnetic moment operator is given by 

where the direction of quantization is z. Here no hyperfine 

interaction is considered. The corresponding spin Hamiltonian 

is then 

Since the two possible electron spln eigenvalues are ±1/2, · 

the Zeeman energy, E, corresponds to 

Here, if the energy of radiation matches the separation of the 

Zeeman energy at a certain magnetic field, H , the resonance 
y 

condition is met: 

hw ::: g13H 
y 

is evident that information that one obtains from an ESR 

experiment is contained in the g values, which reflect the 

extent of spin~orbit interaction. Most molecules are highly 

anisotropic, which means that the energy levels are dependent 

on the direction of the applied f{eld with respect to the 

principal axes of synunetry of the molecule, x, y and z ( 32). 
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As a res in general three principal g values, g , g and 
X y 

, are e cted be observed. However, this anisotropy of 

g s can ave d out in solution samples where 

mo cular ling is t. The anisotropy may also be 

partially removed by symmetry in the molecule. For example, 

if the cule contains a single three-fold or higher 

axis of along z, then x and y are equivalent. In 

such a case, = gy t gz' which are corrrmonly designated as 

ctr'a of teins 

ESR spectroscopy has been exclusively applied to ferric 

roteins although other valence states may be paramagnetic. 

c hemeproteins yield two most commonly observed classes 

of EPR spectra; namely, those characteristic of high sp1.n 

and low spin states. Typical low spin ESR spectra consist 

highly sotropic g values, which immediately suggests 

two thin (1) the symmetry of the heme group, which is 

generally re d as D4 h' may have been reduced to D
2
h, and 

( 2) there may be a large orbital angular momentum contribution. 

low heme EPR spectra may be best analyzed by a 

positive hole model proposed by Weissbluth (33). The model 

assumes that the three t 
2g 

orbitals are completely isolated 

from the two e orbi by a strong octahedral g 

ld (Fig. 2). Then five valence electrons will occupy 

t
2

g orbitals such that one electron configuration corresponds 

to ( d ) 2 ( 
xy ) 2 Cd ), which can be represented alternatively yz . 

(d )
+ . . 

as a pos1. ve hole 1.n d 
yz ' yz 

The states of such a 
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system will be ermined by asym.me c ligand field inter~ 

action and spin~orbit coupling (34). ~orbit coupling 

m1xes three d s and spin systems, which gives 

rise to r s daub ts. 12 illustrates the 

levels and o tals viewed as hole states. The 

nfunctions corresponding to the lowest Krarners doublet 

may ven as a ar combination of r
2

g spin orbitals: 

I+>= aj~a> 

1-> =-a! ~S>- iblnB>- c!~a> 

where ~, n ~ are orbi wavefunctions corresponding to 

d d and d respectively. The ESR transition arises 
yz' .xz xy' 

from this doublet when it is split by the magnetic field. 

For an sotropic system the energy splitting along axis 

J is ~E. = g.BH, where j = x, y or z. From this the principal 
J J . 

g values may be expressed in terms of the wave.function co-

e cients by 

2[a 
2 

(b+c) 2 ] gx :;: ~ 

2 b2] gy ::: 2[(a+c) 

::: 2[(a+b) 2 c2] 

Or, if the principal g values are known from an ESR measurement 

one can es tirnate coefficients. Then from the known eigen-

functions h 1 . 2 b2 2 1 h . . t e re at1on a + + c ::: , t e e1gen energ1es 

may be cal ed. If the energy of d positive hole, E , 
yz yz 

is assu~ed to be zero, then t~e energy of the ground Krarners 
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Figure 12, d orbital energy levels of a t
2

g set viewed as 

hole states in strong ligand field, which show the 

origin of a low spin ESR. 
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doublet, E' , corresponds to 
yz 

E' = yz 

and Exz and Exy correspond to 

E El + a+c 
:;: = xz yz 2b gz 

-- a+b 
E ::: E' + :;: 

xy yz 2c gz 
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+ 
gy 

gy gz ~ gx 

g 
+ 

gy gy ~ gx 

where the eigen energies are given in units of spin-orbit 

coupling constant, L It :1s clear that the axial distortion 

t:.!A., will be E ~ 1:_ E and rhombic distortion, VIA., will 
xy 2 xz 

be E xz The above correlation is, however, only a first-order 

approximation, because no orbital reduction via covalent 

bonding is taken into account. Indeed, consistently 
.. 2 

greater orbital contribution to the ground T2g term has 

been found. Griffith (15) claims that this can be due to 

mixing in of the excited states such as the t 4
2 e configuration, 

g g 

but no theory has been worked out in detail. 

High spin heme ESR spectra are characterized by gll =2 and 

g
1 

=6 signals almost without exception ( 33). This immediately 

indicates the presence of strong axial symmetry. In weak 

crystal field, the ground term is 6Alg' and the lowest lying 

. d 4A d 4E . . ( · ) exclte states are 2g an g ln D4hpolnt group Flg. 13 . 

Spin-orbit coupling mixes these excited states into the 

ground state which leads to axial zero field splitting. When 

the local symmetry of iron is reduced by a rhombic field, 

Lf 
E becomes split in·to E and E components which results in X y . 
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gure 13. d orbital energy diagram in weak crystal field 

which indicates the axial (61 ,6 2 ) and rhombic (6x,6y) 

dis tort ion parameters and the or·igin of a high spin ESR. 
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rhombic split ng of g1 = 6 sign In such a case, the 

spin Hami onian for the total interaction may be written as 

where D and E are axial zero field and rhombic 

splitting parameters, respectively, and S ( S+ l) 

field 

= s2 + 
X 

D and E may be defined in terms of crystal field energy and 

spin~orbi·t coupling constant as 

D A. <L 1 = ~) 
5 L'll 62 

E 
A.2 l L) = (---
10 /J,x 6 

y 

where 61 , 6 2 , 6x and 6y are as indicated in Fig. 13. The 

zero field splitting removes the sex~e~ spln degeneracy in~o 

three Kramers doublets with S = ±5/2, ±3/2 and ±l/2. z .. 

According to the above spin Hamiltonian S = ±5/2 and S = ±3/2 z z 

states are separated from the lowest doublet, S = ±l/2, by 
z 

6D and 2D, respectively. The ESR transition is from the 

lowest Kramers doublet. When the magnetic field lS along z, 

the projection of S = ±l/2 state on the field is normal, z 

i.e. gil = 2. When the field is perpendicular to the 

direction of quantization, however, the interaction of S = ±l/2 z 

state with the field becomes exceedingly large, which will 

induce the value of g1 to deviate from the free electron 

value. In general when D > g8H, g1 = 28+1. 
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Under cert c tions, the separation of energy 

4 6 
between A2g and Alg states of high spin iron can be very 

small. 4 Indeed, in Chromatium cytochrome c', A2 g is known 

to be the state (10). If this energy separation is 

in the order of spin~orbi t coupling constant, a large amount 

of mixing the two quantum mechanical states is expected 

1. Accordingly, 

In other words, when the ground state of iron exists in a 

quantum mechanically admixed state, the g1 value will lie 

between that for the pure Sz = 1/2 components of 6A1 g 

l+ ( (2S+l '"' 6) and A2g 2S+l :::: 4) states. 



84 

REFERENCES 

1. J.~H. Fuhrhop, Angew. Chern., Int. Ed. ll' 321 (1974). 

2. J.L. Hoard, Science 174, 1295 (1971). 

3. M. Gouterman, J. Chern. Phys. ~' 1139 (1959). 

4. C. Weiss, H. Kobayashi and M. Gouterman, J. Mol. 

Spectrosc. 16, 415 (1965). 

5. A. Corwin, Ann. N.Y. Acad. Sci. 206, 201 (1973). 

6. R.E. Dickerson, T. Takano, D. Eisenberg, O.B. Kallai, 

L. Samson, A. Cooper, and E. Margoliash, J. Biol. 

Chern. 246, 1511 (1971). 

7 . A. Tasaki, nProbes of Enzymes and Hemoproteins 11 

(B. Chance, T. Yonetani and A.S. Mildvan, eds.) 

p. 247. Academic Press, 1971. 

8. A. Tat:;a.kJ.., l11 "Probes of Enzymes and HeE,oproteiris 11
, 

Vol. II, (B. Chance, T. Yonetani and A.S. Mildvan, eds.) 

Academic Press, 1971. 

~3.. Mt)MG Meltempo, ToHo Moss and M .. Ao Cusanovich, 

Biochim. Biophys. Acta 342, 290 (1974). 

10. M.M. Meltempo and T.H. Moss, Quarterly Reviews of 

Biophysics~' 181 (1976). 

11. W.T. Simpson, J. Chern. Phys. !2, 1218 (1949). 

12. B.N. Figgis, "Introduction to Ligand Fields", 

Interscience Publishers, John Wiley & Sons, 1967. 

13. H. Eyring, J. Walter and G.E. Kimball, 11 Quantum 

Chemistry", John Wiley, 1944. 

14. T. Iizuka and M. Kotani, Biochim. Biophys. Acta 1~, 

351 (1969). 



85 

15. J.S. Gri , Proc. Roy. Soc. (London) A 235, 23 (1956). 

P. Day, D.W. 

1563 (1967). 

m1d R.J.P. Williams, Biochem. ~' 

17. B.R. and C.P. Taylor, Bio . Biophys. 

Res. Commun. 4-2",, 1122 (1971). 

18. C.C. McDonald, W.D. Phillips and S.N. Vinogradov, 

Bi Biophys. Res. Comrnun. ~' 442 (1969). 

19. M. , !1. Gonterman, H. Kobayashi, The or. Chern. Acta 

6, 363 (1966). 

20. A.D. Buckingham and P.J. Stephens, Ann. Rev. Phys. Chern. 

;p, 399 (1966). 

21. B. Briat and C. Djerassi, Nature ~17, 918 (1968). 

22. P.N. Schatz and A.J. McCaffery Quart. Rev. Chern. 

Soc. 23, 552 (1969). 

23. P.J. Stephens, Ann. Rev. Phys. Chern. ~' 201 (1974)., 

2l~. L. Vickery, T. Nozawa and K. Sauer, J. Am. Chern. Soc. 

98_' 3 5 1 ( 19 7 6 ) . 

25. L.A. Livshitz, A.M. Arutyunyan and Y.A. Sharnov, 

J. Chern. Phys. 6~, 1276 (1976). 

26. H. , Adv. Biophys. ~' 191 (1975). 

27. F.E. Mabbs and D.cL Machin, 111'1agnetism and Transition 

Metal Complexes 11
, Chapman and Hall, 1973. 

2 8. lJ .H. Van Vleck, "The Theory of Electric and Magnetic 

Susceptibilities 11
, Oxford University Press, 1965. 

29. A. Carrington and A.D. McLachlan, "In~troduction to 

Magnetic P.esonance n, Harper and P.ow, New York, 19 6 7. 



86 

30. P.F. Knowles, D. Marsh and H.W.E. Rattle, 11 Magnetic 

Resonance of Biomolecules", John Wiley and Sons, 

Inc., 1976. 

