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Abstract 

All oxygen-utilizing proteins contain copper, iron, or both, at 

the oxygen-bonding sites. The ligand environment and geometry about 

the metal centers in these proteins must be crucial in determining 

their individual functions. This thesis reports studies in which the 

ligand nitric oxide is used as a spin probe to investigate the structure 

of the oxygen-binding sites of myoglobin and some inorganic heme 

~nalogues, and of tree and fungal laccase and cytochrome~ oxidase. 

Nitric oxide reacts with heme iron in ferrous hemeproteins~ such 

as hemoglobin and myoglobin, to form six-coordinate paramagnetic com­

plexes. Chapter II reports investigations on the EPR spectra of the 

nitric oxide complexes of ferrous myoglobin, cytochrome_£, and Fe(II) 

protoporphyrin IX-imidazole, which change with temperature over the 

range 30 - 180 K. This temperature dependence could be due to motional/ 

relaxation effects or to a chemical equilibrium. To resolve this matter~ 

the technique of factor analysis was used to deconvolute the temperature­

dependent EPR spectra. By this method it has been found that all of the 

spectra for any given complex can be reproduced by adding together varied 

amounts of two signals, demonstrating that the variation of the EPR spectra 

with temperature is due to an equilibrium between two species, The two 

species differ in enthalpy by no more than about 2 kcal/mol. The observed 

signals are interpreted as arising from two six-coordinate conformers of 

the nitrosylheme·nitrogen base complexes, differing primarily in the 

position of the iron with respect to the ligands and to the heme plane. 

The anomalous behavior of the terminal respiratory enzyme cytochrome ~ 
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oxidase, which exhibits only one EPR signal independent of temperature, 

suggests that the NO-oxygen may interact with the cuprous ion at the 

cytochrome a3 -Cu site of the enzyme. These results have implications 
- a3 

for studies in general on oxygen-carrying proteins. 

In addition to being a strong-field ligand, NO is also a reactive 

molecule which can be oxidized to N02 and No3, and reduced to N2o, 

N2 and NH 3. Chapter III details investigations of the reactions of NO 

with the copper-containing oxidases tree and fungal laccase, as well as 

with tree laccase depleted in type 2 copper. The oxidation states of 

the enzymes were monitored by EPR and optical spectroscopy, and the 

reaction products of NO were determined by NMR and mass spectroscopy . 

These studies show that NO reduces all three copper sites of fungal 

laccase. In addition, NO forms a specific complex with the reduced type 

2 copper. NO similarly reduces all of the copper sites in tree laccase, 

but it also oxidizes the reduced sites produced by ascorbate or NO re­

duction. A catalytic cycle is set up in which N2o, N02 and various forms 

of the enzyme are produced, On freezing of fully reduced tree laccase 

in the presence of NO, the type 1 copper becomes reoxidized. This re­

action does not occur with the enzyme depleted in type 1 copper, sug-

gesting that it involves intramolecular electron transfer from the type 

1 copper to NO bound to the type 2 copper. When the half-oxidized tree 

laccase is formed in the presence of NO, a population of molecules exists 

which exhibits a type 3 EPR signal. A triplet EPR signal is also seen in 

the same preparation, and is attributed to a population of the enzyme 

molecules in which NO is bound to the reduced copper of a half~xidized 
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type 3 copper site. The implications of these results towards the 

structures of tree and fungal laccase are discussed. 

Nitric oxide has also been used to probe the structure of the metal 

centers of cytochrome ~ oxidase, resulting in the discovery of three 

stable conformations of the oxidized enzyme [G. W. Brudvig, T. H. 

Stevens, R. H.Morse and S. I. Chan (1981) Biochemistr,y £Q_, in press]. 

These conformat1onsdiffer in the structure of the cytochrome a3-cu 
- a3 

site, which is the site of oxygen reduction, and are distinguishable by 

EPR spectroscopy. Two of the diagnostic EPR signals are unusual in that 

they cannot be interpreted simply in terms of normal Cu(.Il) or Fe(III) 

EPR signals. The 11 g5 11 conformation identified as a transient species 

occurring upon reoxidation of the reduced enzyme by o2 [R. W. Shaw, 

R. E. Hansen and H. Beinert (1978) J. Biol. Chem. 253, 6637-6640] 

similarly exhibits an EPR signal not subject to simple interpretation. 

In view of the complexity of these three EPR signals, they are most 
+3 +2 likely due to the coupled cytochrome a~ -Cu site of the oxidized 

-,J a3 

enzyme. Chapter IV describes calculations of the energy levels of, and 

allowed EPR transitions from, the cytochrome a3-Cu site under various 
- a3 

conditions of exchange coupling and dipolar coupling, as a function of 

other parameters such as the magnitude of the rhombic zero-field 

splitting of the heme iron and distance between the two metal ions. On 

the basis of these calculations, one of the three unusual EPR signals 

from oxidized cytochrome .f. oxidase is deduced to arise from a strongly 
-1 +3 +2 . exchange-coupled (I JI > 200 cm ) cytochrome ~3 -Cua site~ one from a 

. 3 
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-1 +3 +2 weakly exchange-coupled ( I JI > 0. 25 cm ) cytochrome, a 3 .. cu site, and 
- a3 

one from an admixture of S = 5/2 and S = 3/2 states of the cytochrome 
+3 
~ site. 
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Chapter I. Introduction 

Oxygen is one of the most widely utilized molecules in biology. 

Its great oxidizing potential, combined with its kinetic inertness, 

makes it ideally suitable as an electron acceptor for a host of bio­

logical oxidations. Nature, in its patient wisdom, has created a 

.variety of proteins for catalyzing biologically useful reactions with 

oxygen in controlled fashion. These proteins may be classified 

according to the kinds of reactions they catalyze. Dioxygenases in­

corporate oxygen directly into substrate molecules; examples are trypto­

phan dioxygenase and metapyrocatechase. Mono-oxygenases, such as 

tryosinase and the microsomal mono-oxygenases, catalyze the general 

reaction 

( 1) 

Oxidases are enzymes which catalyze reactions inwhich oxygen serves as a 

terminal electron acceptor, being reduced to peroxide or water; cytochrome 

~ oxidase, laccase, and ascorbate oxidase are examples. Additionally, 

many organisms require proteins which serve to store or transport oxygen, 

such as hemoglobin and hemocyanin. 

Proteins which store or transport oxygen, as well as those catalyzing 

reactions involving o2, have in common that they contain one or more co­

ordinated metal .ions. At least one of the metal ions, which are always 

either copper or iron, or both, will have a free coordination site 

available for binding o2. The need for coordinating oxygen is obvious 

for proteins involved in storage or transport. Those enzymes catalyzing 
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reactions using oxygen must coordinate the molecule not only to hold it 

in the proper spatial orientation, but more importantly to lower the 

activation energy to its reduction. The structural differences re­

flecting the functional differences in these two kinds of proteins are 

generally subtle. For example, the difference between tyrosinase, a 

mono-oxygenase, and hemocyanin, an oxygen carrier~ both of which contain 

only a binuclear copper site for binding oxygen, appears not to lie in 

any differential in oxygen activation, but in slight geometrical differ­

ences in the active site which result in increased rates of ligand 

substitution and consequent enhanced reactivity with tyrosinase over 

hemocyanin (_!_). 

The oxygen-carrying proteins are hemoglobin, myoglobin, hemocyanin, 

and hemerythrin. Structural investigations on the latter two proteins 

are still underway, but it is known that oxygen binds at a binuclear 

copper site in hemocyanin and at a binuclear, non-heme iron site in 

hemerythrin. In both cases, it is likely that oxygen forms a bridge 

between the two metal ions when it is bound to the protein (_!_). Hemo­

globin and myoglobin have been structurally well characterized. Oxygen 

binds to a ferrous heme iron in both proteins; there is one such oxygen­

binding site in myoglobin, and four in hemoglobin. The four oxygen­

binding sites in hemoglobin bind oxygen in a cooperative fashion, and 

the cooperative mechanism has been one of the most thoroughly studied 

topics in protein chemistry. The other major subject of investigation 

on these two hemeproteins has been the detailed electronic and geometri­

cal structure of the oxyheme unit. We will return to this subject. 
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A huge number of reactions is found in nature in which oxygen is 

incorporated into substrate molecules, in whole or in part, and a 

corresponding variety of oxygenases exists which catalyze these reactions. 

Both heme and copper oxygenases occur naturally, and many of these have 

been studied from both structural and mechanistic vi~wpoints. As my 

work at Caltech has focused on the structural properties of the oxidases 

and oxygen-carrying proteins, I will not attempt to review structure and 

mechanism in the oxygenases her~. 

The reduction of oxygen to two molecules of water is catalyzed by 

ascorbate oxidase, ceruloplasmin, laccase, and cytochrome c oxidase. 

All of these enzymes contain a pair of metal ions in close proximity 

where oxygen can bind, and all have at least four metal centers per 

enzyme molecule. Among these enzymes, only cytochrome.£ oxidase, which 

has two iron atoms in the form of heme ~' contains coordinated metal 

ions other than copper. 

The physical and chemical properties of the copper centers found 

in the oxidases vary considerably, and a system of classification has 

been devised in which most of these copper centers, as well as those 

found in enzymes involved in other reactions with oxygen 9r in electron 

transport, can be categorized (~). The accepted definitions are: 
+2 1. Type 1 Cu is characterized by a strong blue color (extinction 

coefficient greater than 103 M-l cm-1), and an EPR spectrum 

with a narrow hyperfine splitting in the gll region 

(IA I < 0.010 cm- 1). 
z 
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4. 

+2 Type 2 Cu has EPR parameters similar to those of simple in-

organic cupric complexes, such as square planar Cu(histidine) 2, 

with gll near 2.24 and IAll I> .014 cm- 1, and is capable of 

binding some anions, such as F-. 

3. Type 3 copper centers consist of a pair of copper ions which 

are EPR nondetectable even in the oxidized state, due to ex-

change coupling. These centers have a strong absorption band 

in the near-ultraviolet spectral region which disappears upon 

reduction of the copper ions. 

Ceruloplasmin, ascorbate oxidase, and laccase contain all three 

types of copper. Since the work in this thesis focuses on cytochrome 

c oxidase and laccase among the oxidases, these enzymes will now be 

discussed in some detail. 

Cytochrome ~ oxidase and laccase, although similar in catalyzing 

the reduction of oxygen to water, differ greatly in their biological 

functions. The laccases are extracellular enzymes which serve as bio-· 

logical oxidants by coupling the reduction of oxygen to the oxidation 

of organic substrates. Cytochrome~ oxidase, on the other hand, uses 

the potential difference between cytochrome~~ which it oxidizes, and 

oxygen, to cteate a proton gradient which in turn is used (via the action 

of Fl-ATPase) to drive the phosphorylation of ADP to ATP. In this way, 

energy derived from the activity of the electron transfer chain can be 

stored within the cell in a readily utilizable form. From a functional 

standpoint, then, one might say that laccase transfers oxidizing 
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equivalents from oxygen to a variety of organic substrates, whereas cyto­

chrome c oxidase transfers reducing equivalents (electrons, in fact!) 

from cytochrome£ to oxygen, conserving part of the energy in the 

process. 

Structurally, the enzymes are similar in that they each possess 

four metal centers, two of which are in close proximity and which are 

believed to be the oxygen-binding sites, In both enzymes these two 

metal centers cooperatively accept two electrons from the other two 

metal sites, which are magnetically isolated and which serve as the pri­

mary acceptors. On the other hand, whereas laccase has four copper atoms 

per enzyme molecule, one each of the type 1, 2, and 3 copper centers, 

cytochrome£ oxidase has two iron atoms, in the form of heme!_, and 

two copper atoms, which are not categorizable as type 1, 2, or 3 copper 

sites, per functional unit. One of the objectives of this thesis is to 

understand the way in which the differences in the structures of the metal 

centers of laccase and cytochrome£ oxidase determine their different 

functional roles in nature, with particular attention on the differences 

in the oxygen-binding sites. Before discussing the approaches used to 

attain thts and other objectives of this thesis, though, I will first 

elaborate on the function and structures of cytochrome £ oxidase and 

the laccases. 

Two types of laccase, tree laccase (from Rhus vernicifera) and 

fungal laccase (from Polyporus versicolor) were used in the studies re­

ported herein. Tree laccase is dissolved in the latex of the lacquer 

tree~ along with some phenols. When the tree is damaged, the latex 
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seeps out, and upon contact with air the phenols are oxidized by the 

laccase to free radicals which polymerize to form a natural polyphenolic 

plastic, which can then heal the wound, Fungal laccase is believed to 

be involved in the degradation of lignin, which is a component of the 

wood on which the fungus lives (~). 