3L J. R. Bolton, 11 Biological Applications of Electron 

Spin Resonance", (H.M. Swartz, J.R. Bo on and D.C. 

Berg, eds.) John Wiley and Sons, Inc., 1972. 

32. J .E, Wertz and J, R. Bo1 ton, 11 Electron Spin Resonance 11
, 

p. 135, McGraw-Hill, New York, 1972. 

33. M. Weissbluth, "Hemoglobinn, Springer~Ver1ag, New York, 

1974, 

34. C.P.S. Taylor, Biochim. Biophys. Acta 491, 137 (1977). 



CHAPTER III 

PREPARATION AND CHARACTERIZATION 

OF N~ACETYLATED HEHE OCTAPEPTIDE: 

N-H8PT 

87 



88 

CHAPTEI<, III 

A. INTRODUCTION 

Appropriate model stems of hemoprote s can be of great 

s s con g eluci of structure~ 

ction re the parent mole es. Porphyrins 

porphyrins, particular, have received close 

attention because of ir st an gy to the pros~ 

thetic groups s (1~7). However, their intrinsic 

low solubi ties properties in aqueous 

solutions have been a se ous problem for obtaining any 

meaningful J_on. It is especially true with regard 

to the de ls of d binding e cts on hemes and heme 

analogs, because most of the s shave been carried out in 

non·-aqueous solvent systems, Use of non~aqueous solvent 

medium, ugh it removes aggregation problem, remalns 

undesi le because the active sites of hemoprote s are at 

exposed to water the native state. 

cyto s of c, the two representative model 

ounds are c and peptides of mammalian cytochrome 

c cont ns two cystinyl oether linkages 

at the vinyl sites of protoporphyrin IX characteristic of the 

parent molecule. The addition of thioether bonds to par-

phyrin not only greatly enhances water so li ty but also 

lds a typi type c hemochrome absorp spectrum; the 

position the Q trar1s ion lies higher in energy tha_n o-o 

that of normal iron p IX. This is due to 
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reduction in the size of porphyrin n system. Extensive 

investigation has been performed on the optical and thermo-

dynamic characteristics of li binding on hemin c in 

aqueous solutions (18). However, hemin c still dimerizes 

readily even at a dilute concentration; i.e., in the order 

of 10-6M. In addition, it does not form mixed axial 

coordinate complexes such as cytochrome c where sulfur of 

methionine and nitrogen of histidine residues are known to 

be the axial ligands. The better models are the heme peptides 

directly isolated the native enzyme by the action of 

protease or chemical means (11,14 ,15). The length of the 

peptides may vary from five to sixty five. More commonly 

used and extensively characterized are the heme undeca- and 

octapeptides of hon:>e heax't cytocln"ome + .. 
prepared by Tuppy and Pelius (9) and later by Harbury and 

Loach (10). These model systems are unique in that the fifth 

axial coordination site is intrinsically occupied by the 

imidazole of the peptide histidyl residue. Furthermore, 

the hemes are covalently bonded to the peptide as in hemin 

c. Thus, the principal difference from its parent molecule 

the absence of methionine ligand and the protein moiety. 

These heme oligopepti s are readily soluble over a wide 

range of pH, an additional advantage for studying aqueous 

ution properties The absorption spectral and the pH-

dependent redox properties of some of the nitrogenous 

complexes as well as heme peptides themselves have been 
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l. acid s uence of the heme undeca~ and 

ootapeptides of horse heart cytochrome c. 
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,l~l,20), these 

~dependent 

heme peptides, 

a_nd Pr~t:te (21,22) ir optical 

t :r•e glon . The sm (CD) studies 

d to be manl st as exciton 

lit g -the Soret trans ion. tion, 

served o~ or 

con ons 

te on 

prote s such as 

tochrome cc ' .. 

form a 

one peptide p 

cule. 

coordin 

In 

on is 

sm 

und to re 

tween 

ct 

s. 

s 

ses from large 

hemes at high 

c heme 

s may facilitate 

multi~heme 

e, hemoglobin and 

ous mechanism of aggregation is to 

the free terminal amino group of 

ates as a sixth li d to the secono heme 

heme uncle de (HllPT), rmolecular 

0 ss le v.la the c o group of the 

lysyl residue ( g. 1), In fact, more recent s s 

concern g 

prope 

induced 

7. 6 ' 

occurs th a pK 

dent 

ue 

t:i.c measuremen·ts and magne c 

H uncle s lysine residue

th a pK value of 

mediated aggregation 0 

5.8 (23,24). heme concentra~ 

tions, where me peptides are most monomeric species, 

at ts were so made to iden the unl<:no~rm li ds of 

cytochrome c before the x~ray structure became known (12 ,13). 
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Although previous studies illustrate vers le applica~ 

bility of heme peptides as model compounds of various hemo-

proteins, they do not elude extensive characterization of 

rnonomer1c heme ides at high concentration, which may be 

obtained by blocking the free amino group. our magnetic 

·and electron spin resonance measurements discussed in Chapter 

V, it is important that ligand induced aggregation such as 

that mentioned above is removed even at high concentration. 

Described in this chapter are the methods for the preparation 

of the N~acetylated rric heme octapeptide from horse heart 

cytochrome c. Also included is its detailed optical and CD 

spectral characterization. 

B. ISOLATION AND N~ACETYLATION OF FERRIC HEME OCTAPEPTIDE 

Materi 

Horse heart cytochrome c (Type IV grade)· was obtained 

from Sigma and used without further purification. Pepsin 

and trypsin twice crystallized products were also from Sigma 

and used without further purification. Acetic anhydride was 

from Matheson, Colem&l and Bell, sodium acetate and an~onium 

sulfate, from Baker and Adamson, and trichloroacetic acid, 

from Mallinckrodt. Other reagents were of analytical g~ade. 

thods 

Absorption spectra were recorded on a Cary 118 Spectrometer 

and CD spectra on an instrument which 1s described elsewhere (25). 

Amino acid analyses were performed using a Beckman Multichrome 
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d Co Chroma to 120C. The heme concentration was 

d the sorbance at 406 nm of the imidazole 

complex, which e 

isolation procedure was essent lly used by 

ury and (10). A so ion g 2.0 g cyto-

chrome c and u,o s .ln a to of 200 ml at 

L5 was a ted 10 urs at 20°C Wl slow stirring. 

s was d, the was restored to 1.5, 

the itated at 3°C axnmonium sulfate 

tion to a al of 4.1 M (near saturation). 

The sol on was d at 7.7 kg for 15 minutes 

at 3 ° C. The pre ates were dissolved ln 110 ml, 0.01 M 

NH 4 OH, and to that was d slowly with stirring 500 ml of 

1 . 5 

8 

=- ........ ..,.,...,...""" -. ., ~,...,.,. 

Q.JU.lHV! 1. J,. UJ!t sulfat:e s .lifter 20 rn.inutes, 

1. 2 M t chloroacetic d was added and the 

itates were collected by cent fugation again at 7.7 

re ss 

lS r 12 

t chan 8 of 

d q.o 

at 3° c 

NHLt OH s 

m1 

against 

0.01 M NH
4

0H. After 

-10~ 3M NH
4 

OH with 

ng the period, the 

le solution was subjected to lyophi z on. 

A colurnn whi was 2 em in diameter and 40 em 

long was ared as fol crude Hyflo Super~Cel was 

d ce 6N HCl \111l s llmJed by thorough 

washing with s lled water. solution was ltered 

dried at 115°C. To 39 g of dried Hyflo Super~Cel, 24 

ml of tr1e ous phase of a x~cure n~butanol/ acetic acid/water 
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( 4 : l : 5) was d followed by 105 ml of the non~aqueous 

phase. T:he slurry was used to pack the column. The lyo~ 

lized me s were then disso d 4. 0 ml of 

non~aqueous phase and loaded on the column. It was 

eluted with the non~aqueous phase at a rate of 4 ml/hr 

and the main co d band was collected into tubes with 3 

ml each, The chromatogram obtained by rbance reading 

at 6 2 5 nrn confirmed the presence of a single component, The 

tubes in the 1 region of the chromatogram were discarded. 

The purified HllPT so obtained was extracted into the aqueous 

phase by addi on of 3. 5 M NHL~ OH. veral repeated extractions 

were combined to a total volume of 4.4 ml; the final 

pH vvas 8, 7. ::;ample 

NH
4 

OH .for 5 hours with at least four changes of NH
4 

OH solution 

during the period, and against dis lled water for 3 hours. 

Conversion the HllPT to HBPT was carried out as 

lows: After 200 mg of the HllPT was dissolved in 90 ml 

~3 
of 5 x 10 'M NH~OH, 21 mg 

T 

twice crystallized -trypsin 

was added and the solution was incubated 12 hours at 

slow s g. The pH the solution was monitored 

to follow rate lysis. At of incubation, 

an r 11 trypsin was d and the incubation continued 

an tional 12 at 36°C. No pH change was observed 

towards end of second incubation od indicating the 

tion of sis. The solution ~;,;as boiled at l00°C 

5 s ected ·to The crude 
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H8PT was purified by partition chromatogra~ 

to the method described above. The resulting 

mate z.ed st 
~3 

10 -M NH
4

0H and against water, 

z.ed 

Ace of N~terminal amuw group of the H8PT was 

d out by the of rat (26). A mixture 

vo s of heme so ion (60 mg/1.5 ml) and 

d s um acetate so on was treated by slow addition 

of an amount ace c anhydride approximately equal to the 

of H8 at 0 ° C. The mixture was allowed to react 

3 hours at 0° C, The modified HBPT \ftJas then purified twice 

on a Bio Gel P·--2 column (1.5 em x 15.0 em) equilibrated with 

0.1 M phosphate b , pH 7.0 and dialized abainst 5 x 10~ 3 

11 pho buf r, 7.0 followed by distilled water. 

sol on was lyophilized and stored at -20°C. 

For acid an is, the following procedure was used. 

1 mg of the tide, which was enough to provide 0.02 to 

0. 6 micromoles each cons tuent amino acid, was dissolved 

1. 0 ml ass-dis lled 6N HCl. The solution was 

trans rred to a tes-t tube with a narrm.v neck, 1 to 3 mm 

dimneter, at a p about 1. 5 em from the end of the tube, 

frozen ice/ acetone bath and connected to a high 

vacuum pmnp It was evacuated 2 0 minutes while 

sol on z.en, and the tube was sealed at the 

narrow ne th a torch. The sample was allowed to hydroly z.e 
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for 22 hours in a ll0°C oven. After cooling, the top of the 

tube was removed and the precipitates containing heme residues 

were removed by centrifugation. The HCl in the hydrolyzate 

was evaporated to ss under vacuum in a closed desiccator 

with a dish of NaOH pellets. The dried film of hydrolyzed 

sample was dissolved in 2.0 ml buffer, pH 2.2 for the 

analysis. 

c. DISCUSSION 

Amino d analyses of the HllPT and H8PT gave results 

1n good agreement with those reported by Ha!'bury and Loach 

(10) and are consistent with the known composition of the 

peptides (Table I). It is significant that in the H8PT 

preparation. lysine content is reduced to 2%, indicating 

essentially complete trypsin hydrolysis. Complete N-

acetylation of the H8PT was verified by thin layer 

chromatography on a silica gel plate using the non~aqueous 

phas·e of a mixture n~butanol/ acetic acid/water ( 4 : 1 : 5) 

as a solvent system. The N-acetylated H8PT (N~H8PT) showed 

no trace the unmodified form. The Rf values for the H8PT 

and N-H8PT were approximately 42 and 57, respectively, which 

agree very well with the reported values (20). 

Figures 2 and 3 show concentration dependent variations 

the visible absorp·tion and Soret circular dichroism spectra 

ferric H8PT at neutral pH, 20°C before and after 

tylation. For the absorption spectra, concentration 

and path length were reciprocally changed to maintain the heme· 
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LE I 

Peak~erage Area 

Hl1PT H8PT 

a 0. 1.04 

u (NH2 )~ Glu 3.12 2.10 

s 1.04 0.96 

0. 0.86 

Val l. 1.05 

L 10 0. 

(2) 0.89 0.67 

0.08 0.06 

0.02 0.04 

0.08 0.08 

0, 0.05 

0.04 0.06 

0. 0.03 

0.01 0.01 
~---~-

XBL 786 ~ 4007 
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Figure 2A. The.concentration dependent absorption spectra 

of the heme octapeptide at pH 7.0, 20°C. 
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gure 2B. The concentration dependent Soret circular 

dichroism spectra of the heme octapeptide at pH 7. 0, 

20°C. 



102 

D 

I -E 
0 

" 

- 0 
0 

375 450 

( n ) 
XBL 771-4155 



10 3 

Figure 3A. The concentration dependent absorption spectra 

of the N~acetylated heme octapeptide at pH 7.0, 20°C. 
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Figure 38. The concentration dependent Soret ciircular 

dichroism spectra of the N~acetylated heme octapeptide 

at pH 7.0, 20°C. 
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content each solu<tion equal, In Fig. 2A, the spectrum 

of the H8PT at low heme concentration (dotted trace) is of 

high in character: The Soret d s below 400 nm, a, S 

bands are not well resolved and there :LS a distinct 6 2 5 nm 

charge transfer band that is believed to arise from a por~ 

phyrin TI to iron drr transition. At low heme concentration, 

where monome c spe es are predominant, a sixth axial ligand 

site :LS thought to 0 d by a water molecule, a weak 

ld ligand. The spectrum at high concentration (solid trace), 

on the other d, exhibits a large amount of low spin charac~ 

ter, indicated by the red~ shifted So ret band, the well resolved 

strong 6 band at 520 nm and reduced intensity of the 625 nm 

band. The low spin form arises from intermolecular coordination 

of the heme via the f .. ree N~terminal amino group of another 

peptide, providing a strong field ligand. A split Soret 

transition with its maximum at 404 nm and a shoulder at 363 

nm is due to exciton resonance interaction. As has been 

discus sed previously by Urry ( 21), a dipolar interaction 

potential between transi moments in heme aggregates 

consists a term scribing ractions of the Soret 

transition in one chromophore with the Soret transitions in 

other chromophores, and a term resulting from interactions 

of the Soret transi on with all of the other in~plane 

polarized trm1sitions, such as the visible and charge transfer 

bands. The former gives rise to exciton splitting of the 

doubly degenerate Soret tra~sitio~ and the latter to dispersion 
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force int ons leading to hyper~ or hypochromism. Hyper-

and hypochromism attending aggregation are associated with 

increase and decrease respectively of the oscillator' strength 

on a per absorbing unit basis (22). Tinoco (27) and Rhodes 

(2 8) have related these phenomena to geometric arrangements 

of subunits in polymeric systems. The assumption is that 

the transition under consideration 1s in the plane of an 

aromatic chromophore and that the pol zability in that 

plane greater than the polarizability perpendicular to 

the plane. More specifically, the planar aromatic groups 

in a stacked conformation are expected to give rise to 

hypochromism and those in a head-to-tail alignment, to 

hyperchromism. The same conclusion such as above may be 

made in aggregated heme peptide systems, because the Soret 

transition is x-y polarized and the. dipole strength in-plane 

is much greater than that out~of-plane. In Fig. 2A 1s shown 

the ~pparent aggregation-dependent hypochromism of the H8PT, 

This suggests that the H8PT exists in a more stacked 

con guration than the head-to-tail alignment consistent 

with the reported results (22). Exciton interactions 

treated byKasha (29) predict a blue or red shift of the 

absorption band position in addition to splitting of the 

band in the two limiting cases ~ a parallel stacking or a 

ad-to-tail alignment of transition dipoles, respectively. 

In other words, hypochromism leads to a blue shift and 

hyperchromism, to a red shift. In the HSPT case, the 
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Soret band is split about the position of the monomer tran

sition which suggests an oblique orientation of heme planes. 

The effect of exciton interaction is more pronounced 

in CD spectra because the induced molecular dissymetry 

results in split Soret transitions with rotational strengths 

of opposite sign. In g. 2B, the Soret CD spectrum at low 

heme concentration exhibits only a single peak with a 

maximum at 396 nm while a·t high concentration, a double CD 

feature is observed, in good agreement with the reported 

results (22). The lack of an isosbestic or isoelliptic 

point in the spectra indicates that the aggregation results 

in multiple states involving higher degrees of polymerization. 

After N~acetylation, as can be seen in Fig. 3A, the 

visible region the absor·ption spectrum remains high spin 

in. character even at high heme concentration. This provides 

evidence for the removal of ligand~induced aggregation. The 

Soret band is still split, however, although its 

maximum occurs at a different wavelength, 396 nm (solid trace). 

The band maximum is a-t the monomer position, unlike the free 

H8PT whose maximum occurs at 404 nm. This suggests the 

,.presence of heme interactions that may be different 1n 

nature. Fig. 3B shows CD spectra that consist of a single 

positive pea."<: at both low and high concentration. The 

decreased elliptici-ty and the small bandshape changes at 

high concentration indicate some kind of heme interaction. 
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The ability of porphyrins to participate in 7f interactions 

is widely recognized from both their tendency to aggregate 

in solution regardless of whether a metal or axial ligand is 

present, and their interaction with organic donor and acceptor 

molecules (30-35). In addition, several model compounds forming 

7f donor-acceptor stacking type dimers have been characterized 

in terms of their spectres copic and magnetic properties ( 36) . 

As suggested by Goff and Morgan (8) in their studies of hemin 

c aqueous solution properties, most probably the N-H8PT 

molecules are also associated by dihydroxo bridges or bound 

by 7f donor-acce?tor forces. The latter would require 

hydrolysis of each Fe(III) to reduce charge at the iron 

center for closer approach of two hemes. They have shown 

that Lhe hemin c solution at 4 x 10-
6

M gives rise to a split 

Soret band with one.of the maxima occurring at the monomer 

position, which agrees with our absorption results of the 

N-H8PT at high concentration. Should such an interaction 

indeed exist, a weak antiferromagnetic coupling should be 

observed as a slightly diminished value of the high spin 

heme iron (S = 5/2) magnetic moment (36). As will be seen 

in chapter V, our magnetic data are consistent with the 

view of having 7f interaction in the N-H8PT at high concentration. 
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CHAPTER IV 

ABSORPTION AND MCD SPECTRA OF THE COMPLEXES OF N-HSPT 
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CHAPTER IV 

A. INTRODUCTION 

Studies of electronic structure and magnetic properties . 

of hemoproteins are es al to the understanding of their 

physiological functions. In cytochromes, of particular 

interest has been the possible role of axial ligands provided 

by the protein in the regulation of electron transport. 

Evidence suggests that the magnetic state of the iron, which 

in part is determined by the chemical nature of the axial 

ligands, plays an important role in electron transport by 

affecting the r~duction potential of the enzyme (1,2). As 

discussed in Chapter II, the electronic properties of por~ 

phyrin are closely coupled with the magnetic properties of 

iron in rric hemoproteins (3~10). Thus, optical 

measurements are convenient for monitoring subtle changes in 

the immediate heme environment. Magnetic circular dichroism 

(MCD) is especially useful for structural studies of hemo~ 

proteins because of its ability to discriminate both the 

oxidation and spin state changes independently of each 

other (11-20). Our effort has been focused on elucidating the 

electr•onic structure of the heme in general through detailed 

ligand binding effects on the ferric N-H8PT. 

Described in this chapter are our initial attempts to 

prepare the model complex of cytochrome c with the H8PT using 

organic analogs of methionine sulfur ligand in both aqueous 

and non~aqueous (dimethyl st:l de) solvents. Sulfur 
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ligands possess weak binding affinities tmvard ferric ion. 

Thus, solubility often is a limiting factor for the extent 

of ligation. Dimethyl sulfide which has a stronger binding 

affinity towards Fe (III) ion than methionine in dimethyl 

sulfoxide has been used in hopes of increasing the amount 

of the ligand bound hemes. Also included are the absorption 

and MCD spectral measurements on the complexes of the N-H8PT 

with various external ligands, i.e. fluoride, hydroxide, 

de, N-methionine, imidazole and cyanide at neutral pH 

(except hydroxide), 20°C. These complexes behave generally 

as predicted by. ligand field strength considerations. 

Imidazole-sulfur coordination is thought to produce a strong 

field interaction, because cytochrome c exists in the purely 

low spin state ind.ependen-r of t:emperature. However, our 

model system studies show that this appears not to be the 

case. 

Spectroscopic identi cation of the intrinsic axial 

ligands of cytochromes whose x-ray structures are not yet 

known is of particular interest to us. Previous workers 

have suggested that the inherent sensitivity of the visible 

MCD spectral band shape to the electronic structure of the 

heme chromophore bears a great potenti for determining the 

nature of the axial ligands (16)~ In this regard, our N-H8PT 

complexes seem to provide excellent model systems for 

systematic comparative studies. Attempts have been made to 

elucidate the unknmm ligands of cytochromes c~~ (yeast) and 
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f (spinach). Both cytochromes are known to be of type c. 

That is, the a band maximum of the reduced form occurs near 

550 nm which is 10-20 nm higher in energy than the a band of 

typi low spin hemoproteins in the reduced state. This 

is believed to arise from the covalent linkage of the heme 

group to the protein which breaks the rr bond of the two 

vinyl side chains included in the rr system of protoporphyrin 

IX. The main question is whether methionine coordination 

is a universal property of all type c cytochromes. The 

MCD results alone do not provide unequivocal evidence. 

B. EXPERIMENTAL 

Materials and Methods 

The ligand solutions were prepared by dissolving appropri

.ate potassium salts in 0.1 M phosphate buffer at pH 7.0. The 

s.tock solution of N-acetylated methionine ( 3. 0 M) was prepared 

by a slow addition of a solution containing 6.0 M KOH iri 

0.1 M phosphate buffer to solid N-methionine until it reached 

neutral pH, followed by adjustment of the final volume with 

0.1 M phosphate buffer, pH 7.0. N-methionine amide was used 

as obtained from Cyclo Chemical Company. N-methionine methyl 

ester was prepared from methionine methyl ester-HC1 salt 

obtained from Sigma by N-acetylation. The procedure used was 

as follows. 0.5 g methionine methyl ester-HCl was dissolved 

in 100 ml pyridine followed by addition of 50% molar excess 

of acetic anhydride. To this mixture an equivalent amount 
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of tetraethyl amine was added to pull the equilibrium to the 

product formation and it was allowed to react for six hours. 