Structural and kinetic studies on the laccasses have paralleled 

each other. The principal aims of these studies have been to elucidate 

the ligand structures and geometries of the copper centers, and to under­

stand the order and mechanism of electron transfer to oxygen. A variety 

of approaches, including EPR, optical ,_and resonance Raman spectroscopies, 

MCD, CD, magnetic susceptibility, spectrophotometric titrations, stopped­

flow studies, and inhibitor studies, has been brought to bear on these 

enzymes, and a good deal is now understood regarding their structure and 

mechanism. Many important details, however, remain to be worked out. 

Both tree and fungal laccase are water-soluble enzymes, giving deep 

blue solutions at less than millimolar concentrations when oxidized. The 

enzymes may be reduced by anaerobic addition of reductant such as ascor­

bate or NADH, yielding colorless solutions. The molecular weights are 

about 60,000 and 120,000 for the fungal and tree enzyme, respectively, 

The optical and EPR properties, as well as the reduction potentials for 

the various metal centers of these two enzymes, are summarized in Table 

I. 

The ligand environments of the type 1 coppers of tree and fungal 

laccase are likely to be similar to that of the type 1 copper of plasto­

cyanin, which has been determined by X-ray crystallography and consists 
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of two histidine nitrogens, a cysteine sulfur, and a methionine sulfur 

ligated to the copper in a distorted tetrahedral geometry (~J. The 

optical band near 600 nm which gives these proteins their blue color 

has been assigned to a 0S(cys) + Cu(II) charge transfer transition. 

There must, however, be some difference in the ligand environments of 

the type 1 coppers in tree and fungal laccase to account for the large 

difference in their reduction potentials (Table I), but at present the 

precise nature of these differences remains unknown. 

The EPR signal exhibited by the type 2 copper center of the 

laccases suggests that its structure most likely consists of two to 

three nitrogen ligands (such as histidine) and one or two oxygen ligands 

(such as tyrosine) as the strong-field ligands in a tetragonal arrange­

ment about the copper ion (~_). One of the axial ligands is probably 

hydroxide or water, which can be displaced to allow bindi'ng 

of externally added ligands such as cyanide and fluoride (§_). 

Little is known structurally about the type 3 copper center of the 

laccases. The copper ions are strongly antiferromagnetically coupled 

in the oxidized enzyme (Z), and the EPR signal observed in the partially 

oxidized enzyme from a single type 3 copper (§_) is consistent with ni­

trogen ligation (~). 

As to the mechanism of oxygen reduction as catalyzed by the 

laccases (§_,2_), it is reasonably certain that the initial reduction of 

the enzyme occurs at the type 1 copper site, followed by reduction of 

the type 2 copper. Two electrons are then passed simultaneously to the 

type 3 copper site, allowing an oxygen molecule to bind. It is believed 
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that the last two electrons are then passed to the bound oxygen molecule 

via the type 1 copper. It has been shown that of the two water molecules 

produced by the reduction of oxygen, one is released to the bulk water 

within five minutes, and the other remains bound to type 2 Cu(II) (l.Q., 

1_!). 

Cytochrome ~ oxidase is the last member of the oxidase family that 

this thesis is concerned with. Cytochrome ~ oxidase is found in the 

mitochrondria of all aerobic organisms, and is directly responsible for 

the utilization of more than 90% of the oxygen consumed by life on Earth 

(.!£). The enzyme has a molecular weight of about 140,000 and spans the 

mitochondria 1 membrane (_!l). It catalyzes speci fi ca lly the reaction 

4 h +2 0 4 H+ -+ 4 t h +3 2 H 0 cytoc rome ~ + 2 + cy oc rome ~ + 2 (2) 

The turnover rate is about 400 s-1 in the cell, similar to that for the 

laccases. Part of the energy released in reaction (2) is used by the 

enzyme to create a proton gradient, the energy from which is then used 

to drive the phosphorylation of ADP to produce ATP. Among the major 

goals of studying cytochrome ~ oxidase are to elucidate the precise 

mechanism of oxygen reduction as catalyzed by the enzyme, and to under­

stand the details of how this reduction is coupled to oxidative phos-

phorylation. 

The structure of cytochrome ~ oxidase has been reviewed recently 

by Malmstrom (1]_). The enzyme contains two copper atoms ~ neither of 

which fits neatly into the categories of type 1, 2, or 3 copper ions, 

and two iron atoms in the form of heme a. Starting with the oxidized 
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enzyme, each of the four metal centers may be reduced by one electron. 

The two copper centers are distinct chemically, as are the two hemes. 

The optical and EPR properties of the metal centers of ·cytochrome 

~ oxidase, as well as their reduction potentials, are given in Table I. 

The two hemes are designated cytochrome~ and cytochrome ~3 , and 

the copper centers will be referred to here as Cua and Cu . . Cytochrome 
a3 

~and Cua are somewhat analogous to the type 1 and 2 copper centers of 

the laccases, being the initial electron acceptors from cytochrome~ 

in the catalytic cycle. Cytochrome ~~ and Cu , on the other hand, re-
~ a3 

semble the type 3 copper center of the laccases in that they are in 

close proximity and serve as the oxygen-binding site. 

Cytochrome~ and Cua do not bind externally added ligands , Both 

give rise to EPR signals in the oxidized enzyme. The signal from cyto­

chrome~ is that of a low-spin, hem~ iron, and is most consistent with 

both axial ligan_ds being imidazole nitrogens (!!) ~ The EPR signal from 

Cua is unusual, both in the small hyperfine splitting along g , which z 
is not resolved in the X-band EPR spectrum, and in having one of its g-

values smaller than ge = 2.0023, the free-electron g-va 1 ue :, The unusual 

EPR signal led Peisach and Blumberg (_~_) to propose that the unpaired 

spin might actually reside on a sulfur radical ~ This and other con­

siderations led Chan et al. (.!§_,_!.~_)to propose a specific model for the 

structure of the Cua center, the essential features of which consisted 

of two histidine nitrogens and two cysteine sulfurs bound to copper in 

a nearly tetrahedral geometry, so that the oxidized Cu center is best a 
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represented as Cu(I) bound to a sulfur radical. Other workers have since 

suggested that the coordination between copper and sulfur in the Cua 

center is highly covalent (!..?),which is equivalent to ascribing some 

Cu(l)-S· character to the site. 

Cytochrome ~ is high-spin in both the oxidized and reduced enzyme. 

One of the axial ligands is a histidine nitrogen, as has been shown by 

isotopic substitution using 15N-labeled histidine(_~_), and the other 

axial site is occupied by a labile ligand, so that the heme iron binds 

externally added ligands such as F-, CN-, CO, NO, Nj, and others. The 

labile ligand is probably not exactly the same for all of the enzyme 

molecules in a given preparation of the oxidized enzyme, as discussed 

in Chapter 4. 

Cu , has at least one~ and probably two sites available for co­
a3 

ordinating exogenous ligands (..!2_,20). This indicates that the coordin-

ation environment about the copper is most likely tetragonal, as pro-

posed by Chan et al. (21). The EPR parameters (~suggest the absence 

of sulfur ligands to this copper(~), but the parameters are unusual 

enough that this cannot be assumed with certainty. 

Until fairly recently, whether the available coordination site of 

cytochrome ~3 to which oxygen binds in the catalytic cycle was on the 

same or opposite side of the h~nie plane~as Cua was_ completely a matter of 
. 3 

speculation. However, Stevens et al. (12_) showed in 1979 that it was 

possible for an externally added ligand, NO, to bridge between cytochrome 

~and Cua . More recently, further experiments have indicated that 
3 
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other externally added ligands may also bridge between the two metal 

centers and mediate the antiferromagnetic coupling between them in the 

resting, oxidized enzyme (20). How this large coupling (J > 200 cm-1) 

between the S = 5/2 heme iron and S = 1/2 copper is mediated is unknown. 

Once it had been discovered that externally added ligands could 

bind to cytochrome ~3 and Cua simultaneously, it .seemed obvious that 
3 

oxygen would also bind in this way, Presumably, by bridging between two 

metal centers in cytochrome ~ oxidase as well as in the other oxidases, 

oxygen can be reduced to water without release of intermediates such as 

peroxide or superoxide. Although there must be a sizeable barrier to 

the release of these bound intermediate species, there can be only a 

slight barrier to the subsequent reduction of these species to water in 

order for catalysis to proceed at a reasonable rate. A mechanism for 

the reduction of oxygen by cytochrome~ oxi dase., incorporating these con -

siderations, in which only the roles of cytochrome ~3 and Cua are indi-
3 

cated, is shown in Fig : 1 (from Ref. 22). Experiments in which inter-

mediates in the catalytic cycle are trapped at low temperature and 

monitored by optical and EPR spectroscopy have been instrumental in 

uncovering the mechanism of oxygen reduction by the enzyme, and continue 

to be an area of active investigation. 

The work in this thesis is directed towards understanding the 

nature of the oxygen-binding sites of proteins which are involved in 

oxygen storage or reduction. The approach used has been to investigate 

the intera~tions with these proteins of small molecules, other than 

oxygen, which can bind or react at the oxygen-binding sites . Comparing 
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! 
F +2 ·a·.-e - . 

03 ~Q· 

! e- (cytochrome g/Cu0 ) 

F •4 - o·· ea -3 .· 

Figure 1. Proposed mechanism for the reduction of oxygen to water by 
cytochrome c oxidase (from Ref. 22l. 
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the physical and chemical properties of such ligand adducts among various 

oxygen-utilizing proteins can help in understanding the differences and 

similarities in the oxygen-binding sites, and how structure influences 

function in these proteins. I will now outline the way in which this 

approach was used in the work described in the succeeding chapters of 

this thesis. 

The studies described in Chapter II germinated with our interest 

in the detailed electronic structure of the oxyheme unit in reduced 

cytochrome f_ oxidase. Considerable effort has been invested in con­

structing a model for the bonding of oxygen to ferrous heme (23-26). It 

seems now to be accepted that oxygen binds to ferrous hemes in a bent 

geometry, as first proposed by Pauling (gz_). The bond.ing is accompanied 

by some transfer of electron density from Fe(II) to o2 (23), although 

there is still some disagreement on this point (28). The bonding is 

* best described as being due to a pairing between a singly occupied n 

orbital of the oxygen and the singly occupied d 2 orbital of the iron, 
z 

with additional 11 back-bonding 11 from the iron d · orbital, also singly yz 
occupied, into a n orbital of the oxygen to form a three-center, four-

electron bond (24,25). 

Nitric oxide, NO, has been a useful probe of the electronic 

structure of ferrous hemes. NO binds to ferrous hemes with a bent 

geometry, as does o2. Since the resulting stable complex is paramagnetic, 

it can be studied by EPR spectroscopy. In Chapter 11, I report on inves­

tigations of the EPR spectra of a variety of nitrosyl ferrous heme 

complexes. These investigations resulted in the discovery of a delicately 
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balanced equilibrium between two conformers in the inorganic heme com­

plexes studied and in myoglobin, but not in cytochrome£ oxidase. The 

nature of the conformational equilibrium, and its implication towards 

other studies of the structures of oxygen-binding hemeproteins, are discussed. 

NO is also a potentially reactive molecule. It can be oxidized 

to nitrite, NO~, with a reduction potential of about 370 mV at pH 7, 

and it can be reduced to N20 with a reduction potential at pH 7, of 

1.18 V. Brudvig et al. (22) have found that cytochrome£ oxidase 

catalyzes severa1 reactions of NO, and their findings regarding these 

reactions have implications for the structure of the oxygen-binding 

site and the mechanism of oxygen binding and reduction in this enzyme. 

Chapter III of this thesis describes an analogous study on the re­

actions of nitric oxide catalyzed by tree and fungal laccase. A 

catalytic cycle is set up describing the reactions of the laccases with 

NO, which differs qualitatively from the cycles deduced for the reactions 

of cytochrome ~ oxidase with NO. 

Studies on the interactions of nitric oxide, in combination with 

other ligands, with cytochrome~ oxidase, also resulted in the finding 

that three different stable conformations of the oxidized enzyme can be 

distinguished by EPR spectroscopy (20). Two of the diagnostic EPR 

signals for these conformations are rather unusual in that they cannot 

be interpreted simply in terms of normal copper or iron EPR signals. 

These signals, in view of their complexity, are most likely due to the 

coupled S = 2 spin center of the oxidized enzyme. Chapter IV describes 
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calculations of the energy levels of and EPR transitions from the cyto­

chrome ~3 -Cua site under various conditions of exchange coupling, di -
3 

polar coupling, and so forth, to facilitate interpretation of these two 

unusual EPR signals, as well as a third signal arising from a transient 

species which occurs upon reoxidation of the reduced enzyme by o2. The 

studies reported in this chapter are intended to shed further light on 

the unique features of the oxygen-binding site of cytochrome ~oxidase. 