After rotary evaporation, the oily residue was dissol.ved in 

an equal volume of CHC1 3 , washed with 0.3 M HCl solution 

three times, washed again with saturated NaCl solution and 

filtered after the addition of sodium sulfate. The solution 

was then subjected to rotary evaporation. N-methionine methyl 

ester was a yellowish oil. Cytochromes c (yeast) and f 

(spinach) were a generous gift from Dr. J. Siedow, Department 

of Botany, Duke University, N.C. Dimethyl sulfide and 

dimethyl sulfoxide were from Baker and used without further 

purification. Hemin was from Eastman Kodak and used as 

obtained. 

1\bsorption spectra ~4Jere recorded on a Cary 118 ctrometer. 

When necessary, temperature control was made uslng a Forma

Temp Jr. model 2095 water bath. MCD spectra were obtained on 

m1 instrument which is described elsewhere (21). Temperature 

control was obtained by using jacketed cells. 

C. RESULTS 

Fig. 1 shows the absorption spectra of ferric cytochrome 

c and of the ferric H8PT in the presence of N-methionine or 

dimethyl sulfide (DMS) in 0.1 M phosphate buffer, pH 7.0. The 

ligand concentrations indicated in the figure are those at which 

the spectral changes are nearly saturated. The spectrum 

of cytochrome c is typical of the low spin form, with a 
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gure 1. The absorption spectra of ferric cytochrome c and 

the ferric heme octapeptide in the presence of N

methionine or dimethyl sulfide. The ligand concentra

tions are those at which the spectral changes are 

nearly saturated. 
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Soret maxlmum at 410 nm and a S maximum at 528 nm. Even 

though the two axial gands of the H8PT complex with N-

methionine (N~Met~H8PT), are identical to those of 

cytochrome c, it exhibits a residual of the charge trans r 

band near 625 nm characteristic of a high spin form in 

addition to all the low spin features of cytochrome c. 

This suggests that the N-Met~H8PT complex exists as a 

thermal mixture of high and low spin forms, as has been 

found in various hemoprotein derivatives. Although 

DMS appears to be a good sulfur ligand representing 

methionine, the spectrum of the DMS-H8PT complex does not 

exhibit either the low spin, the high spin or the mixed spin 

spectral features. The Soret intensity is diminished drastically 

with indicdtlons of at least two trw!sitions w!dcr the absorption 

envelope, concomitant with the appearance of a strong new band 

at 638 nm. The nature this new band is not clear. Further-

more, the intensities of the 638 nm band and the Soret band 

decrease as a function of time. Fig. 2 shows the absorption 

spectra of the ferric H8PT with or without DMS in 80% 

DMSO/H
2
o. The free H8PT in DMSO/H

2
o shows some low spln 

features as indicated by the increase of the S band intensity 

near 525 nm and the shift of the Soret maximum to lower energy, 

402 nm. Most probably, this is due to interaction with the 

solvent molecules. DMSO is a weak field ligand, but the 

effective ligand field strength lS expected to be greater 

than that of water owing to its increased electron donating 



Figure 2. The absorption spectra of the ferric heme 

octapeptide with or without dimethyl sulfide in 

80% DMSO/H20. 
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nature. The two spectra for the DMS -HSPT complex show 

time dependent behavior. The inltial spectrum, Fig. 2(a) 

appears to reflect the mixed spin form, although the Soret 

maxlmum occurs at a much longer wavelength and its intensity 

too low. Again, there are indications of having more 

than one transition in the Soret band. In the final 

spectrum, Fig. 2(b), which is obtained after one hour of 

equilibration, the Soret intensity is almost absent and the 

8 band intensity is decreased while the 632 nm band lS 

increased. Reduction of Soret intensity seems to indicate 

the attack on the porphyrin n system. 

The absorption spectra of the N~HSPT in the presence of 

imidazole, N-methionine or 0 .1 M phosphate buffer, pH 7. 0 

The i~2dazole complex yields a 

low spin hemichrome spectrum, and the aquo complex a high 

spin spectrum, as predicted from their gand field strength 

considerations. The N-Met-N-H8PT complex, however, again 

gives rise to the mixed spin spectral characteristics. In 

Fig. 4 are shown the actual spectra recorded during a 

spectrophotometric titration for N-methionine binding ln 

0.1 M phosphate buffer, pH 7.0. The spectra are shown with 

up to 2.0 M N-methionine. The spectra at higher N-methionine 

concentration are virtually the same as the spectrum at 

2.0 M concentration except that the Soret intensity lncreases 

slightly and the band maximum exhibits a small blue shift 

( < 2 nm). There is an isosbestic· point at 58 3 nm and an 
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Figure 3. The ·absorption spectra of the N~acetylated heme 

octapeptide in the presence of N-methionine, imidazole 

or 0.1 M phosphate buffer at pH 7.0, 20°C. The 

ligand concentrations are those at which the spectral 

changes are saturated. 
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---Fe (ml-N-H8PT+0.5M Imidazole 
·---·Fe (m)- N-H8PT, 0.1 M P0

4
", pH 7.0 

(20"C) 

... ____ _ 

A.{nm) 
XBL 772-4164 



127 

Figure 4. The spectral titration for N-methionine binding 

to the N~acetylated heme octapeptide. The ligand 

concentrations from a to f correspond to 0, 0.1, 

0.2, 0.5, 1.0 and 2.0 M respectively. 
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approximate one near 504 nm, but none appears in the Soret 

region except at 400 nm below 0.1 M concentration. This may 

indicate the presence of a third species at high N-methionine 

concentration or may reflect some unknown sol vent or charge 

effect of N-methionine. The absorbance fractional changes 

observed at the Soret, S or charge transfer band (Fig. 5) 

all suggest that at 2.5 M N~methionine the spectral change 

is nearly saturated. Table I summarizes the absorption 

spectral data of the ferric N-H8PT complexes with various 

added ligands at pH 7.0 (except OH-:), 20°C. The extinction 

coefficient of the N-methionine complex is approximately 

20% greater than that of cytochrome c, which has sM = 

106 x 10 3 M~1cm-1 . However, its band maxima agree with 

those of cytochrome c within 2 nm. In general, the position 

of. the Soret maximum consistently shifts to lower energy as 

a function of increasing ligand field strength. The intensity 

of 625 nm band also decreases and the position shifts to 

lower energy. 

Fig. 6 shows the Soret MCD spectra of the N-HSPT in the 

presence of a strong field (Imidazole), weak field (Fluoride) 

or N~methionine ligand. The fluoride complex shows a 

relatively weak magnetic ellipticity while the imidazole and 

N-methionine complexes exhibit strong magnetic ellipticities. 

A first derivative band shape characteristic of a low spin 

hemin complex appears to be a Faraday A term but it is 

actually known to be a superpositlon of two C terms of 
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Figure 5. The absorbance fractional change for N~methionine 

binding to the N~acetylated heme octapeptide against 

the N-methionine concentration. 
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Figure 6. The Soret magnetic cular dichroism spectra of 

the N~ace ated octapeptide in the presence of 

fluoride, N~methionine or imidazole ligand. 
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opposite polarity, thus paramagne c in origin (12). 

Theoretical origins 

discussed in det 1 

of each complex ( 

Faraday A, B and C terms have been 

Chapter II, The absorption maximum 

le I) does not correspond to the corres-

pending MCD zero crossing, which suggests that there are 

additional transi s ln the Soret reglon. A Faraday A 

and/or B term may cant to the served MCD intensity. 

Table II eludes the Soret MCD and CD spectral data of the 

ferric N~H8PT complexes with.various ligands at pH 7.0, 

20°C. When compared with cytochrome c, the N~methionine 

complex exhibits r magnetic ellipticities, consistent 

with the observed larger extinction coeffi ent of the Soret 

transition. In general, however the intensities of both 

peaks and troughs the t region increase with increasing 

ligand field strength. 

Fig. 7 s the visible MCD spectrum.of the N~Met~ 

N~HSPT complex Wl those of cytochromes c1 (yeast) and 

f (spinach) both oxidized and reduced states. In the 

oxidized state, a strong transition with a zero crosslng 

near 55 7 nm ln cates an MCD A term associated with Oo ...() 

transition (a band). Between the Q
0

_
1 

(S band) and Soret 

transitions, more de d fea·tures that arise from overlap 

of se we C terms are not resolved in the absorption 

spectra. The we C terms that re on are thought to be 

associated with the sible charge transfer transition (CT2 , 

Fig. 7, Chapter II) Hhose positiol'. and intensity are a sensi-

ti ve function of the chemi nature of the axial ligands. 
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gure 7. The sible magnetic circular dichroism spectra 

of the N~methionine complex of N~H8PT, cytochrome f 

and cytochrome c~ . 
~ 
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There , they pr)obably reflect the nature of the axial 

ligands as well as the local heme environment. The N-Met~N

H8PT complex shows better resolved spectral features 

room rature spectrum of cytochrome c, in fact 

it looks closer to the low temperature spectrum ( 16). 

In reduced state, a sJcrong A term dominates the spectrum, 

while we vibronic transitions appear at the high energy 

side. In both oxidation states striking spectral similarities 

are found between the N~H8PT complex and cytochrome c
1

, 

although the re ve intensities of the bands are different. 

This suggests that the axial ligands of cytochrome c
1 

are 

probably histidine and methionine residues. Differences in 

intensity may reflect subtle differences of the local heme 

environment. In. the ct:rum of ferric Cj.rtochrcme f, not 

only are the band intensities much weaker and not well 

resolved, but the zero crossing is red shifted by 2 nm. 

Even the reduced state the spectrum of cytochrome f is 

rather stinct from that of the N~Met~N-H8PT complex. 

Nevertheless, if whole spectrum is blue shifted by 2 nm, 

a reasonable agreement is observed bet~r.Jeen cytochrome f and 

the Met~ 8FT complex. appearance of a weak MCD A 

term near 630 nm with a negative trough in the oxidized 

state is probably ass 

band characte stic 

ated with the near IR charge transfer 

the high state (16,22,23), 

At 630 nm cytochrome c shows a positive MCD with ~£/H about 

0.6, while the d form of cytochrome c (pH 1.8) where chloride 
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ion is thought to replace the methionine ligand exhibits 

fl.e:/H = ~2.0 (results not shown) (16). In the N~Met~N~H8PT 

complex, there is only an indication of the presence of an 

A term. At 6 30 nm, zero MCD is observed. 

D. SCUSSION 

Interpretation of the absorption spectral results of the 

N~methionine or DMS complex the ferric N~H8PT deserves 

careful attention. Although it appears that the model 

tern of cytochrome c, the N-Met~N~H8PT complex exists as 

a thermal mixture of high and low spin forms at room tempera~ 

ture, absorption evidence alone is not conclusive. One of 

the s~rious problems is associated with the weak binding of 

sulfur ligands toward the ferric form. As shown in Fig. 

5, a very large molar excess of N~methionine is required 

saturation of the absorbance change. Therefore, it is 

not clear whether incomplete ·N~methionine binding is responsible 

the residual of high spin component at 2.5 M ligand 

concentration. The percentage of N~methionine ligation as a 

function of ligand concentration can be estimated from 

analysis of the spectral titration curves shown in Fig. 4. 

If we assume that only one N~methionine per heme binds to 

iron the equilibrium expression may be written in terms of 

the extinction coefficients as shown in Fig. 8 where e: 1s 
0 

the extinction coe cient in the absence of N-methionine, 



Figure 8, 

l4l 

A plot of s versus (s~s )/[N~methionine] at 409 
0 

nm where € is the extinction coefficient of the N-H8PT 
0 

at zero N-methionine and s, at any ligand concentration. 

The slope corresponds to -1/Q where Q is the equilib um 

quotient for one N-methionine binding per heme. 
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s at any gand concentration, and £
00 

at complete ligation (24). 

In Fig. 8, a plot of E versus E~£ /[N-methionine] results 
0 

ln a straight line. The observed value of is found to 

be 126 x 10 3 M- 1 cm 
1 

and the equilibrium quotient for N-

methionine binding (N-Met + N-H8PT ~ N-Met-N-H8PT), Q, 3.2. 

From these values we could estimate that at 2.5 M ligand 

concentration approximately 90% of ligand is bound at room 

temperature. A similar analysis in the visible region (at 

526 nm) also shows 90% ligand binding at 2.5 M concentration. 

The intensity of 625 nm band is clearly too large to account 

for 10% of the high spin N-HBPT, however. If the intensity 

of 625 nm band is taken to reflect the amount of the high 

spin form present, then the intensity of the N-Met-N-HSPT 

complex corresponds to about 35% hi12:h sDin state assumin12: 
..., ""' - ... . -

that the fluoride complex is purely high spin. It is 

possible that there is some bis-N-Met-N-H8PT complex formed. 

Practically no steric hinderance exists in the peptide to 

protect the imidazole coordination at the fth site 

although replacement of the tightly bound imidazole ligand lS 

not energetically favorable. Fig. 9 compares the absorption 

spectra of the bis-N-Met-hemin complex with the N~Met~N-H8PT 

complex ln both oxidized and reduced states at pH 7.0, 20°C. 

The reduced bis-N-Met-hemin complex exists in the low spin 

state as evidenced by the well resolved and strong a, 8 

band intensity while the oxi zed form appears to exist in 

high spin state or mixed spin-state. The change of 

spin state upon reduction is not understood. It may reflect 
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Figure 9A. The absorption spectra of the bis~N-methionine 

complex of hemin in the oxidized and reduced states. 
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gure 9B. The absorption spectra of the N~methionine complex 

of N-H8PT in the oxidized and reduced states. 
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the dized form on one methionine per 

heme is bound ·to its weak binding nature toward the 

rric rm. If d bis~ Met~ 8PT comp X is 

res pons le r resi near IE trans r 

which accounts 35% high form at room temperature, 

then at ast 25% heme must be bis~N~methionine coordinated. 

s lS ·true, we cert expect to observe 

line ty g. 7 at gh ligand concentrations, 

cause two dependent librium quotients will be involved. 

However, l of the points fall nicely on a st ght line. 

Furthermore, in ~che re d state the intensity of the 

a, band lS believed to be very sensitive to the chemical 

nature of the ligands, 

N~H8PT complex (1.42) falls ri 

a/S band ratio of the N~Met~ 

in the middle between that 

·the bis~Im~heme c complex (1.62) and of 

Met~heme c complex (1.12) (24)~ The position of the Soret, 

a and S bands of N~methionine complex also agree with 

se of cytochrome c wi ± 2 nm. In ion, iron~sulfur 

lS cated e presence of a 695 nm band, a 

trans r transition 1.ron to sul , although it 

not resolved ln g. 3 owing to small extinction 

coeffi (< 800). A test is made of the number of 

orbing species the N~Met~N-·H8PT complex solution using 

graphical method of Coleman, Varga and Mastin ( CVM). A 

CVM plot (Fig. 10) is shown as the sorbance di rences 

between var1ous 

methi (o) obt 

thionine concentrations (j) and noN~ 

at several wavelengths (i) against 
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Figure 10. The Coleman, Varga and Mastin ( CVM)~i: plot: 

the absorbance differences between various N-methionine 

concentrations (j) and zero N~methionine (o) obtained 

at several wavelengths (i) are plotted against the 

corresponding absorbance differences at the reference 

wavelength, 526 nm. The i's correspond to 396, 409, 

5 6 0 and 6 2 2 nm . 
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the corresponding absorbance differences at the reference 

wavelength, the S band maximum (526 nm), · All of the points 

fall in straight lines which intersect at the origin. This 

clearly indicates that there are only two absorbing species 

in solution and that bis~N~Met-N~HSPT complex formation is 

not significant. Thus, we be ve that the absence of an 

isosbestic point in the Soret region is due to the solvent 

effect of N-methionine at high concentration. 

Other ligands that may compete with sulfur binding are 

the free carboxyl group of N-methionine, which is known to be a 

relatively weak field ligand, However, the use of N-

methionine amide as well as N-methionine methyl ester yields 

virtually identical spectra at the saturating ligand 

concen lr'ation (rt:::sul ts not shown), In the case of N-methionine 

methyl ester, the Soret maximum occurs at a shorter wavelength, 

near 404 nm, but this may be because a different solven~ medium 

(50% ethylene glycol/H20) has been used to increase solubility. 

An analysis of the titration curve for N-methionine methyl 

ester binding in 50% EG/H2o at room temperature at the Soret 

band maximum also yields approximately 90% ligand binding at 

2.5 M ligand concentration. DMS, in addition to being a good 

organic sulfur ligand representing methionine,lacks the free 
. . 

carboxyl group. It has stronger binding affinity and is more 

soluble than N-methionine in 80% DMSO/H20. However, the 

resulting spectra of the DMS-H8PT complex in both aqueous 

and 80% DMSO/H
2
o (Figs l and 2) do not resemble that of 
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cytochrome c, The of tense band near 6 3 8 

nm is not clear. If it is a trans trans 1on of 

p IT to iron ch ens1~ of 6 38 nm band 

d be weaker 625 nm b~::md N~ 

methion ex, s is p ably because charge 

trans r band borrows tensi a con guration interaction 

e vis le n·+rr~~ transi on ( Q
0 0

) the extent which 

ds on the ene s arat between t\AJO transitions. 

cal.ly X'e J~ s culiar 

beh r suggests that attack been made on 

the p n system ( g. 2). Cyclic organic sulfur 

li ds, such as tet drothiophene or dithiane~ also do 

no·t t spectral features characte tic of ochrome c 

(results not shown). Furthermox•e, the solubility of these 

gands limited even non~aqueous me urn. Thus, we 

believe t the c sulf~r ligands cannot substituted 

N~methionine and that an aqueous s vent medium most 

c sely re cts the en of the heme ve 

cytochromes. 

HCD s es c heme roteins have 

es-'cabl hed of the Soret MCD spectra is 

predominantly p c, 1.e., ground state is spin 

~ in contrast to op cal ctra where 

porphyrin n+n ~·~ transition dominates ( 15,2 5 ). Low spin 

complexes are d to e t much s MCD than high 

sp exes. s may be expl ed on the basis of 
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spin~orbi t coupling, although rigorous theoretical treatment 

has not been done. A first derivative Soret MCD band shape 

in low~spin ferric heme complexes appears to be a·Faraday A 

term, but temperature~dependent MCD has shown it to be a 

superposition of two closely spaced C terms of opposite 

sign (25,26)~ The mechanism that is consistent with the 

observed MCD involves spin~orbit interaction between the 

circular orbital motion of a porphyrin w electron and the 

non-zero spin density at the paramagnetic iron (25)~ It is 

evident that the spin-orbit coupling must be important in 

the excited state, because the porphyrin n* orbital is 

doubly degenerate. Weak MCD in high spin complexes is 

believed to reflect the difference in the extent of spin-

·spin iron position. Because C term effect arises from the 

paramagnetism of iron, the Soret MCD intensity is intri~sically 

very sensitive to the spin state of iron. In fact, in ferri-

myoglobin complexes the intensity is found to be linearly 

proportional to the percentage of low spin form. The MCD 

spectral results shown in Table II indicate that in general, 

the magnitude of Soret magnetic ellipticities of the ferric 

N-H8PT complexes is in good accord with the values of the 

corresponding hemeprotein derivatives. However, the fluoride 

complex exhibits a much stronger MCD than the rrimyoglobin-

fluoride complex (~c/H = ± 6). The observed intensity is 

not due to a low spin contaminant, because the absorption 

spectrum recorded after each ~!CD :r.::.easure.mer.t 

fluoride complexation. In addition, the spectral band shape 
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st ct. Its MCD zero crossing is red shi d by more 

than 10 nm f:Pom Soret sorption maximum. Careful 

rature dent me as urernents will be useful 

lex o e t:s 

a strong MCD, even 1 r that of cytochrome c. This 

not due to narrower band width of the N~methionine 

comp x. this effect is not consistent with the 

orp on ta if the served sity is taken to represent 

the amount of low spin form. A large Soret MCD may simply be 

associated with large extinction coe cient found in the 

N,~methionine co.mplex (Table I). In our model complexes it 

may also be that A /or B term contribution turns 

environmenT at heme siTe. 

The sible MCD spectra consist of an A term associated 

with Q transition and overl 
o~o 

of weak C terms associated 

wi the visib 

Because the posi 

charge transfer trans ion [a] -+e (dn)] 
"u g 

and intensi of the sible charge 

trans r band are known to be sensitive to e ctronic 

structure the porphyrin 'IT system via configuration 

( 16 ). 

inte (30), the det led MCD spectral features in that 

reg1on probably re ct the chemical nature of the axial 

ligands. However, as can seen in low spin derivatives 

of cytochrome c (Fig. ll), for examp , only subtle differences 

are d in their band extrema, tensities and zero 

cross1ng (16). Cytochrome c is known to undergo a low 

to low in transition th a pK value S.3, so that 
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Figure 11. Theovisible magnetic circular dichroism spectra 

of ferric cytochrome cat pH 7.0, pH. 11.0 and in the 

presence of imidazole ligand all of which are of low 

spin type. 
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at pH 11,0 lysine is probably the sixth axial ligand ( 2 7~ 30 ). 