Finally, Chapter V summarizes the conclusions arrived at in the 

preceding chapters regarding the nature of oxygen binding and reduction 

in the oxygen-carrying proteins and in the oxidases. 
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CHAPTER II: EPR STUDIES OF NITROSYL FERROUS HEME COMPLEXES. DETER­
MINATION OF AN EQUILIBRIUM BETWEEN TWO CONFORMATIONS.* 

Introduction 

An understanding of the bonding of ligands, and oxygen in particular, 

to ferrous hemeproteins such as hemoglobin, cytochrome P-450, and cyto-

chrome £ oxidase, is prerequisite to elucidating the mechanisms by which 

they carry out their biological functions. In particular, a detailed 

description of ligand binding is critically necessary in the study of 

intermediates produced in the reduction of oxygen as catalyzed by one of 

these hemeproteins, cytochrome £ oxidase. 

The electronic environments of various hemeproteins and of model 

heme complexes have been investigated wi'th some success using the ligand 

ni'tri-c oxide as a paramagnetic probe (1 - 17). NO forms a low-spin, six-

coordinate complex as does o2, and binds in a bent fashion as does o2 
(§_,18 - 21) . Furthermore, since the NO adducts of ferrous heme compounds 

are paramagnetic, unli·ke the oxygen and carbon monoxide adducts, they 

are amenable to study by EPR spectroscopy. Various authors have studied 

the dependence of the EPR spectra of the NO adducts of hemeproteins and 

i'norgani'c heme complexes upon variation of the 1 igand trans to NO (1 - 3, 

17)_, and upon vari"ati'on of the heme environment (£,~,~,17). Although 

these studies have increased our understanding of the bonding and stereo-

chemi,stry in these systems, many of the details of the electroni-c 

* This chapter has appeared in slightly altered form in J. Biol. Chem. 
255, 7876-7882 (1980). 
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structure of the NO-bound species remain unclear. In part, this lack 

of definitive conclusions is due to the difficulty in unambiguously 

interpreting EPR signals as complex as those observed for these species. 

However, a second obstacle to meaningful interpretation of the EPR 

spectra observed for nitrosyl heme compounds, which has been largely 

ignored, is the presence of at least two distinct signals in the spectra 

of most of these compounds. 

The presence of a second distinct signal can be inferred from the 

observation of a fourth g-value, distinct from the three g-values 

assigned gx, gy and gz, which arise from anisotropy in the g-tensor. 

This fourth g-value was originally labeled g? (!) and remained unexplained 

until very recently. Yoshimura et al. (1_), in an excellent study, inves­

tigated the Q-band (35 GHz) and X~band (9 GHz) EPR spectra of the nitric 

oxide derivative of Fe(II)-(PPDME) in chloroform, using several imi"dazole 

derivatives as the second axial ligand. They varied the temperature and 

the imi'dazole base concentration, and concluded that the absorpti'on pre ... 

viously called g
7 

at g = 2.03, along with another absorption at g = 1~99, 

constttutes a second EPR stgna1 which is favored at high temperature. 

The two si'gna 1 s were interpreted in terms of two di'fferent structures of 

base-he-me-NO, varyi'ng in i'ron-NO and iron-base distances, and in the 

fe-N-0 angle. However, it was not determined whether the temperature 

dependence of the spectra reflected motional/relaxatiun effects or a 

chemi'ca l equi'l i·bri um . 

To settle thi~ point, and to characterize these species more 
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definitively, we have investigated the temperature dependence of the EPR 

spectra of the NO derivatives of Fe(II) protoporphyrin IX in dimethyl­

sulfoxide (Me 2so) and dimethylformamide (DMF), of myoglobin, of cytochrome 

£, and of cytochrome~ oxidase. The spectra have been deconvoluted using 

the technique of factor analysis (25, 26), and the results demonstrate 

that the variation of the EPR spectra with temperature is due to an 

equilibrium between two species. Interpretation of the EPR signals then 

provides some information on the geometries and electronic structures of 

the complexes. Finally, the unusual behavior of the EPR spectra of the 

NO adduct of cytochrome c oxidase suggests a structural anomaly which is 

also discussed. 

Experimental Procedures 

Materials. Myoglobin from equine skeletal muscle (Sigma), horse 

heart cytochrome£ (Sigma), and bovine hemin chloride (Aldrich) were used 

without further purification. DMF (Matheson, Coleman and Bell) was dried 

and distilled before use. All other chemicals used were obtained in re­

agent grade quality and used without further purification. 

Beef-heart cytochrome£ oxidase was isolated by the procedure of 

Hartzell and Beinert (_~), and was stored at -85°c until used. The prepar­

ation contained 9 nmole heme a/mg protein as measured by the pyridine 

hemochromagen assay (23). The purified protein was dissolved in 0.5% 

Tween 20/50 mM Tris·N03/pH 7.4 buffer. Protein concentration was deter­

mined by the method of Lowry et a_l. (24). 
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Sample Preparation. The Fe(II) protoporphyrin IX samples were pre­

pared according to the method of Kon and Kataoka (1). A few mg of the 

Fe(III) hemin chloride were first dissolved in either Me2so or DMF nearly 

saturated with imidazole. The solution was then transferred to an EPR 

tube and NO (Matheson) was added anaerobically to a pressure slightly 

under 1 atm. The samples were made anaerobic by at least two cycles of 

evacuation and flushing with argon. The samples were then allowed to 

incubate 40 - 60 minutes, during which reduction of the iron takes place. 

Exce~s NO was then removed and replaced by argon (Linde). 

Myoglobin was dissolved in 10 mM sodium phosphate, pH 6.0, and was 

reduced anaerobically by addition o.f a few grains of sodium dithionite 

from a sidearm on the EPR tube. The protein solution was then allowed 

to i'ncubate for at least 30 minutes to allow complete reducti'on before 

anaerobic addi't ion of NO. 

Cytochrome£. (10 mg/ml = 0.7 mM), dissolved in 50 mM Tris·N03, 

pH 7.4 buffer, was reduced anaerobi·cally by addition of excess sodium 

ascorbate (0.6 M, in 4 mM EDTA, pH 7 .4 buffer) from a sidearm on the EPR 

tube and allowed to iTicubate 20 minutes before adding NO. 

Cytochrome £. oxidase was reduced by anaerobic addition of an excess 

of a soluti'on of paraphenylene di'amine and ascorbic aci'd from a sidearm 

in the EPR tube, NO was added anaerobically, and the enzyme was a 11 owed 

to incubate for 60 minutes. Followi'ng thi'S, the soluti'on was frozen and 

the excess NO was evacuated and replaced by argon. 

A second preparati'On of the NO adduct of cytochrome c oxidase was 

prepared according to the method of Yonetani· et al. (i). A sol uti'on of 
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cytochrome ~ oxidase in an EPR tube with a sidearm containing an excess 

of NaN02 in solution was degassed, then the EPR tube was opened long 

enough to add an excess of paraphenylene diamine and either cytochrome 

c or ascorbate in solution. The sample was then immediately degassed 

again, argon was added, and the sample was shaken to mix the NaN02 with 

the reduced enzyme. The sample was then allowed to incubate for about 

60 minutes. In this procedure, reduction of N02 to NO occurs via the 

reaction 

where the electron is provided by reduced cytochrome c oxidase. The EPR 

spectrum shows that only the NO adduct of cytochrome~ oxidase is formed, 

even in the presence of equimolar reduced cytochrome ~, demonstrating 

that the formation of NO must occur at or near the binding site (cyto­

chrome ~3 ) of cytochrome~ oxidase, and that only one molecule of NO is 

formed per enzyme molecule. 

All sample incubations described above were at room temperature, 

and protein samples were stored at -85°c if the EPR spectra could not be 

obtained immediately. 

EPR Spectra. EPR spectra were recorded on a Varian E-line Century 

series X band spectrometer equipped with an Air Products Heli-Trans low­

temperature system. All spectra were obtained at microwave frequencies 

from 9.246 to 9.251 GHz, and at non-saturating microwave powers. The 

temperature of the cavity was measured immediately before and after 

obtaining each spectrum by inserting a calibrated thermocouple [chromel vs. 

gold (0.07 mole % Fe)] wire into the cavity. 
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Data Analysis. The EPR spectra obtained for most of the complexes 

studied varied with temperature. Each set of temperature-dependent 

spectra was then deconvoluted by using the technique of factor analysis 

(25,26). This technique may be used toextract the number of components, 

or factors, contributing to a given set of spectra (or other data). The 

factorization of data into its component parts will succeed only if the 

data are indeed factorable, and if whatever error is present is random. 

We begin the analysis of the EPR data for a given complex by digitizing 

the spectra obtained at each of!!_ temperatures. An m x n data matrix D 

may then be constructed whose columns comprise the digitized (~points) 

EPR spectra at each temperature. If the data are factorable, a given 

element of ~ may be written as 
f 

(1) d .. = 2: (rik)(ckj). lJ 
k=l 

In this equation, f is the number of contributing factors (contributing 

EPR signals in the present instance). The elements r.k belong to R, an 
, A 

~ x f. matrix called the row matrix whose f. columns comprise the digitized 

EPR signals contributing to the original data. The elements ckj belong 

to f, called the column matrix. According to equation (1), then, the f. 

elements in the j_th column of~ tell how much each of the f columns of 

R contribute to the j_th column (or spectrum) in the original data matrix, 
A 

D. 
A 

Equation (1) may be rewritten as a matrix equation: 

( 2) D = RC 
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In order to find R and C, we must first calculate the covariance matrix ,.., 

Z, where 

~T being the transpose of Q. The eigenvalues of~ are then used to find 

the number of factors contributing to the original data. If there were 

no errors in the original data, the number of non-zero eigenvalues of Z ,.., 

would equal the number of contributtng factors. However, error in t~e 

data causes all the eignevalues to be non-zero. The largest of these 

eigenvalues are associated with the eigenvectors contrtbuting to the 

data; the eigenvectors associated with the smaller eigenvalues contain 

contributions from experimental error. Standard procedures are available 

for deci'di'ng whi'ch of the ei genva 1 ues correspond to eigenvectors repre­

sentati've of the 11 true 11 data (e). Probably the most defini'tive method 

of assessing whi'ch of the original eigenvectors contribute significantly 

to the origtnal data matri'x is to reproduce the data using first the 

ei·genvector associated with the largest eigenvalue, then the two largest, 

and so forth, until a good reproduction is obtained. In other words, we 

attempt to reproduce D by ustng equation (1), where f, the number of con-
" 

tri·buting factors, is varied (f = 1,2,3, . : .). Continuing this procedure 

beyond the correct number of factors should not imorove the data repro-

ductiun significantly. 

Results 

Temperature Dependence of EPR Spectra. The EPR spectra of Im-Heme-NO 
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in Me2so and of MbNO showed a temperature dependence similar to that 

observed by Yoshimura et al. (_~_) (Fig. 1.). The NO complex of ferro­

cytochrome £and Im-Heme-NO in DMF, not shown, exhibited similar behavior. 

We also found that the signals were fairly easily saturated at low temper­

atures (<20 K), and that the two distinct signals present (see below) 

exhibited different saturation behavior. 

In order to determine whether the temperature dependence observed 

was due to the disappearance of a signal or signals with increasing 

temperature, we measured the area of each first derivative spectrum ob­

tained by numerical double integration of the spectra. We found that the 

areas for a 11 speci'es examined, when corrected for power, ga tn and 

temperature, remained constant over the temperature range studi'ed. This 

demonstrates that the temperature dependent changes observed in the EPR 

spectra of these compounds must be accounted for in terms of paramagnetic 

· species which exhibtt EPR signals throughout the range of temperatures 

studied. 

Deconvolution of EPR Spectra. We next sought to determine how many 

distinct stgnals contributed to each spectral series and to deconvolute 

the spectra into the component signals. To accomplish this we applied 

the technique of factor analysis, which was described in the previous 

section. 

The analysis was carried out using the EPR spectra obtatned at 

varfous temperatures of MbNO, and of Im-Heme.-NO in DMF and in Me2so, and 

we found that the data could in every case be accurately reproduced 
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using only two row and column vectors. This confirmed the interpretation 

of Yoshimura et al. (l), i.e. that the EPR signals observed are due to 

contributions from two species. Furthermore, since the lineshape of the 

two signals remains constant, it is clear that the variation i~ the EPR 

spectra with temperature is due to an equilibrium between two species 

rather than to motional/relaxation effects. A few representative spectra 

are plotted in Fig. 2, along with the "spectrau generated by using two 

row and column vectors to reproduce the original data. 

The row and column matrices resulting from the application of factor 

analysis represent abstract mathematical solutions and cannot, in general, 

be identified directly with physically significant quantities (the "true" 

component signals of the EPR spectra, in this case). Therefore, once 

these matrices have been obtained, the proper physically meaningful 

linear combinations of row vectors and of column vectors must be ob­

tained. 

Although there is no generally applicable method of finding the 

proper linear combinations, since it depends on the physical nature of 

the problem under investigation, two circumstances greatly simplified 

thi's task in the present instance. The first was that since there were 

only two contributing factors, the linear combinations could be effected 

by a simple two-dimensfonal rotation of the appropriate matrices. In 

addi'tion, we were provided with a "target" EPR signal by the EPR spectrum 

of cytochrome ~ oxidase-NO shown in Fig. 3. This species, prepared by a 

method similar to that used by Yonetani et al. (~_) (see Experimental 
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34K 

Mb NO 

34K 

Im-Heme-NO 1n DMF 

158K 

Im-Heme-NO 1n DMF 

3150 Oe 3350 

Figure 2; Reproduction of spectra using two component signals. Upper 
traces are original EPR spectra~ lower traces were made by 
plotting digitized reproduced spectra (filled circles) and 
tracing original spectra through these ·points. Top, MbNO at 
34 K; center and bottom~ Im-Heme-NO in DMF at 34 K and 158 K, 
respectively. 
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73 

125 

Cytochrome c oxidase - 14NO 

Figure 3: 

3150 Oe 3350 

EPR spectra of cytochrome c oxidase- 14NO. The sample exhibiting 
the upper spectra was pr.epared by the method of Yonetani et a 1. 
(4); the lower spectra are due to a sample prepared by anaerobic 
addition of NO gas to the reduced enzyme. The modulation ampli­
tude in the upper spectra was 2.0 G~ in the lower spectra, 10 G. 
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Procedures), exhibits only three g-values. We interpreted this and the 

temperature independence of the spectrum as indicating that only one 

species was present in this preparation, and therefore used the signal 

seen in Fig. 3 as an approximation of one of the true contributing 

signals, or row vectors. 

The row vectors we obtained for one of the two contributing signals 

of each species proved to be similar to the cytochrome£ oxidase-NO EPR 

spectrum. The row vectors corresponding to the true contributing signals 

were chosen on the basis of providing the most reasonable EPR signals, 

and of giving the best fits to the thermodynamic equations discussed 

below. These artificially generated signals were graphed in Fig, 4, and 

their g-values and hyperfine splittings are given in Table I. 

Thermodynamic Analysis: The elements of the ''true" column matrix 

give the ratio in which the contributing EPR signals combine to give 

the observed EPR spectra at each temperature, for each complex examined. 

Since we normalized the contributing signals, the ratios provided by the 

column matrix must give the equilibrium constant K(.T) at each temperature 

used for the equilibrum 

I =r II 

where I is the species with EPR signal R1 and II the species with EPR 

signal R2 (see Fig. 4). The temperature dependence of the equilibrium 

constant then affords a means of investigating the thermodynamics of the 

system under consideration. 
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g = 2.041 

• 

A) Mb-NO f 
t 

g = 1.983 

t 
g = 2.043 

• g = 1.979 

g= 2.003 

• 
8) Im-Heme-NO in DMF 

t 
g = 1.968 

t 
g = 2.038 

~ 

g =I. 990 

t 
g = 1.970 

Figure 4: The two component signals present in the EPR spectra of NO­
ferroheme complexes. The curves on the left are desi gnate·d 
R1 in the text and assigned to species I; those on the right 
are called R2 and assigned to species II. (A) MbNO; (B) Im­
Heme-NO in D~F; (C) Im-Heme-NO in Me 2so. The hyperfine 
splittings in R1 of (B) and (C) were added in accordance with 
the hyperfine splittings obs~rved in the original spectra. 
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TABLE I 

EPR Parameters for Five- and Six-Coordinate Nitrosyl Ferroheme Complexes 

91 92 93 :n;l(G) A2(G) 

Type I 2.07 2.004 1. 97 21 7 

Type II 2.03 1. 99 16 

Type II Ia 2.09 2.06 2. 010 15.8b 

aRef. (3). 

bA. 
lSO 
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The simplest form that K(T) can take is 

11H0 115° 
ln K(T) = - RT + ~R~ 

where the entropy change 115° and enthalpy change 11H0 associated with 

the interconversion of species I and II are assumed to be independent 

of temperature. However, the graph of ln K(T) vs. 1/T did not yield 

a linear plot for any of the complexes examined. Considering the large 

temperature range studied, this nonlinearity was not surprising. A 

more general form for the temperature dependence of K(T) is 

(4) ln K(T) = - 11Ho(O) + 11a lnT + 11b T + 11So(O) 
RT R 2R R 

where it has been assumed that 

(5) 

and 

11H0 (T) = 11H0 (0) + JT 11C (T')dT' 
0 p 

11C (T) = 11a + (11b)T . p 

We were able to fit the K's obtained from the column matrices to equation 

(4) within reasonable error limits, as shown in Fig. 5. Due to the in-

herent uncertainty in the generation of the column matrices, the parameters 

obtained do not provide exact thermodynamic data, but rather are only 

indicative of the magnitudes of these quantities. It turns out that 11a 

and 11b a re both very sma 11 , as expected, and 11H0 
( O) for this equilibrium 

is on the order of a few kcal/mole or less. 

Cytochrome ~ oxidase. The EPR spectrum of the NO adduct of reduced 
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A 

3 

-I 

-3-----------------------'------------L---------' 
4 12 28 

Graph of 1 n Ke vs 1/T for the reaction I - ~ I I. In curves 
A and B, the qtwo symbols present are for data from two 
separate experiments. The solid lines are theoretical fits 
using eq. (5) in the text. (A) MbNO: 6.a = - 25 cal K-1 mo1-l, 
t::.b = 0.5 cal ·K-1 mo1-l, t::.HO(Q) = 720 cal mol -1, and t::.SO(Q) = 
100 cal K-1 mo1-l. (B) Im-Heme-NO in DMF; 6.a = -17 cal mo1-l, 
t::.b = 0.3 cal K-1 mo1-1, t::.H0 (o) = 570 cal mo1-l, and t::.S0 (o) = 
70 cal K-1 mo1-l. (C) Im-Heme-NO in Me2 SO; 6.a = -23 cal mol-1, 
t::.b = 0.4 cal K-1, t::.HO(Q) ; 730 cal mo1-r, and t::.SO(O) = 90 cal 
K-1 mo1-l . 
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cytochrome£ oxidase, prepared by the method of Yonetani et al. (~) 

described in the Experimental Procedures section, is shown in Fig. 3. 

Clearly, only three g~values are exhibited in the spectrum, independent 

of temperature. Other preparations of this species, particularly those 

prepared by anaerobic addition of NO gas to the reduced enzyme, exhibit 

varying amounts of a second signal resembling R2 along with the signal 

seen in Fig. 3. However, an important difference between these latter 

preparations of cytochrome£ oxidase and the other complexes studied is 

that the ratio between the two signals exhibits no variation with 

temperature for the cytochrome £ oxidase preparations. 

Discussion 

We have shown that the temperature dependence of the EPR spectra 

exhibited by various nitrosylferroheme compounds is consistent with a 

thermal equilibrium between two species with EPR signals approximated 

by R1 and R2 (Fig. 4 and Table I). It is likely that both species I, 

wi'th EPR s igna 1 Rl' and species I I, with EPR s i gna 1 R2, a re six-coordinate. 

The EPR spectrum of five-coordinate HbNO has been recently obtained by 

Hi'lle et al. {_15) and is shown in Fig. 6. The spectrum is similar to 

the known five-coordinate complex NO-Fe{_II) (_PPDME) Cl2), and is clearly 

different from both the Type I and I I EPR s i·gna 1 s. The cha racteri'st i'C 

g-values and hyperfine splittings of this signal, which we call Type III, 

are tabulated i"n Table I. A Type III si_gnal is also exhi·bi.ted by HbNO 

Milwaukee i'n the presence of inos i to 1 hexaphosphate (§_)_, and by 
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3200 3300 3400 
H {GAUSS) 

Standard spectrum of five-coordinate, or Type III, nitro­
sylferroheme. The spectrum was obtained from HbNO by a 
subtraction procedure, and is redrawn from Hille et al. (!E_). 
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NO-Fe(II)(PPDME) in the presence of bases such as quinoline derivatives, 

2,6-xylidine (~), and hindered imidazole bases (]). The former compound 

has been implicated as being five-coordinate in the presence of inositol 

hexaphosphate on the basis of infrared measurements of NO stretching 

frequencies (16), and the bases used in the latter compounds as potential 

sixth ligands are :likely to be no~-coordinating due to steric re­

pulsions. Furthermore, the three-line hyperfine splitting indicates that 

there is essentially no delocalization of the unpaired spin onto the 

imidazole nitrogen. Hence, the Type III signal, in which all three g-values 

are greater than ge, is seen to arise from five-coordinate NO-ferroheme 

complexes. 

Our assignment of species I and II follows the arguments of Yoshimura 

et al. (l). These authors have observed that the equilibrium constant at 

room temperature for the reaction 

NO-Fe (I I) ( PPDME) + NMe Im =r NO-Fe (I I) (PPDME )-NMe Im 

is small (K ~ 2 M-1), indicating that the iron-base bond in species II is 

relatively weak. This is consistent with available X-ray crystallographic 

data obtained at room temperature; the displacement of the iron atom from 

the heme plane in the NO-Fe(TPP) complexes with 1-methylimidazole (20) 
0 

and 4-methylpiperidine (18) is towards NO by 0.07 and 0.11 A, respectively. 
. -

Also, the 9-line hyperfine splitting observed in the Type I signal of 

most species, originating from the interaction of the unpaired electron 

with the 14NO nitrogen and the 14N nucleus of the axial base trans to NO, 

suggests that the unpaired electron has considerable interaction with the 
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axial base nitrogen in species I and very little with that nitrogen nucleus 

in species II. 

These observations suggest that the bond distance between iron and 

base nitrogen is greater in II than in I, and that the iron-NO distance 

is greater in I than in II. We have depicted schematically the two species 

in Fig. 7. The equilibrium between them could reasonably occur in frozen 

solution, and the estimates obtained for 6H0 (o) (~3 kcal/mol) and the 

parameters 69._ and 6..!2_ giving 6Cp as a function of temperature (eq. 6) 

( l6aj <40 cal/mol; l6b !<1 cal mol-l K- 1) are consistent with what one 

might expect for this equilibrium. Moreover, X-ray crystallographic 

data indicate that the heme iron can indeed be on opposite sides of the 

heme plane for similar compounds. For example, room temperature measure-

ments show that the iron atom in o2-Fe(II)(TPivPP)-1-Meim is displaced 
0 

0.03 A towards oxygen (~),whereas at -12°C the iron atom in oxygenmyoglobin 
0 

is displaced 0.33 A towards the coordinated imidazole (~). 

The bonding of NO to various ferroheme compounds has been discussed 

by several authors, but it is now clear that for most NO-ferroheme com-

plexes there must exist two stable conformations with different bonding 

characteristics. A number of authors have discussed the bonding of NO-

ferroheme complexes in terms of a scheme in which the unpaired electron 

is localized in the iron d 2 orbital (}_,~,~_); but, as Dickinson and Chien 
z 

have pointed out (_z_), this is inconsistent with the observation of g-

values less than ge. A second possible bonding scheme is that designated 

Type I by Trittelvitz et al_. (~) and represented by the molecular orbital 
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diagram of Fig. 8. This scheme corresponds to the configuration 

(dx
2

)
2

(dxy)
2

(d22 )2(dyz) 1 , which gives rise to the g-values 

gxx 2.002 + 6f.B2o2/.6E 2 2f.B2
t:
2/.6E 2 _2 z +yz yz+x . ~y 

(6) gyy = 2.002 + 2f.B2Y2/.6E xy+yz 

gzz = 2.002 + 2f.c:x2s2 /.6E 
XZ-+YZ 

where f., the one-electron spin-orbit coupling constant for Fe(II), is 

( -1) >Q /.. = 390 cm , and a, B, y, 8 and c: a re the "orbita 1 redaction 
0 

factors" for the d d d , d 2,and d 
2 2 

orbitals, respectively. xz' yz' xy z x -y 

These factors fall between 0 and 1, and are used to account for re-

duction in the anisotropy of the g-tensor due to covalency between metal 

and ligands (28). Second order terms in A have been neglected. If 

€2 
-r-=----- > ZiE 2 2 yz+x -y 

in eq. (6), then gxx will be less than ge' as 

observed. Although this seems a little unlikely in that the separation 

between the d 2 and dyz energy levels must be greater than that between 
z 

the d ~ and_ d 2 2· energy levels, it cannot be ruled out entirely. In 
z x -y 

addition, if this configuration is to represent species I, then gyy 

or gzz must be very close to ge, either through a large orbital reduction 

of the dxz or d orbitals, or through a large energy difference between xy . 

the d and d · orbitals (according to Fig. 8). It is unlikely that xz yz 
either of these effects could account for the observed g-values~ and so 
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Figure 8: Qualitative molecular orbital diagram for six-coordinate NO­
ferroheme-imidazole complexes·. This scheme is a modified 
version of that presented by Trittelvitz et al. (g_). 
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it appears that the g-values of species I cannot be explained on the 

basis of the configuration (d )2(d )2(d 2 )~d )1. The g-values of xz xy z yz 
species II, however, could be accounted for by this configuration as 

long as gzz and gyy are almost identical, which could occur of the dxz 

and dxy orbitals were close enough in energy. 