In the.. lysine complex the main distinction seems to be that 

,the 480 nm band is blue shifted by Lr~S nm while the A term 

trough is decreased in intensity. In the bis-imidazole 

complex 9 on the. other hand, the intensity ratio of 550/480 

band is greater than 1.0 and the 480 nm band appears broader 

in addition that its minimum extends to zero MCD. In view 

of these observations it seems reasonable to assume that 

methionine acts as one of the axial ligands in cytochrome c
1 

(Fig. 7). This is also cons is tent with the absorption evidence 

of having the 690 nm band, which is believed to be iron to 

sulfur charge transfer transition (31 ). The assignment of the 

unknown ligand in cytochrome f is difficult. The intensity 

of the A term trough is weak and the 480 run band is blue 

shifted~ as in the case of cytochrome cat pH 11.0) which 

suggests lysine coordination. However, the spectral 

atures are also in reasonable agreement with those of 

N~Met-H8PT complex. The absence of a 690 nm band appears to 

favor lysine coordination. Furthermore, the low temperature 

EPR spec·trum of cytochrome f exhibits g
2 

= 3.51 which compares 

well with the lysine complex g value of 3.40 (unpublished z 

results). Further investigation of the redox properties and 

pH dependent variations of the optical and MCD spectra will 

pro vi complementary information regarding the nature of the 

ligand in cytochrome f. Temperature dependent MCD studies 

by Yoshida, et al, (23) on the band appearing near 630 nm 
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with a weak trough (~s/H ~2.0) in aquo~ rrimyoglobin and 

hemoglobin have shown that A and B terms dominate that 

region, which is consistent with the view that the·near 

IR ch trans r transition is porphyrin 1T to iron d1T and 

is characteristic of a high spin form. However, the N-Met~ 

N~H8PT complex shows no MCD trough in that region although a 

small decrease of the MCD intensity i"s observed. This is 

not consistent with what we find in the absorption spectrum 

where the intensity of the charge transfer band corresponds 

to about 35% high spin state ( g. 3). 
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CHAPTER V 

A. INTRODUCTION 

In the preceding chapter, the discussion has· been mainly 

focused on the electronic structure of the heme in the ferric 

N~H8PT complexes. from the absorption and MCD spectral 

measurements, some semi~empirical correlations of the magnetic 

properties of iron with the electronic structure of porphyrin 

have been developed (1-10). More quantitative conclusions 

had to be postponed, however, because the observed intensity 

and position of the bands that are sensitive to the structural 

changes of the local heme environments are not from pure 

electronic transitions. Many overlapping bands are known to 

appear in the visible region, and the transitions are known 

to be mixed via configur·d.tion inter•actioH ( 6 ).. For example, 

it lS uncertain whether the presence of the residual 625 .nm 

band in the absorption spectrum of the N-Met-N-H8PT complex 

is indeed due to thermal spin equilibrium between high and 

low spin states. It may alternatively arise from the thermal 

mixture of two chemically distinct species, one with the 

high spin ground state and the other with the low spin ground 

state, each with no thermal spin equilibrium. In addition, 

the possible presence of an intermediate spin ground state 

( s = 3/2) or quantum mechanical admixture of spins (see Chapter 

II) can not be excluded. Our object in this chapter is to 

present evidence to verify the spectral observations by 

direct measurement of paramagnetic susceptibility and electron 

spin resonance ( EPR) , the two complementary techniques for 
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monitoring the magnetic behavior of iron in hemeproteins. 

As has been discussed in Chapter II, the existence of thermal 

equilibrium is common in ferric hemoprotein derivatives 

(3,5, 14). The thermodynamic parameters involved in such 

a spin transition can be determined from the temperature 

dependence of the paramagnetic susceptib ity near the room 

temperature region. On the other hand, the ground spin state 

can be easily revealed by the low temperature EPR spectrum or 

by the direct measurement of susceptibility at low temperature. 

However, the interpretation of the.susceptibility measurements 

may be complicated owing to non-Curie behavior arising from 

spin-orbit interaction in both high and low spin states, 

(For details, see Chapter II.) Low temperature EPR is a 

remarkably powerful tool for the stru.ctural studies of 

hemeproteins. Its inherent sensitivity is capab of 

di rentiating chemically distinct species found ln 

slightly different local heme environments. In addition, 

the anisotropy of g tensors not only reflects the local 

sy1nmetry of the ferric ion but also contains information 

regarding the extent of mixing of the excited states into 

the ground state via spin-orbit interaction (2,15-19). 

Furthermore, the existence of a quantum-mechanically admixed 

spin ground state is distinguishable (20-22). The limitation 

the EPR technique is the high temperature region 

the EPR spectra hemeproteins are not measurable, 

to very e spin-1 ce re mechanisms. 
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Thus, susceptibility measurements in the high temperature 

region become essential for a unique interpretation of the 

observed magnetic behavior. 

The room temperature magnetic measurements of the ferric 

N~H8PT complexes with various external ligands at pH 7.0 have 

been carried out by the NMR method of Evans (23~25)~ The 

use of this technique over the conventional Gouy balance 

method has three additional advantages: 1) It requires 

less than 0.2 ml solution at concentrations of a few mM; 

2) The temperature control is easily monitored; and 3) The 

measurement is simple and fast. The percentage of the low 

spin state estimated in each complex under the assumption of 

thermal spin equilibrium is found to be consistent with both 

ctral results. FtJrthermore, :tn 

N~Met~N-H8PT complex, the temperature dependence of the effec

tive magnetic moment (-5 to 40°C) yields linearity between 

in K vs 1/T for a high spin ~ low spin transition. 

Corresponding ~H0 and ~so values are found to be -7.46 kcal/mole 

and -25.94 e.u. after correcting for the thermodynamic 

contribution due to temperature dependent ligand binding. 

The EPR spectra obtained at ll°K indicate a low spin ground 

state with g = 2.91, g = 2.31 and g = 1.51 for the N~Met-z y · X 

N-H8PT complex and a high spin ground state with g1 = 6.03 

and gil = 2. 01 for the aquo complex of the N-H8PT. The 

possibility of having a third species with a high sp:tn ground 

state, in the N-Met-N-H8PT solution, such as the bis methionine 
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comp x, lS excluded also by the EPR evidence. From the 

observed g values of the N~Met~N~H8PT complex we estimate 

that the axial distortion corresponds to 1200 cm-l while 

c sto d t 780 -l ' h' h 2 T correspon s · o em w1t 1n t e 
2 . g 

set. These values differ significantly from values found 

in native. cy-tochrome c ( 19). A pos s change in Fe-S 

chemical bonding is suggested as a model to account for 

the electronic structural di renee found in the model 

complex cy-tochrome c. 

B. EXPERIMENTAL 

Materials 

The gand solutions were prepared as described 1n 

Chapter IV, and typical heme concentrations used for both 

magnetic and EPR measurements were in the range of 1 to 2 

mM. Ferrimyoglobin was from Sigma and was used after it was 

fully oxidized by the addition of rricyanide followed by 

filtration on a Bio-Gel P-2 column. 

Methods 

NMR spectral measurements were carried out on a Varian 

60 NMR spectrometer with a V-6040 NMR variable temperature 

controller. The sample cells were precision~made coaxial 

tubes from Wilmad Glass Co. Inc. (Cat No. 517). EPR 

ctral measurements were recorded on a an E-9 EPR 

spectrometer in an X-band region with a cryostat probe (Air 

Products Corp.). 
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Paramagnetic Susce£~ibility Measurement 

The method is the NMR technique developed by Evans (23). 

It is based on the principle that the position of a g1ven 

proton resonance of a molecule is dependent on the bulk 

susceptibility of the medium in which the molecule is found. 

The mass ·susceptibility, x. (Eq. 1), is directly related 
1 

to the difference of the proton resonance lines of a 

reference material in the presence and absence of the 

paramagnetic species. 

d ~ d 
solv soln (1) 

m 

where m is the concentration of the paramagnetic substance 
. ~1 

in g·ml ; f
0

, the frequency of the s ctrometer; ~f, the 

shift in frequency of a reference molecule; X , the mass 
0 

susceptibility of the solvent; and dsolv and dsoln, the 

densities of solvent and solution, respectively. In our 

experiment 3% acetone solution in 0.1 M phosphate buffer at 

pH 7. 0 was placed in the annular section of the cell and 

the identical solution containing the N-HSPT complexes in 

the order of mM concentration was placed in the inner tube. 

Fig. 1 shows the NMR spectra of 3% acetone in the presence 

of fluoride (weak field ligand), N-methionine or imidazo 

(strong field ligand) complex of the N-H8PT. The heme 

concentration of each solution was about 1.5 mM. The peak 

at low field is the acetone resonance from the buffer 

solution and the small peak at high field with variable 
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Figure 1. The NMR spectra of acetone in the presence of 

ferric N~H8PT complexes with imidazole N~me 

or fluoride, 

onine 
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si al intensity ses from sample solution. As can 

seen, the magnitude of the frequency shi decreases as 

a func on li d ld strength. The molar susceptibility, 

( . 2 ) ~ was d 

mole ar weight of 

3L1f 10 3 + XM - X 

re M is e concentration 

The ( 
olv l 

) term was ne 
o n 

M 
Xo 

cat of X by the g 

tide. 

the heme pepti 

( 2) 

~1 
2n mole•f/, . 

cted since only dilute solutions 

M were used. The value of X was taken to be the molar suscep~ 
0 

lity of wat~r (-13 x 10-6 erg 
2 ~l M ). XM was then 

corrected for the dirunagnetic contribution of the heme 

pep de. Diamagnetic suscep lity of a molecule may be 

written: 

( 3) 

where the molecule con atoms of atomic susceptibility 

(i.e. per atom), x. and s represent n constitutive" 
l 

corrections which take account of such factors as the 

stence of n-bonds ( 2 6 ). Much work on this addi ti vi ty of 

atomic susceptibilities is due to Pascal, thus the quantities 

are commonly re rred to as Pascal 1 s constants. Using the 

le ven by Selwood (27), the diamagne c contribution of 

6 -2 -1 the N-HBPT was estimated to be -742 x 10 erg G M . The 

e ctive tic moment, was ob by the following 

relation 
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(4) 

re 8 is ton and N, Avogadro's number. 