We have also calculated the expressions for the g-values assuming 

* the separation between the d 2 + Tiz and d - TI orbitals is on the 
z yz Y 

order of A, the spin-orbit coupling (see Appendix I). The g-values 

calculated again fail to satisfactorily account for the observed g-values. 

Specifically, the values of ~E 2 2 that result from the new expression 
yz-+x -y 

for gxx are too small to be reasonable (on the order of 1000 cm-1), re-

gardless of which g-value of either species under consideration is 

assigned to gxx· A similar calculation in which the energies of the 

* d 2 + TI and d - TI orbitals were reversed also failed to reproduce 
z z yz y 

the experimental g-values of either species. 

It may be that mixing of other states, such as a d5 iron-NO con-

figuration, into the ground state must be considered, or that spin-

orbit coupling from the NO moiety contributes to the observed _g_-

anisotropy, in which case calculations more detailed than those we have 

undertaken here would be necessary to calculate g-values. In any case, 

it is apparent that although the molecular orbital scheme of Fig. 8 may 

remain intuitively plausible, it is too simple to account for the ob-

served g-values of species I and II. 

Although we began this part of the discussion by assuming that 
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species I and II were similar enough that they might be considered to 

have identical bonding characteristics, this assumption is clearly a 

first approximation. We now address the issue of how the two con-

formations differ significantly in their bonding characteristics. 

First, the charge on the iron atom in the two species is likely 

to be different. The net transfer of charge between iron and NO in 

either species will be the sum of the NO~iron transfer, through the 

.sigma bond, and the iron~No charge transfer, through dn - pn back-

bonding. In species I, the dn - pn interaction between Fe and NO must 

* be reduced far more than is the d 2 - n interaction, compared to species 
z z 

II. Since the d - pn (imidazole) interaction probably involves little xz 
charge transfer, this implies that the iron atom in species II is likely 

to be more positively charged than in species I. In view of this, it 

may be that mixing of d5 iron-NO- configuration into the ground state 

must ·be considered, particularly for species II (see above). 

A second obvious difference between the two species can be gleaned 

from the g-value anisotropy; species I exhibits three distinct g-values, 

whereas II is apparently of nearly axial symmetry. This could be due 

to a coincidental near degeneracy of orbital energies in species II, or 

could arise if the Fe-N-0 unit of I were frozen on the EPR time scale 

and that of II were freely able to rotate. A more nearly linear Fe-N~O 

conformation in species II could also give rise to its smaller anisotropy. 

A few nitrosylheme compounds have been studied by X-ray crystallography; 

for NO-Fe (TPP )-4-methyl pi peri dine ( 18), NO-Fe (TPP )-NMe Im (1~_), and HbNO 

(20), the Fe-N-0 angles at room temperature were found to be 140°, 142°, 
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and 145°, respectively. Chien found in an EPR study of single crystal 

MbNO that at 78 K the Fe-N-0 angle was only 110° (§_). The EPR spectra 

he obtained indicate that species I was predominant. Thus, from this 

data it appears that the Fe-N-0 unit in species II may be more nearly 

linear than in species I. This will cause a reduction in the anisotropy 

by making the iron dxz and dyz orbitals more nearly equivalent in energy. 

In summary, three points emerge from the results of this study. 

First, data on oxyheme complexes have always been interpreted in terms 

of a single species. However, considering the resemblance of oxyheme 

complexes to the analogous nitrosylheme complexes, it is entirely con­

ceivable that there exists more than one stable conformation of these 

as well. Data obtained at different temperatures may not be due to the 

same species. 

The next point is related to the question of biological relevance. 

Previous studies of nitrosylheme complexes done at low temperatures 

which were intended to serve as model studies of corresponding oxyheme 

complexes, we see now, may be deceiving in that they provide information 

on a conformation unfavored at biologically relevant temperatures. It 

is likely that species II of the NO-heme complexes; favored at higher 

temperature, is closer in conformation to the oxyheme complexes near room 

temperature than · is species I. The best evidence for this is that the 

iron displacement from the heme plane at room temperature for o2-
o 

Fe(II)(TpivPP)-1-Meim was measured to be 0.03 A towards oxygen (Q), 
0 

and in NO-Fe(TPP)-4-methylpiperidine it is 0.07 A towards NO (_~). Thus, 

results obtained at low temperature on the nitrosyl complexes of ferroheme 
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compounds may not necessarily be as applicable towards understanding 

the biologically interesting oxygen complexes as was hoped. 

A final point stems from the constancy with change in temperature 

of the EPR spectrum of the NO adduct of cytochrome .f_ oxidase. This anomalous 

behavior indicates a large relative stabilization of species I over 

species II. 

The heme iron of cytochrome ~3 , which is the only heme in cytochrome 

c oxidase that binds exogenous ligands such as NO, is known to be coordi-

nated to histidine as the sixth axial ligand (~). This makes it similar 

in this respect to myoglobin, and to the inorganic complexes used in this 

study, which had imidazole bound as the sixth ligand, so the difference 

in the temperature dependence of the EPR spectrum must lie elsewhere. It 

could also be due to the unusual structure of prophyrin A (l.Q_), but that 

seems unlikely in view of the results of Yonetani et al. (~). Their 

study shows that the EPR parameters of the nitric oxide complexes of 

ferrous Hb and Mb are not significantly affected by substitution of meso­

or deuteroheme for protoheme at 77 K, indicating that the equilibrium 

between species I and II is insensitive to the porphyrin ring substitu­

ents. However, they did not substitute heme ~or any other heme containing 

a formyl group on the porphyrin ring, so this conclusion is not as strong 

as it might be. 

In light of recent results indicating the existence of a nitric 

b . . f h .d . F 2+ 0 C 2+ oxide ridged species o cytoc rome .f_ ox1 ase, i.e. e - N - u 
a3 a3 

, in 

which only the cytochrome a3 site is reduced (l!), it is interesting to 
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speculate that the stabilization of species r over II in the NO comp lex 

of cytochrome f_ oxidase may be due to interaction between Cu+ and the 
a3 

oxygen of NO. That is, in the reduced enzyme, NO may bridge cytochrome 

~3 and Cu , which are known to be the only binding sites in the enzyme 
a3 

for externally added ligands (32). This hypothesis is consistent with 

models that have been advanced of the initial binding of oxygen to 

cytochrome ~3 , and the subsequent reduction of o2 to water (33,34). 

Although some preparations of the NO adduct of reduced cytochrome .£ 

oxidase exhibit some of the Type II EPR signal, we believe this is due 

to an NO complex involving the enzyme in a different conformation. The 

Type II EPR signal is more predominant in preparations made by addition 

of NO gas than in preparations made by adding solubilized nitrite to the 

enzyme, and the former procedure is a harsher treatment. As noted earlier, 

these preparations also exhibit no variation with temperature in their EPR 

spectra. 

It is interesting to note that the EPR spectra of the nitrosyl adducts 

of cytochrome .£peroxidase and horseradish peroxidase exhibit no Type II 

s i gna 1 in their EPR spectra at 77 K (_~), and that NO-cytochrome P-450 

exhibits almost none of this signal (10). Furthermore, NO-cytochrome c 

peroxidase exhibits no Type II EPR signal from 93 -153 K (35). Although 

these enzymes have no metal center analogous to Cu in cytochrome c 
a3 -

oxidase to stabilize species I over species II, it may be that hydrogen 

bonding from an amino acid side chain to the NO-oxygen could provide such 

stabilization. Such a hydrogen bond has been proposed for NO-catalase by 

Schonbaum and Chance (36). 
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CHAPTER III: REACTIONS OF NITRIC OXIDE WITH TREE AND FUNGAL LACCASE. 

Introduction 

The laccases are copper-containing oxidases which, like cytochrome 

c oxidase, can reduce dioxygen to two molecules of water (!). The two 

varieties studied most often are obtained from the oriental lacquer tree 

Rhus vernicifera and from the white-rot fungus Polyporus versicolor. 

They both contain four copper ions per molecule. In the oxidized en­

zymes, two of these ions (types 1 and 2 Cu+2), are detectable by EPR. 

The type 1 Cu+2 ions are characterized by unusually strong optical 

absorptions around 600 nm, which disappear on reduction, and by EPR 

spectra with small hyperfine splitting constants (IA I < 0.010 cm- 1). 
z 

The type 2 Cu+2 ions have more normal EPR spectra and, as they lack 

strong optical bands, these Cu+2 ions can only be monitored by EPR. The 

two EPR-detectable Cu+2 ions are the primary acceptors of electrons from 

the reducing substrates. 

The two copper ions which are not detectable by EPR in the oxidized 

enzymes, called type 3, constitute an antiferromagnetically coupled b·i'­

nuclear Cu+2 - Cu+2 unit (£,1_) which functions as the dioxygen reducing 

site. Exchange coupled binuclear centers are also found in many other 

proteins capable of reacting with dioxygen. Thus, binuclear copper 

centers are present in another blue oxidase, ceruloplasmin; in the 

mixed-function oxidase, tyrosinase; and in the oxygen-transporting 

protein, hemocyanin. In cytochrome~ oxidase, the dioxygen-reducing 

site is the copper-heme unit, Cua -cytochrome ~ 3 (~,~). 
3 
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Nitric oxide (NO) has been utilized extensively as a spin probe in 

the study of such dioxygen-reactive centers. For example, direct evi-

dence for the presence of copper pairs has been derived from the investi-

gation of NO complexes with ceruloplasmin (z_,§_), hemocyanin (~,10) and 

tyrosinase (~). Furthermore, Brudvig et al. (.!_!_)have found that cyto­

chrome c oxi dase catalyzes several reactions of NO, and a study of these 

has yielded significant clues to the mechanisms of dioxygen binding and 

reduction in this enzyme. 

Only limited information is available on the reaction of NO with 

the laccases. Rotilio et al. (!~)have shown that NO reduces the type 1 

Cu+2 in tree laccase, and Dooley et al. (!]_)have exploited this result 

to obtain a pure type 2 Cu+2 EPR spectrum. In this paper we describe a 

detailed examination of the interaction of NO with both tree and fungal 

laccase, as well as with tree laccase depleted in type 2 copper. It 

has been found that NO can reduce as well as oxidize tree laccase. Some 

species observed during the reaction cycle give a type 3 Cu+2 EPR signal 

(14) and a triplet signal of the type also induced by NO in some other 

proteins having binuclear o2-binding sites (~,7-9). We have also found 

that in the presence of NO, the reduced type 1 copper in tree laccase 

is reoxidized on freezing. The fungal enzyme is also reduced by NO; 

however, the reduced form is not oxidized by NO, probably because of the 

extremely high reduction potentials of the copper sites. We will present 

the evidence s~ggesting that NO binds to at least one of the reduced 

copper centers in fungal laccase. These and related findings have 

enhanced our understanding of the structure and function of the redox 
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active centers in the laccases. 

Materials and Methods 

The isolation and purification of laccase from the lacquer tree 

Rhus vernicifera (~,..!§.) and from the fungus Polyporus versicolor (lZ) 

have been described previously. The preparation of tree laccase de-

pleted in type 2 copper has also been described (1§_). Bovine serum 

albumin (Sigma, Fraction V) was dialyzed 8 hrs against 5 mM EDTA to 

M +2 . remove n contaminant. All samples were prepared in 25 mM potassium 

phosphate buffer at the pH" s indicated tn the figure 1 egends. 

Nitric oxide (14NO, Matheson) was purified by condensation in a 

li~uid nitrogen trap and then distilling off only the NO before addition 

to the samples. 15No (99.1% isotopic enrichment, Prochem) was found to 

be essentially free of other nitrogen oxides and was used as received. 

Na15 No2 (99.1% isotopi'c enrichment) and K15No3 (99.1% isotopic enrichment) 

for use as 15N NMR standards were obtained from Prochem. All other re-

agents used were of at least reagent grade purity. 

In preparing samples of enzyme plus NO, oxygen must be strictly 

excluded to prevent protetn denaturation. To this purpose, all samples 

to which NO was added were first made anaerobic by three cycles of 

evacuation and flushing wi·th argon on a vacuum line. NO was then added 

to the samples through an inlet to the vacuum ltne so as to exclude 

oxygen completely. Enzyme samples to which NO had been added were judged 

to have retained thei'r integrity by checking for opti'cal clarity and for 
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restoration of their characteristic blue color upon removal of NO and 

reoxidation by air. 

For recording the time course of the optical changes upon addition 

of NO to the oxidized laccases, enzyme samples were prepared in quartz 

optical cuvettes fitted with a ground glass stopcock. NO was added, as 

described previously, to a 100 ml bulb above the evacuated sample. To 

initiate the reaction, a valve between the bulb and cuvette was opened, 

the sample was mixed quickly, and the spectrum was run immediately. 

For freezing optical samples, we used quartz 2 mm pathlength 

cuvettes fitted with glass sidearms. Solutions were collected in the 

sidearm and frozen by slow immersion in liquid nitrogen, then thawed 

and shaken into the quartz cell for collecting optical data. 

For the EPR time course studies with the oxidized laccases, samples 

were prepared in 5 mm EPR tubes fitted with a ground glass vacuum joint. 

NO was added directly to the samples. Within two minutes the samples 

were removed from the vacuum 1 i ne and mixed, s i nee · in the absence of 

mechanical mixing, the rate at which NO goes into solution has been 

found to be extremely slow (!.!.). The reaction was then quenched by 

immersing the tube in liquid nitrogen. The samples of reduced enzyme 

plus NO were prepared as above, except that the enzyme was first de­

gassed once and a solution of 40 mM sodium ascorbate and 4 mM PPD was 

added from a sidearm on the EPR tube. The samples were then made 

anaerobtc as before and NO added. 

Opti'ca 1 spectra were recorded at room temperature on a Cary 219 

spectrometer. EPR spectra were recorded on a Varian E-line Century 
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Series X-Band spectrometer equipped with an Air Products Heli-Trans 

low temperature system. For integration or spectral subtractions, 

spectra obtained under nonsaturating conditions were collected on a 

Spex Industries SC-32 SCAMP data processor interfaced to the spectrometer. 

EPR spectra were recorded at 40 K unless otherwise noted, since at this 

temperature the EPR signal at g = 2 due to matrix-bound NO is not ob-

served (~). 

For NMR and mass spectroscopy, samples were prepared in a 5 ml glass 

bulb fitted with a ground glass stopcock. A magnetic stir bar was in­

cluded to continuously mix the sample with the NO gas. For mass spec­

troscopy, the gas above the sample was fed directly through a ground 

glass inlet into a Du Pont 21-4926 mass spectrometer. With this procedure, 

only the gaseous nitrogen compounds NH3, N2, NO and N20 could be monitored, 

since other gaseous nitrogen compounds, in particular N02, are not stable 

at room temperature in the presence of water. In these experiments, 

atmospheric co2 is the major contaminant and would have interfered with 

the observation of the 14N20 parent peak. To alleviate this problem, 

and to allow 15N NMR determination of the soluble products, we used 15 NO 

in our experiments. In each experiment, a blank was also prepared which 

was identical to the sample except that enzyme was omitted. Quantitation 

of 15N20 produced was determined relative to the 15 NO parent peak. 

After mass spectral analysis, the degassed solutions were tr~nsferred 

to 10 mm NMR tubes for complementary analysis of soluble products by 
15N NMR. o2o (15%) was added as an internal lock. The 15N NMR spectrum 
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of the solution was recorded at 25°c with a Bruker WM500 NMR spectrometer. 

P . . . f 15 - d 15 - 1 rec1se quant1tat1on o N02 an .. N03 was not possib e because the 

spectra were acquired under partially saturating conditions. 

Results 

The type 1 and type 3 copper centers of the laccases may be moni­

tored by the optical absorbances near 610 and 330 nm, respectively. 

EPR spectroscopy allows complementary monitoring of the oxidation state 

of the type 1 and type 2 copper centers. The reduced forms of all three 

copper centers are optically and EPR silent. We have used both techniques 

to follow the changes in the copper centers when the reduced and oxidized 

laccases are incubated with NO. 

Reduced Fungal Laccase Plus NO. Reduction of anaerobic fungal 

laccase by ascorbate with PPD as a mediator is rapid and complete. 

Addition of NO to the fully reduced enzyme results in no change in ab­

sorbance at either 610 or 330 nm, even after 10 hrs. However, a weak 

absorption band at 420 nm (s = 400 M-l cm-1) appears rapidly and does 

not change with time. 

The EPR spectra of reduced fungal laccase and of reduced fungal 

laccase incubated with 1 atm NO for 1 hr at o0c are shown in Figure 1. 

The type 1 and type 2 copper centers remain reduced. However, in the 

presence of NO, a new signal appears near g = 2, representing one to 

two spins per enzyme molecule. This signal reaches full intensity 

within 1 min and does not change with time thereafter. Furthermore, 
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Figure 1: Reduced fungal laccase plus NO. (A) 0.35 mM fungal laccase 
reduced with 4.0 mM ascorbate and 0.4 mM PPD, pH 6.0~ (B) 
Sample A incubated 10 min with 1 atm NO; (C) 0.30 mM BSA 
incubated 10 min with 1 atm NO. The conditions were temper­
ature, 40 K; microwave power, 0.2 mW; modulation amplitude, 
10 G; and microwave frequency, 9.22 GHz. 
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degassing of NO from the solution results in complete loss of this signal 

(spectrum identical to Figure IA). NO added to a blank without enzyme 

yields no EPR signals at 40 K. However, a 0.30 mM solution of bovine 

serum albumin (BSA), which contains no metal centers, when incubated 

with I atm NO shows an EPR signal (Figure IC) very similar to that ex­

hibited by reduced fungal laccase plus NO, but lacking any resolvable 

structure. Again, this signal represents one to two spins per protein 

molecule and disappears upon degassing of NO. 

To determine the origin of this new EPR signal, we examined the 

EPR spectra of the reduced enzyme with isotopically substituted nitric 

oxide. As seen in Figures 2A and 2B, substitution of ISNO (I = I/2) 

for 14NO (I = 1) results in distinct changes in the structure of the 

new peak. The spectrum of BSA incubated with 14NO is shown in Figure 

2C for comparison. Substitution of 15NO for 14NO in the BSA sample 

resulted in a very slight narrowing of the signal near g = 2 (not shown). 

Oxidized Fungal Laccase Plus NO. Anaerobic incubation of oxidized 

fungal laccase with NO at pH 6.0 results in the reduction of the type 1 

and type 3 copper centers as followed optically at 610 and 330 nm, 

respectively. The reduction of both centers follows pseudo-fi~st order 

kinetics at room temperature, with t 112 = 2 min, as shown in Figure 3. 

A weak absorption band at 420 nm is seen as the enzyme becomes reduced. 

The EPR spectra obtained at various times after addition of NO to 

the anaerobic enzyme solution are shown in Figure 4. The rapid re~ 

duction of the type 1 copper observed optically is also seen by EPR 
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Figure 2: EPR spectra of (A) 0.35 mM fungal laccase, pH 6.0, reduced 
with 4.0 mM ascorbate and 0.4 mM PPD, then incubated 10 min 
with 1 atm 14No; (B) fungal laccase prepared as in (A), but 
incubated with 1 atm 15NO; (C) 0.30 mM BSA incubated 10 min 
with 1 atm 14No. The conditions were temperature; 40 K; 
microwave power, 80 mW; modulation amplitude, 5 G; and micro­
wave frequency, 9,22 GHz. 
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Figure 3: Kinetics of anaerobic reduction of the type 1 and type 3 
copper centers of fungal laccase by NO, as followed by 
optical spectroscopy. (A) absorption at 610 nm; (B) ab­
sorption at 330 nm. Spectra were recorded of 0.03 mM 
samples at 20°c and pH 6.0. 
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Figure 4: EPR spectra of oxidized fungal laccase incubated with 1 atm 
NO for various lengths of time. (A, A') 0.35 mM oxidized 
fungal laccase, pH 6.0; (B) sample (A) made anaerobic, 
then mixed with NO for 30 sec; (C) sample B mixed and incu­
bated 90 sec longer; (D) sample (C) mixed and incubated 2 
hrs; (E) sample D degassed and NO replaced by Ar. The con­
ditions are temperature, 40 K; microwave power, 0.2 mW; 
modulation amplitdue, 10 G; and microwave frequency, 9.22 GHz. 

· Spectrum (A) was recorded at half the gain of the other spectra. 
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spectroscopy. The type 2 copper site is also reduced, but more slowly 

(t112 z 10 min). Additionally, the new signal near g = 2 seen in the 

reduced enzyme plus NO also appears slowly with time. After about 1 

hr of incubation, the type 1 and type 2 copper centers appear almost 

completely reduced, and the new signal reaches a maximum, as seen in 

Figure 40. Subsequent degassing of NO from this sample results in 

complete loss of the new NO signal with no increase in the copper 

signals (Figure 4E). Finally, admission of air to the degassed sample 

results in the complete reoxidation of all four copper centers as 

measured by both EPR and optical spectroscopy (data not sh0wn). 

Essentially the same results were obtained at pH 5 and 7.4. How­

ever, at the latter pH, we have sometime·s observed an EPR signal 

attributable to type 3 copper (14), after about 1 hr of incubation with 

NO. This signal becomes about equal in intensity to the type 2 copper 

signal, but never exceeds 10% of the type 3 copper centers, and its 

appearance is not reproducible. Incubation of the enzyme with either 1 

equivalent or 25 equivalents of fluoride, which is known to bind tightly 

to the type 2 copper, prior to addition of NO, did not affect the re­

duction of type 1 copper seen by EPR. The type 2 copper was reduced 

more slowly in the presence of fluoride. 

Oxidized Tree Laccase Plus NO. As with oxidized fungal laccase, 

NO can reduce the oxidized lacquer tree enzyme, as seen by optical 

spectroscopy. ·Reduction of the type 1 and type 3 copper centers again 

occurs simultaneously and follows pseudo-first order kinetics. However, 



64. 

the reaction is much slower than that of the fungal enzyme, with t 1 = 70 
~ 

min (data not shown). As with the fungal laccase, a weak absorbance 

appears at 420 nm as the enzyme is reduced; this band is also observed 

when NO is added to the reduced tree laccase. 

Attempts to follow the time course of the reaction by EPR spectros­

copy were complicated by the fact that the freezing of the sample causes 

partial bleaching of the residual type 1 blue copper color. The EPR 

spectra shown in Figure 5 confirm that the reduction of the type 1 

copper upon freezing is greater than that observed at the same time point 

in the opti ca 1 studies. Subsequent thawing of the EPR samp 1 es results in 

the reappearance of the type 1 blue color. As with the fungal enzyme, 

EPR studies show a slow reduction of the type 2 copper; for the tree 

laccase, the time course of the type 2 copper reduction corresponds 

fairly closely to that of the type 1 copper. 

Also seen in Ftgure 5 is a broad, structureless EPR signal near 

g = 2. This signal resembles .that seen in the spectrum of the fungal 

enzyme with NO, but is featureless. After 20 hrs incubation of tree 

laccase with NO without mixing, the NO stgnal near g ~ 2 completely 

disappears, as seen in Figure 5E. EPR spectra at 20 K (not shown} 

display no si'gnal from matrix-bound NO (see Methods section}. The type 

1 copper signal also i'ncreases, after long incubation of tree laccase 

wHh NO, to about 50% of the intensity exhibited by the oxidized enzyme 

(Ftgure 5E). The type 2 copper remains mostly reduced. Thawing of this 

sample, followed by brief mixing (about 1 min}, results in the return of 

the NO signal to full intensity (Figure 5F). This is accompanied by a 
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EPR spectra of oxidized tree laccase incubated with 1 atm NO 
for various lengths of time. (A, A') 0.25 mM oxidized tree 
laccase, pH 7.0; (B) sample (A) made anaerobic, mixed with 
NO, and incubated 5 min; (C) sample (B) mixed and incubated 
30 min; (D) sample (C) incubated with occasional mixing for 
4 hrs; (E) as in (B), but incubated 20 hrs without mixing; 
(F) sample (E) mixed briefly. The conditions were tempera­
ture, 40 K; microwave power. Ot2 mW: modulation amplitude, 
10 G; and microwave frequency, 9.22 GHz. Spectrum (A) was 
recorded at half the gain of the other spectra. 
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small increase in the type 2 copper EPR signal and a slight decrease in 

the type 1 copper signal. 