Complexes VUlg se to terme ate values of lleff between 

the high and low can analyzed on the basis of 

thermal eq equilibrium 

hi s 
K 
"""" low sp 

(a) 
(5) 

where a 1.s a of low spin component (% low spin) and 

K equilib um constant. lle 

K ~· a/(1 a) 

2 
lleff = LS + (l - a)l.JHS 

is given by 

( 6) 

(7) 

ts LS an,d I-1S cate purely low sp1.n 

purely high states, re ectively. a was determined 

us 

Bohr 

s 

the values of ll~s and ll~ 8 as 5 and 35 in units of 

2 
eton, respe vely. dependence of lleff on 

rature on of ~H0 and ~S 0 for a high 

~ low sp on from the Van 1 t Hoffequation. 

in K ::: 
R 

( 8) 

Nickel de (NiC1 2 ) solution which has X g of 

34 x 10 6 at 20°C was used to calibrate the NMR spectrometer. 

con cent of nickel was determined gravimetrically 

by tation with thylglyoxime ( 2 8 ). Peak separation 

between the methyl and hydroxyl proton lines methanol was 
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used to moni-tor the temperature the probe, The validity 

of the technique was tested with rrimyoglob de vatives, 

The amagne sm corre myoglobin was determined by 

me as g rrous 

cyanide complex (s = 0), 

librium 

According Jco method analysis derived by zuka 

and Kotani ( 12), the observed i1H 0 and t:,S 0 values for a 

high spin '*' low spin transi can e lained in terms of 

the energy difference between the two spin states and of 

the e ctive statistical weight factor associated with 

the transition, If -the high and low spin states are populated 

according to Boltzmann statistics~ the fraction of the low 

spin state, u., ls given by 

(9) 
w

1
e 

where EL and wL are the energy and the effective statistical 

tATeight for low spin state, respe vely, and EH and wH 

are the corre onding values for the high spin state, If 

only the degree of freedom is considered, wH/w 1 would 

be 3, be cause the spin degeneracies ( 2 s + 1) are 6 and 2 for 

the high and low spin states, In a real molecular system, 

however, is important that other degrees of freedom 

associated with the spin generacy change are taken into 

consideration, Thus, a new parameter y is introduced such 
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that wH/w
1 

= 3y. If£ is defined as the energy difference 

between gh and low spin states (£ = EH- E1 ), a and the 

1i.brium constant, K, are by 

(10) 

K (ll) 

substituting Eq. (ll) into Eq. (7), and assuming that E: 

andy are independent of temperature, the following relation 

obtained for the enthalpy and entropy terms: 

~H 0 = -NE: (12) 

~so = -Nk tn 3y (13) 

where N is Avogadro 1 s nu:rnber a.11d k is the Bolt zma.11n constant, 

Now, if the e ctive magnetic moment lS expressed in terms 

of£ andy, by substituting Eq. (10) for Eq. (6), 

2 
lleff = 

2 t 3 +s/kT 2 JlL . y•e 

1 + 3y e e 
(14) 

The - s1.gn of E:/kT corresponds to s > 0 and the + sign, 

e: "' 0 . In the case of € > 0 ' the low spin state lS the ground 

state; L e., 2 approaches 2 
the low temperature limit Jleff JlL at 

2 2 2 
3y)' which approaches 

2 
the Jle ~ JlL + 3Y·wH/(l + YH at 

high temperature limit (if y << l). The temperature at which 

~Go = 0 ' the characteristic temperature, T may be physically c' 

because T T l/2 and 2 2 2 slgnl cant, at = c' a = Jleff = ( J.1 L + JlH)/2 

only if e: > 0 and y >> 1 or £ < O· and y << 1. 
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C. RESULTS 

Figure 2 compares the percentage of the low spin state 

in rrimyoglobin rivatives as determined by the NMR 

method with the erature values measured using a Gouy 

balance or op cal method at room temperature (3,5). 

A straight line with a slope of 1 that intersects at the 

origin is evidence of good agreemen"t between the two 

methods. Table I summarizes the e ctive magnetic moments 

and estimated % low spin (Eq. 6) of the ferric N~HBPT 

complexes at pH 7.0, 25.0°C. In general, these results are 

as predicted by ligand field strength considerations. The 

fluoride and aquo complexes exhibit slightly reduced 

magnetic moments compared with those expected from the spin 

only value for the high spin state, i.e. 5.9 ~B' However, 

the reduced value of ~ 
. e for the ~quo complex, 5.4 ~B' is 

comparab to the reported values for the acid pH HllPT and 

H8PT, which range from 4.8 to 5.3 ~B (29). At pH< 3.0, 

all of the N~terminal amino groups are protonated so that 

they do not induce aggregation. Nevertheless, the observed 

magnetic moments of the HllPT and HSPT are smaller than the 

high spin value. This has been attributed to weak anti-

rromagnetic coupling between the heme centers via TI donor~ 

acceptor type interactions (30,31). As has been discussed 

in Chapter IV, the aquo complex of the N~HSPT at high heme 

concentration also seems to participate in TI donor~acceptor 

type interactions: the absorption· spectral results show that 

the Soret transition is sp t, \-Jith one of the maxima at 

monomer position (Fig. 3A, Chapter IV) which is distinct 
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Figure 2. The percentage of low spin states for ferrimyoglobin 

derivatives determined by the NMR method is compared with 

the literature values (3,5). 
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from exciton resonance splitting. In fact, the observed 

magnetic moment is consistent with the view of having weak 

anti-ferromagnetic coupling. The reduced magnetis: moment 

of the fluoride complex is most likely due to the same effect. 

The absorption spectrum of the fluoride complex that has been 

used for the magnetic measurement shows a single Soret peak 

but its band width is broad and the position is blue shifted 

to 388 nm Furthermore, the near IR charge transfer band is 

also broadened and occurs near 610 nm, which is red shifted 

by about 5 nm. This suggests that fluoride is not ligated 

completely, and some of the aquo complex still undergoes 

n donor~acceptor type interaction. 

The N-Met-N-H8PT complex shows ~eff of 4.0 ~B' much 

larger than the expected low spin value of native cytochrome 

2 
The temperature dependence of ~eff for the N-

methionine complex yields a linear relation between ~n K 

and 1/T, where K is the equilibrium constant for a high 

spin (S = 5/2) ~low spin (S = l/2) transition (Fig. 3). 

Corresponding ~H0 and ~S 0 values are found to be -8.0 kcal/mole 

and -25.2 e.u., respectively. However, the analysis of the 

spectrophotometric titration for N-methionine binding has 

shown that, at room temperature, 10% of the N-H8PT remains 

ligand unbound at 2.5 M ligand concentration (Chapter IV). 

Thus, the observed L1H 0 and ~so values include thermodynamic 

contributions from temperature-dependent ligand binding. 
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Figure 3. A plot of ~n K versus 1/T for a high sp1n to 

low spin transition in the N-methionine complex of 

N-HSPT as determined by the NMR method. 
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However, this effect is expected to be rather small because 

the equilibri urn quotient for N~·methionine binding is a 

small number (Q = 3.2) and already 90% gand is ·bound at 

2, 5 M N~methion concen on at room temperature, g. 

4 shows a plot of £n Q versus 1/T where each value of Q lS 

rmined fr·om the titration curve at each temperature, as 

in g. 8, r IV, sponding .6H 0 and b,.S 0 values 

are d to be -~"0, 44 k /mole and 0, 74 e. u. The azide 

complex ferr•imyoglobin yields .6H 0 = ~ 3.7 5 kcal/mole and 

.6S 0 
::: -10.7 e.u. as measured by the NMR method (results not 

shown). These values agree very well with the reported 

values of M-! 0 ~3. 75 kcal/mole and .6S 0 :::: -9.6 e.u, confirming 

the validi of the temperature dependent magnetic 

medsu.c·emen ts by NHR. 

Figure 5 shows the approximately linear dependence of the 

Soret absorp maximum on the percentage of_ the low spin 

of the ferric N~H8PT complexes. Such linearity has 

observed 1.n 

( 32). It can 

iron with respect 

ce supports 

the p 

rrimyoglobin and ferrihemoglobin complexes 

explained on the basis of the position of 

to the porphyrin plane. The existing x-ray 

movement of iron out of the heme plane 

histidine gand in the high spin 

obin complex (33,34). Then, stabilization of the 

rr~': orbital due to doming e ct of the heme plane 

may explain the blue shi d Soret transition. If we assume 
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ure 4, A plot !n Q versus 1/T where Q, the equilibrium 

quotient N~methionine binding, is determined from 

the titration curve as ven in Fig. 8 of Chapter IV. 
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5. A plot 

maximum versus 

the pos ion of Soret absorption 

percent low spin form for various 

N-HSPT complexes as determined by the NMR method. 



185 

c 

100 

spin (N ) 
XBL -3964 



186 

t d results pure high 

bands, we expect to linear 

corre en position of Soret trans ion and % 

low sp ( 35) 0 t :i and N~me 

lexes, we do erve such a corre on. The sity of 

the a band is believed to be low (see Chapter II). 

11 i ams , e t al . ( 5 ) , demonstrated that true a band 

ity ob d by curve res vlng ctra into 

sian ban de pen on sus lity. Even 

without such extens treatment observed a band intensity 

of the N~HBPT complexes s 11 e s a 1 ar dependence 

on% low spin (Fig. 6). Devi are d for aquo~ 

and N~methionine comp xes. Briat, Berger and Leliboux {12, Chap IV 

lished dependent Soret MCD 

measurement of cytochrome b 2 {down to liquid lium temperature) 

that the or'igin the Soret MCD intensity is predominantly 

paramagnetic and low sp nature. s suggests a 

linear relation exists between the Soret MCD intensity and 

% low spin. g. 7 shows such ty even for' the model 

complexes. The hydroxide, azide thionine lexes, 

ver, do not fall on straight 1 Although the 

reason for this dis ancy lS not: ar it is assumed that 

additional transitions occur the Soret re on of such 

complexes. 

. 8 shows ctra c H8PT, N~ 

H8PT, N~Met N~H8PT complex and 

The spectrum of the d fe ·''- bot:o 

low s als s ts :::: 3. 
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Figure 6. A plot the B band intensity at 528 nm versus 

the percent low spin form for various 8PT complexes 

as determined by the NMR method. 
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L Ap the Soret 1c circular dichroism 

d, 

ensity versus the rcent low spin form for 

N~HSP'I' complexes as determined by the NMR 
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8. The electron spin resonance spectra of the 

ed HBPT, N-acetylated HBPT, N-methionine 

complex of N-H8PT and cytochrome c in a ferric 

state. Microwave ncy, 9.26 G Hz., Microwave power, 

10 mW, modul frequency, 10 s and temperature, 

l5°K. 
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2.13 and g = 1.83, 
d{ 

lS broc:.dened, 

193 

dicating 

presence of mult 1ow~spin heme components. This lS 

cted because a hi e of gation is known to 

st at con cent on, as evi ced by the lack 

1sos stic and isoe ic points (Fig. 2~ Chapter IV). 

d ctrum has also been 

served \AJith e d c HllPT, which exhibits g 

u<::;s at 3. 0 3, 2 , 16 and l, 46 ( 36 )@ The aq uo complex of the 

rrlc 8PT e sts J_n hi 

6.03 and There 

ground state with g1 = 

a small amount of the low spin 

form with 2.95 and - 2.32 (g not resolved). This 
X 

probably the hydroxide complex of the N~H8PT. In 

s 

part, have 

lex exists 

2.28 and g = 1.93. 
X 

c moment of the ferric N-HBPT may 1 

to the hydroxide form. The N-Met-N-

the low spin ground state with g = z. 