To determine whether the depletion of NO in solution upon long 

incubation with tree laccase is due to a turnover of the enzyme similar 

to that which has been observed for cytochrome~ oxidase (11_), we looked 

for evidence of products due ·to the oxidation and reduction of NO. NO 

can be oxidized by either the one- or two-electron process shown below: 

(1) 

(2) 

NO + H20 + N02 + 2H+ + e 
+ NO + H20 + N02 + 2H + 2e 

N02 is unstable, however, in the presence of water and readily dispro­

portio~ates via the following reaction: 

Accordingly, the production of nitrite and/or nitrate was examined by 

incubating 2.0 ml of tree laccase with 15 NO as described in the Methods 

section. After incubation of the enzyme with NO at o0c for 73 hrs, 15N 

NMR spectroscopy of the sample solution and the appropriate blank showed 

substantial production of 15 NO~ relative to the blank. Only a small 

15 - (. 15 - ) amount of N03 was detected less than 10% of the N02 produced . The 

amount of 15N02 produced is too·great to be accounted for by a single 

reduction of the enzyme, and must therefore be explained on the basis of 

enzyme turnover. 

The only likely pathway for reoxidation of the enzyme is via the 

two-electron reduction of NO given by 
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(4) 

To ascertain whether any N20 had been produced by the enzyme 1 s reaction 

with NO, we analyzed the atmosphere above the NMR samples by mass spec­

troscopy. The only significant difference between the mass spectra of 

the enzyme sample and the blank was a large parent peak at m/e = 46, 

confirming production of 15N20 in the former (Table I). 

Reduced Tree Laccase Plus NO. To confirm the reduction of NO to 

N20 by the reduced enzyme, we incubated 1.0 ml of tree laccase with 15No 

as before, but with the addition of 4 mM ascorbate and 0.4 mM PPD to 

provide rapid reduction of the enzyme. After 26 hrs of incubation of the 

enzyme with NO, mass spectral analysis confirmed the production of 15N20 

(Table I). Quantitation of the mass spectral data (see Table I) indicates 

that the rate of prod~ction of 15N20 is two to three times faster in ·the 

presence of external reductant than in its absence. The half-time for 

the reaction in which N20 is produced, assuming that the reduction of the 

enzyme by ascorbate and PPD is much faster than its reoxidation by NO, is 

calculated.from the mass spectra data to be about 90 min. 

Optical spectroscopy of the reduced tree enzyme in the presence of NO 

shows that the bands at 330 and 610 nm are absent. However, upon freezing 

of this sample (either in liquid nitrogen or at --20°c), the type 1 blu~ 

col or returns to about fu 11 intensity. EPR spectroscopy ve ri'fi es that 

reoxidation of the type 1 copper center has taken place and is complete 

(Ftgure 6A) . Note that in this experiment a pure type 1 copper EPR 

spectrum has been observed from native tree laccase without interference 
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TABLE I 
15N20 Seen by Mass Spectroscopy upon 
Incubation of 15 NO with Tree Laccasea 

Oxidizei Reducedc 

Enzyme .085 .025 

Blank .002 .009 

aNumbers given are PN 0/PNo· 
2 

b73 hrs incubation. 

c26 hrs incubation. 
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Figure 6: EPR spectra of reduced tree laccase incubated with 1 atm 
NO for various lengths of time. (A) 0.25 mM tree laccase, 
pH 7.0, reduced with 4.0 mM ascorbate and 0~4 mM PPD, then 
mixed with 1 atm NO and incubated 1 min; (B) sample (A) 
incubated for 30 min without mixing· (C) sample (B) incu­
bated 21 hrs without mixing; (D) sample (C) mixed briefly. 
The conditions were temperature, 40 K (A and B) and 20 K 
(C and D); microwave power, 0.2 mW; modulation amplitude, 
10 G; microwave frequency~ 9.22 GHz; and gain, 1.0 x 104 
(A and B) and 8.0 x 103 (C and D). The inset shows the low 
field region of D, averaged over 10 scans, with conditions 
as above except: temperature, 11 K, microwave power, 20 mW; 
and gain, 2.5 x 104. 
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from the other copper centers! Upon thawing, the type 1 copper center 

is completely reduced again within 1 min, as monitored optically at 610 

nm. It was not possible to monitor the type 3 copper absorbance at 330 

nm due to the appearance of a large absorption band (s = 20,000 M-l cm-1 

relative to enzyme concentration) centered at 352 nm. This absorption 

was also observed in an identical blank without enzyme, if a small amount 

of o2 was admitted; therefore, it was not studied further. 

To see whether the oxidation of the type 1 copper upon freezing of 

the reduced enzyme with NO might be due to a change in solution pH upon 

freezing, we repeated this experiment substituting Hepes buffer (25 mM) 

for phosphate. Hepes buffer has been reported to minimize pH changes 

upon freezing of solutions (18). The same EPR spectrum, identical to 

that of Figure 6A, is observed for two different preparations of the 

enzyme in either 25 mM Hepes, pH 7.0, or 25 mM phosphate, pH 7.0; an 

identical EPR spectrum is seen for a sample at pH 6.0 in 25 mM phosphate 

buffer. However, when the enzyme solution is frozen as a glass, using 

30% ethylene glycol, no reoxidation of the type 1 copper takes place; 

the frozen solution remains colorless. (We should also note that when 

oxidized tree laccase is frozen as a glass, the EPR spectrum is the 

same as when the enzyme is frozen in buffered solution.) 

The reduced enzyme solution plus NO can be frozen and thawed many 

times, and the same effects observed. However, if a samp 1 e of reduced 

tree laccase plus NO is incubated on ice without mixing, some changes 

are seen in the EPR spectrum. The NO peak, whether observed at 40 or 

20 K, gradually decreases; at the same time, EPR signals of approximately 

equal intensity appear gradually from the type 2 and 3 coppers (Figure 68). 
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Eventually, the NO peak disappears completely, as seen in Figure 6C; 

concomitantly, the type 1 and 2 copper centers are almost totally re­

duced. At this stage, the solution is colorless (except for some blue 

color near the meniscus), and it remains colorless when frozen. When a 

sample which has been incubated for a long time without mixing is then 

thawed and briefly shaken to dissolve NO in solution again, an EPR 

spectrum such as that shown in Figure 60 results. The NO peak is re­

stored to full intensity, and the type 1, 2 and 3 coppers exhibit signals 

of intensity ranging from 30 -100% of full intensity (70% for type 1, 

100% for type 2 and 30 - 50% for type 3 copper, approximately). Further­

more, a weak signal is now observed at g = 4.0, as shown in the inset to 

Figure 6. We have also sometimes observed this signal in the samples 

after long incubation but before remixing. The signal at g = 4 ~ 0 is 

most easily observed at low temperature (<20 K) and high power, and is 

not saturated at 80 mW at 20 K (in :contrast, at 20 K the copper signals 

in the oxidized enzyme show the onset of saturation at 0.2 mW power). 

If the reduced tree laccase turns over in the presence of NO, the 

reductant should eventually be consumed. This was found to be- the case; 

when the reduced enzyme p·lus NO is incubated at o0 c and mixed frequently 

to keep NO in solution, the enzyme solution eventually turns blue and 

remains so thereafter. EPR spectroscopy shows that, at this point, the 

sample behaves identically to one made by adding NO to the oxidized tree 

laccase. 

Three-Copper Tree Laccase Plus NO. We also examined the interaction 
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with NO of tree laccase depleted of type 2 copper. As with the oxidized 

native enzyme, NO reduced the type 1 copper center with t 1 ~ 40 - 50 min. 
72 

EPR spectra (not shown) show that the type 1 copper is rapidly reduced on 

freezing, similarly to the native tree laccase plus NO. However, the 

type 3 copper center does not appear to be reduced by NO, as seen optically, 

and no absorption band is seen at 420 nm. After 21 hrs incubation with.NO 

without mixing, the type 1 copper is completely reduced, as in the native 

tree laccase, but in contrast to the results obtained with the native 

enzyme. there is no observable depletion of NO under these conditions 

(Figure 7). 

The type 1 copper center of three-copper tree laccase can be reduced 

readily py PPD and ascorbate; however, the type 3 copper center requires 

about 24 hrs incubation for complete reduction (16). The partially re­

duced species can therefore be made by short incubation with reductant. 

Addition of NO to this species again results in no significant reduction 

of type 3 copper, as seen optically. Furthermore, freezing of this 

sample does not result in any significant oxidation of type 1 copper 

(Figure 7C) as seen with the fully reduced native enzyme. 

The fully reduced three-copper enzyme incubated with NO also shows 

no significant oxidation of the type 1 copper, either at room temperature 

as monitored optically, or when frozen as observed by EPR spectroscopy 

(Figure 70). Agai'n, no absorption band is visible at 420 nm in this 

sample. It is also interesting to note that this product shows very 

little enzyme-bound NO EPR signal near g = 2. Incubation of the fully 

reduced species with NO for 21 hrs without mixing (Figure 7E) again shows 
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Figure 7: EPR spectra of (A) 0.25 mM oxidized tree laccase depleted of 
type 2 copper in 25 mM phosphate, pH 7.0; (B) sample (A) 
with 1 atm NO mixed in, then incubated 21 hrs without mixing; 
(C) as in (A), but reduced 1 min with 0.7 mM ascorbate and 
0.07 mM PPD, then NO added and mixed 2 min; (D,E) as in (A), 
but reduced 40 hrs with 0.7 mM ascorbate and 0.07 mM PPD, 
then NO added~ mixed and incubated 21 hrs without further 
mixing. The conditions were temperature, 40 K (A - D) and 
20 K (E); microwave power, 0.2 mW; modulation amplitude, 10 G; 
and microwave frequency, 9.22 GHz. Spectrum (C) was recorded 
with a 4-fold higher gain than the other spectra. 
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no depletion of the EPR signal due to NO in solution. 

From equation (1), it might be expected that ·N02 would react with 

the reduced laccases to produce the NO derivatives. However, no change 

was seen in the EPR spectra of either reduced fungal laccase (pH 6.0) 

or reduced tree laccase (pH 7.0) after 16 hrs incubation with 2 mM N02 

at o0c. 

Discussion 

The reaction of NO with oxidized tree laccase has been studied 

previously by Rotilio et al. (.!£_),who observed only reduction of the 

type 1 copper. However, as they did not report the lengths of incubation 

of the enzyme with NO, it is difficult to compare their results with our 

own. 

The EPR experiments summarized in Figures 5 and 6 demonstrate that 

oxidized tree laccase can be reduced by NO and, conversely, the reduced 

enzyme can be oxidized by NO. The most likely route for the oxidation 

of the reduced enzyme is via the reduction of NO to N2o (reaction ( 4)). 

The detection of 15N20 by mass spectroscopy after incubation of reduced 

tree laccase with 15 NO confirms that the oxidation of the reduced 

enzyme occurs vi a reaction ( 4). The reduction of the oxidized tree 

laccase by NO could occur via the oxidation of NO to N02 (a one-electron 

oxidation) or to N02 (a two-electron oxidation) (reactions (1) and (2)). 

Since N02 in solution disproportionates to N02 and N03 (reaction (3)), 

the observation by 15N NMR spectroscopy of only a small amount of 15No3, 
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compared to the amount of 15 N02 observed, as reaction product of oxidized 

tree laccase with 15
NO implies that the reduction of the enzyme occurs 

primarily in conjunction with the one-electron oxidation of NO to N02. 

Both the oxidation and reduction of tree laccase by NO occur very 

slowly. The half-time for reduction of the type 1 and type 3 copper 

centers, as measured by optical spectroscopy, was found to be 70 min; 

the mass spectroscopy data on the reaction of reduced tree laccase with 

NO, which indicate about 15 turnovers in 26 hrs, imply that ~ for the 
-'2 

reaction in which N20 is produced is about 90 min, on the same order as 

for the react ion of the oxidized enzyme wi'th NO. 