2.91, g - 2.31 and 
y = 1.51, which are quite different 

s 

6 

g values of cytochrome c (g = 3.03, g = 2.24 z y 

- :L25L 

e 

scence of an apparent gl, signal between 

udes the possibility of having the 

I'me ate spin =~ 3/2) or q,uantum=mixed spln (between 

5/2 and S ::: 3/2) und state (22 ). However, a minor high 

th = 6.03 coexists at ll°K where thermal 

of sp1ns lS not possible. The shape of this· 

must be a ca11y dis ct species from the N-Met-N-H8PT 



complex. We believe that it is the liganc1~free form of the 

N~H8PT, because the position of the g
1 

signal is identical 

to that of the aquo complex. Should this be the case, 

if we assume that the room temperature ratio of the N

methionine bound to the unbound is independent of temperature, 

then the high spin component would correspond to about 10% 

of the total heme concentration (see Chapter IV), We 

estimate the minor high spin component to be 12% by direct 

comparison of the doubly integrated area of the g1 signal 

using the aquo complex of the N-H8PT of known heme concentration 

as a standard (results not shown), 

D. DISCUSSION 

The room temperature magnetic measurements have demonstrated 

that there is a close correlation between the electronic 

properties of porphyrin and magnetic properties of iron even ln 

the model complexes. For example, a linear dependence of the 

Soret band position as a function of % low spin has been 

shown ln Fig. 5. The energy of the Soret transition which 

reflects the energy level of the porphyrin n* orbital depends 

not only on the pos on of iron with respect to the heme 

plane but also on the extent of TI interaction between the 

ligand and porphyrin ring. In fact, the N-methionine and 

imidazole complexes that deviate from linearity contain TI 

ligands; imidazole is a good n donor ligand, while N

methionine is an acceptor ligand. Furthermore, the specific 
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constrain the li d into a certain geometry, In our N~ 

H8PT complexes practically no such ste c restriction e sts. 

This may be one of the reasons why the Soret band position of 

1exes is blue·· fted compared to corresponding 

hemoglobin and myoglobin derivatives (6). The different extent 

of solvation N~H8PT complexes may also contribute to 

shifted Sore-t d pos ion. As discussed in Chapter II, 

the t MCD spectra of hemoproteins are extremely useful 

the assignment of oxidation and spin state changes 

independently of each other. In the oxidized state, the 

Faraday C term which dominates the Soret region arises from 

teraction of the non-zero spin density of dn 

electrons with porphyrin 7T orbital motion. If mixing of dn 

with porphyrin 7T orbitals is considered~ the wavefunctions 

should be the product wavefunctions between the two. Then 

the So ret transition for the low~ spin heme corresponds to 

2 2r while for the gh spin heme it is 6A 6E + + . -·u' lg u 

Ob ously, spin-orbit interaction is important in the low 

case where the ground state symmetry shows orbital 

de It been shown by Serber (37) that without 

coupling the spin magnetic moment alone does not 

contribute to magnetic optical activity, because after 

summing over all multiplet components the net effect from 

the spin magnetic moment vanishes. Because the high spin 

ground state orbitally non~degenera-te and is sp t only 
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by the se order ~o coupling, it would exhibit 

weak MCD C term effects. The empi cal .observation for 

ferrimyoglobin deri ves has shown that the t.ensi ty of 

Soret MCD is directly proportional to % low spin state. Our 

N~H8PT complexes p de additional evidence in support of 

·this semi~empirical ding (Fig, 7) . 

The behavior of the complex is atypical in 

every case examined. This reflects the uniqueness of 

chemical bonding and rhaps the difference in the geometry 

of the bound N-methionine with respect to the heme plane, 

How do we account for this in terms of the observed magnetic 

properties? According to the analysis of the rmal 

equilibrium of spins given by Iizuka, et al.(l2), the 

enthalpy term (~H 0 ) corresponds to the energy di renee ( e::) 

between the high and low spin states, while the entropy term 

(~8°) corresponds largely to the change of other degrees 

of freedom (y) associated with spin degeneracy change, The 

observed energy difference is 2638 cm-l for the N~Met~N~HSPT 

complex. The positive sign is consistent with the low 

spin ground state but its magnitude is apparently much 

ater than kT even at room temperature. Table II 

smn.marizes the thermodynamic data for· ferrimyoglobin, hemo-

globin and peroxidase rivatives the literature ( 11-13 ). 

t, most derivatives exhibit energy di rences much 

-1 
than the room temperature kT <~ 200 em ), Neverthe ss 

all exhibit thermal equilibrium of spins at room temperature. 
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LE II 

1HERMODYNAMIC PARA!v!ETERS OF THE HIGH SPIN (s = 5/2) LOW SPIN (s = 1/2) TRANSITION FOR Fe(I 
Fe Fe(I -PEROXIDASE and Fe -N-HSPT COMPLEXES 

GROUl\i'D 0 
€ y t.S (e.u.} 1 - -COMPLEX STATE ·m.J1e . 

Mb -1270 3. 3 +3640 +9.39 388 

Mb -1061 8.53 +3034 +11.9 254 

-

Low +1280 5.33· -3660 -10.2 361 
-l\lb Low +1310 4.01· -3740 -9.58 391 

l\lb Low +3783 4.12 -10820 -32.7 331 

Hb Low +211 0.227 -608 +0.765 

Hb Low +249 0.328 -712 +0.0142 

Hb Low +655 4.20 -1886 -5.07 372 

lh Low +1770 3.02· -5094 -13.62 374 

CCP -1230 5.59· 4 +3510 +12.8 274 

CCP Low +1830 2.58· -5220 -22.5 232 

;-.J-H8PT•N-Met Low +2638 1.60· -7560 -25.9 292 

c 

The data Fe II) , Fe and Fe were taken from IizQka and 
Kotani, Iizuka and 

XBL 786 - Lf0l0 
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For> this to be tr>ue, the entropy term must be very large to 

compensate for the large enthalpy change. Such a compensation 

effect has been demonstrated for rrimyoglobin and hemoglobin 

derivatives by Iizuka.,. et . (13), as shown in g. 9. As 

expected, y lS found to be proportional to£, such that the 

characteristic temper>ature, T , at which ~G0 = 0 (i.e., where c 

the ratio of high spin to low spin state is l) falls near 

room temperatur>e. Surpris gly, the N~met~N~H8PT complex 

also exhibits such a. compensation effect (Fig. 9). In 

other words, the transition from the low spin to high spin 

state is not favored energetically but is favored by the 

entropy difference. This suggests that the entropic 

driving force which may be associated with the movement of 

iron in and out of the heme plane, surface 

conformational rearrangement or solvent interactions is not 

in the protein conformation but must be an intrinsic property 

of the electronic structure of the heme. Interestingly, 

both imidazole and azide complexes of cytochrome c do not 

exhibit any thermal equilibrium of spins between 20°K and 

300°K ( 38 ). This leads us to speculate that perhaps the 

hemeproteins with the low spin ground state, such as cyto~ 

chromes involved in electron transport, do not exhibit thermal 

equilibrium of spins; while those with the high spin ground 

state do, even if the strong field axial ligands are coordinated. 

The hemes of cytochromes are already hexacoordinated and 
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gure 9. A plot of 68° versus 6H 0 for a high spin to low 

spin transition for various complexes of ferrimyoglobin 

and hemoglobin, and the N~methionine complex of N-

¥1" A "nr-11 

nor .1. 
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exist such a stable state that they may not want to lose 

the ligand to undergo a spin state change. This may be 

true because the physiological function of cytochromes do 

not require axial ligand substitution, but transfer 

electrons by changing the redox state of iron. On the 

other hand me prote with a high spin ground state, such 

as hemoglobin, myoglobin, peroxidase and cytochrome a
3

, all re~ 

quire 02 binding and subsequent spin state change to trigger 

the catalytic reactions. Cytochrome P450 is an exception. 

Although cytochrome P450 also requires o
2 

binding for its 

catalytic reaction, the resting enzyme is found to be in the 

low spin state. However, it does undergo spin state change 

upon substrate binding by some unknown mechanism (34~41). 

lO';,·J the substrate binding step, 

which is consistent. with our thermodynamic point of view 

( 42 , 4 3 ). In this regard it seems reasonable to assume that 

the hemes with a high spin ground state have an intrinsic 

abi ty to compensate for the large energy involved in the 

spin state change accompanied by ligand binding. Indeed, 

such a mechanism is a desirable one, because then only a 

small free energy change is necessary for ligand binding 

on and off at physiological temperature. 

The uniqueness of the N-Met-N-HSPT complex has also 

been observed in the low temperature EPR spectrum. It 

exhibits a very different anisotropy of g values from that 

of native cytochrome c. The EPR spectrum of lo~v spin hemes 
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ses from the lowest Kramers doublet (
2

E'"), as indicated in 
6 

Fig. 12, Chapter II. Although the ground state is no longer 

orbitally degenerate, due to axial and rhombic crystal fields, 

still contains the residual orbital magnetic moment due to 

mixing of the upper Kramers doublet states via -orbit 

~nteraction. It is this spin-orbit interaction which induces 

anisotropy of g tensors. By examining the ground state wave~ 

function, which is a linear combination of the three states 

2T (Fig. 12, Chapter II) one can actually calculate the energy 2g 

separations within the 2T2g set (15). Taylor (19) has carried 

out extensive calculations on this using spin-orbit coupling 

constant (A), axial (~) and rhombic (V) distortion parameters. 

He has found that the axial splitting, ~/A, corresponds to 

B (A/2), and the rhombic, VIA, to A where A is defined as 

·g /(g +g ) + g /(g -g) and B = g /(g +g ) + g /(g -g ) . If A 
X Z y y Z X X Z y Z y X 

. -1 
iB assumed to be 400 em , the values of ~ and V correspond to 

1020 cm-l and 600 cm-1 , respectively in the case of cytochrome c. 

1nis is somewhat different from the reported values by Blumberg 

(16). Interestingly, the axial distortion is much greater in 

-1 
the N-Met-N-H8PT complex ( 12 00 em ) than ln cytochrome c ( g. 

10). The extent of rhombicity which is defined as the ratio 

of vhombic to axial distortion, V/~, lS also different 

between the two. While the axial distortion reflects the 

field strength determined by the electron density 

at iron, the rhombic distortion re cts geometry of 

und ligand with respect to heme plane ; i . e . , the 

extent of n interaction bet,,J,~en the liga.I1d c-cnd herrce. In 

view this, we propose a model involving a change of 



203 

Figure 10, The. energy splittings of the axial and rhombic 

distortions in the 
2

T2g set for cytochrome c and the 

N~methionine complex of N~H8PT, 
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Fe S distance in N~Met~N~H8PT complex. The greater axial 

stortion indicates stronger orbital overl between the 

li ds the iron. If we assume that the Fe~N 

distance s consta~1t, then shortening the Fe S bond 

length would certainly account for the observed effect. 

The chan in axial chemical bonding is closely correlated 

with redox prope es of hemeproteins. If there is a 

stron r orbi ove ferric form will become more 

st zed cause of greater' electron density at the iron. 

s may result a shift of the mid~point reduction 

ential, Em,.to a lower value. Indeed, the E of horse heart m 

cytochrome c is + 250 mV while that of N~Met-N-H8PT complex 

is - 50 mV (44). Thus, we believe that with a given spin 

state and axial coordi!lcttiun, one of the ways of conti'ulling 

a de variation mid~point potential is through the 

in the extent of orbital overlap between the axi_al 

1 and iron and ln the geometry of the bound axial 

Our l is consistent with the view proposed by 

R. ,J, P, Williams ( 1+5) at an approximate 0.1 1:\ shortening 

Fe~S bond would correspond to a decrease in redox 

potenti of approximately 400 mV. This is evidenced by the 

from ring current fts of the heme group. 
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