The reaction of oxidized fungal laccase with NO, on the other hand, 

is much faster. The optical data show that the type 1 and type 3 copper 

centers are reduced with ~ = 2 min, and the EPR data indicate that the 
~ 

type 2 copper i's reduced wi'th t 1 ~ 10 mi"n. Furthe·rmore, in contrast to 
-'2 

the tree laccase, the reduced fungal enzyme gives no indication of a 

reactiqn with NO, even after long incubatfon. We ascribe this difference 

i'n reacti vi'ty ·of the reduced 1 accases with NO t© the difference in their 

re-ducthm potenti'-a 1 s. Funga 1 1 acca se, with its extreme 1 y hi'gh reducti"on 

potent fa 1 s, i's a much poorer- reductant than tree 1 accase, so it is not 

surpri,sing that reduced funga 1 1 accase cannot be oxi'dized by NO. 

Because the reduced fungal laccase did not react with NO, no cyclic 

reactfon analogous to those observed with the tree 1 accase (_in which NO 

served as oxi"dant and either NO or asco:rbate served as reductant) could 

take place. Hence, although it seems likely, that the ,reduction of 

fungal laccase by NO i's also accompanied by productfon of N02, we were 
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unable to verify this directly. 

We also investigated the interactions of N02 with both laccases. 

Nitrite is known to be reduced to NO by cytochrome ~ oxi dase 01) and 

nitrate reductase (19); however, we found no evidence for this re­

action with reduced tree or fungal laccase. The lack of reactivity of 

the laccases with N02 is more likely due to kinetic rather than thermo­

dynamic constraints. 

ln addition to the reaction of NO with tree and fungal laccase, we 

have also obtained evidence for the specific binding of NO, particularly 

to fungal laccase. The peak observed by EPR spectroscopy at g = 2 upon 

addition of NO to reduced fungal laccase is somewhat simi'lar to that 

seen in a sample of NO dissolved in buffer solution. The stgnal differs, 

however, tn that with fungal laccase (l) well-defined hyperfine structure 

can be seen on the EPR s i'gna 1 at g = 2, C2) there i·s an i nfl ecti'on at 

g = 1.8 associated wi'th the peak, and (3)_ the si·gnal i·s observed at 

temperatu·res as high as 80 K, whereas no EPR signal is observed fr0m NO 

dissolved in buffer soluti'on at 40 K. In contrast to the NO signal seen 

with fungal laccase, the corresponding signal seen wi·th tree laccase is 

featureless and resembles that seen upon addition of NO to a BSA solution. 

Thi's latter si"gnal di·ffers, however, from that of NO dissolved in buffer 

solution, in that tt is observable at 40 K. This featureless NO peak, 

whi~h probably also contributes to the NO signal seen with fungal laccase, 

i·s most l i ke·ly due to a weak association of NO- wi'th ·the protein, perhaps 

at a hydrophobi~ reginn. 

The NO signal seen wtth fungal laccase exhibits structure whi~h 



77. 

changes upon substitution of 15 NO for 14NO (Figure 2). The observed 

structure is thus due to hyperfine interaction between the unpaired 

electron spin and the NO nitrogen nuclear spin. The signal is remarkably 

similar to one seen upon addition of NO to soybean lipoxygenase (_g_Q_), 

which contains a single iron atom per enzyme molecule, and also bears 

some resemblance in its structural features to an immobilized nitroxide 

spin label (21). We assign the signal in Figure 2 to NO bound to a re­

duced copper site. The observed g-anisotropy is -not inconsistent with a 

bound NO molecule of this structure. The high potential of the fungal 

laccase copper centers (whichever one the NO is bound to) would prevent 

a charge transfer from copper to NO, whi"ch might otherwise be expected 

to lead to oxidation of the copper center~ as i's the case for the tree 

enzyme. 

It is most ltkely that the NO is bound to the reduced type 2 copper 

center, as the EPR signal due to this center i's observed to decrease con­

comitantly wi'th the increase in the EPR si·gnal due to the specifically 

bound NO. The reducti·on of the type 1 and 3 copper centers by NO occurs 

considerably more quickly than the appearance of the new NO signal. The 

type 2 copper center is known to bind exogenous ltgands such as F- and 

CN- OJ., so it is not surpri-sing that it could bi'nd NO. The 420 nm band 

we observed when NO was present wi'th eHher reduced tree or funga 1 1 accase 

may also be due to an associatfon of NO wi'th the type 2 copper, as the 

band does not appear in the type 2 copper-depleted enzyme plus NO. 

The reductions of the type 1 and 3 copper centers by NO occur 

simultaneously, in both the tree and fungal laccases. In contrast, when 
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fungal laccase is reduced by hydroquinone or ascorbate, the type 1 copper 

is reduced considerably faster than the type 3 copper, and the rate-

limiting step in the latter reduction appears to be an intramolecular 

electron transfer (~). Similar results have been obtained for the 

anaerobic reduction of tree laccase by hydroquinone (~). The slow and 

simultaneous reduction of the type 1 and 3 copper sites by NO indicates 

that the first step in the reaction, whether it be reduction of the type 

1 or 3 copper center, must be the slow step; the reduction by NO of the 

second site then follows rapidly. Such a sequence might occur in a 

number of ways, but the results of adding NO to oxidized, type 2 copper-

depleted tree laccase suggest a particular mechanism. In the latter 

experiment~ only the type 1 copper center was reduced by NO, with t 1 
72 

slightly less than with the normal oxidized enzyme; the type 3 copper 

center remained oxidized even after long incubation with NO. The sim­

plest mechanism that can account for the observations made with the 

normal and type 2 copper-depleted tree laccase (and the fungal laccase) 

is shown in Figure 8. The first steps are the slow reduction of the 

type 1 copper center, probably by an outer-sphere electron transfer, 

followed by the fast reduction of the type 3 copper site. Apparently 

the reduction of the type 3 copper center requtres the presence of the 

type 2. copper center. It may be that, fol lowi'ng the reduction of the 

type 1 copper, two NO molecules in succession are rapidly oxidized to 

NO~ at the type 2 copper, and two electrons are quickly transferred to 

the type 3 si·te. Alternatively, the two electrons can be transferred 

to the type 3 site from the type 1 and type 2 coppers immediately after 
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one NO molecule is oxidized to N02 at the type 2 site. Our data do not 

permit us to distinguish between these two pathways. In any event, it 

is likely that after the initial reduction of the type 1 site, the next 

two electrons enter via the type 2 copper, as there is no precedent for 

the reactivity of the type 1 site varying with the redox states of the 

type 2 or 3 sites. On the other hand, stopped-fl ow experiments on the 

anaerobic reduction of tree laccase indicate that the reactivtty of the 

type 2 copper site varies with .the redox state of the type 1 copper (~). 

We find that the reactivity of the type 2 copper· is dependent on the 

redox states of both the type 1 and 3 coppers. The final reduction of 
/ 

the type 2 center was found to be quite slow, in agreement with earlier 

kinetic experiments showing that anaerobic reduction of the type 2 copper 

becomes much slower once the type 1 and 3 copper centers have been re-

duced in either tree 1 accase (~) or funga 1 1 accase (24). 

The foregoing scheme deals only with the reduction of the oxidized 

tree (or fungal) laccase by NO. We have shown, however, that NO can 

also oxidize the reduced tree laccase. We now develop a scheme for the 

complete cyclic reacti'on i"n which tree laccase ts both oxidized and 

reduced by NO. Such a scheme must embrace the fo 11 owi'ng observations: 

(1) when ascorbate ts used as reductant with ·PPD as medfator, ~ for 
~ 

the reaction in which N20 is produced is about 90 min; (2) in the 

absence of ascorbate or PPD, so that the enzyme is reduced by NQ, the 

production of N20 is two to three times slower; (3} the blue color 

remaini'ng in the oxidized tree laccase plus NO after long incubation 

accounts for 10 '"" 15% of the ori gi na 1 opti ca 1 absorbance at 610 nm in 
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the oxidized enzyme (when the enzyme is kept at 4°C); (4) upon long 

incubation with NO, the reduced enzyme exhibits small type 2 and type 3 

copper EPR signals of about equal intensity; (5) only the type 1 copper 

of the type 2 copper-depleted tree laccase is reducible by NO; and (6) 

reduced type 2 copper-depleted tree laccase gives no indication of 

being oxidized by NO, even after long incubation. 

A simple reaction scheme which accounts for the above observations 

is depicted in Figure 9. This scheme emphasizes the requirement for the 

type 2 copper in both the oxidation and reduction of laccase by NO, as 

dictated by the results obtained using the type 2 copper-depleted tree 

laccase. Beginning with the fully reduced enzyme, we show in steps (1), 

(2) and (3) the binding of NO to reduced type 2 (species I) and 3 

(species II) copper sites and the reaction to produce N20, respectively. 

At least one of these steps, most likely (3), must be slow. The reaction 

of step (3) almost certainly involves two bound molecules of NO, as 

shown. First, we know that the type 2 copper is required for this step 

from the results obtained with the type 2 copper-depleted enzyme. Second, 

there is no precedent for an exogenous ligand binding to a type 1 copper 

in any enzyme, and it is unlikely that the second molecule of NO could 

come from solution, as this would result in a two-electron reduction 

taking place at a single copper atom. 

Species fII, shown in Figure 9 following step (3), in which the 

type 2 copper and one type 3 copper are oxidized, is most li·kely re­

sponsible for the type 3 EPR signals that we have observed (Figure 6}. 

A molecule of NO bi·ndtng to the type 3 site in this half-oxidized 
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Figure 9: The proposed reaction cycle which occurs when tree laccase 
is incubated with NO. The dotted lines show paths which 
may be taken in the presence of ascorbate. 
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enzyme would result in the appearance of Species IV, which could be 

expected to exhibit, in addition to a type 2 EPR signal, a triplet EPR 

signal due to a weak coupling between the NO moelcule bound to the re­

duced type 3 copper and the remaining oxidized type 3 copper atom. This 

triplet species would account for the "half-field" EPR signal observed 

at g = 4.0. Compared to the type 3 signal exhibited by reduced tree 

laccase in the presence of NO, which is almost as large as the type 2 

signal, the triplet signal is quite small (Figure 6), suggesting that 

Species IV accounts for only a small fraction of the enzyme molecules. 

From this result, we infer that the equilibrium III ~ IV is towards the 

left. Presumably this equilibration is rapid. 

Both forms of the half-oxidized enzyme, namely Species III and IV, 

are expected to be reduced in two successive one-electron oxidations of 

NO (steps (5), (5'), (6) and (6 1
)) to give the fully reduced enzyme and 

complete the reaction cycle. Steps (5) and (5'), which result in the 

enzyme being three-quarters reduced, should be fast, to maintain con­

sistency with our earlier results on the reduction by NO of the oxidized 

enzyme (Figure 8). The relatively high reactivity of the redox state of 

the enzyme in which the type 3 site is only half-reduced is probably 

re 1 a ted to the speci fie function of that site, which is to react with o2, 

when both coppers are reduced, to yield peroxide as the first intermedi­

ate in oxygen reduction (~). The reduction of the type 2 copper shown 

in steps (6) and (6') aga~n is presumably slow. 

Fina 11 y, to account for the 10 - 15% of the b 1 ue copper observed 

even after long incubation of the oxidized tree enzyme with NO, we 



84. 

introduce Species V. Since both the type 1 and type 2 coppers are oxi­

dized in this species, the type 2 copper center is expected to be 

relatively inert towards NO; hence, Species V is not shown to be active 

in the redox cycle. 

The observations made upon freezing reduced tree laccase in the 

presence of NO can also be rationalized by this scheme. If ascorbate 

is present, the ha 1 f-oxi di zed enzyme wil 1 be reduced rapidly, so that 

Species I and/or II in the reaction cycle predominates in the steady 

state. Upon freezing the solution, we propose that the Species I and 

II of the enzyme undergo a conformational change which increases the 

relative reduction potential of the type 2 copper center and facilitates 

electron tra~sfer between the type 1 and 2 copper sites. 

Transfer of an electron from the reduced type ·1 copper site to the 

NO which is bound to the type 2 copper, as shown in Figure 10, would 

result in the restoration of the type 1 copper EPR signal to full inten­

sity. Note that this observation implies that step (1) of Figure 9 is 

fast. When the solution is thawed again, the enzyme slowly returns to 

its original conformation, so that after about 90 s the solution again 

becomes colorless. The involvement of the type 2 copper center is im-

plicated by studies on the reduced type 2 copper-depleted enzyme, which 

remains colorless upon freezing. Here, of course, there can be no 
+l [Cu( 2) - NO] unit to which an electron can be transferred. Furthermore, 

when a solution of reduced native tree laccase plus NO is frozen as a 

glass, the type 1 copper remai·ns reduced. This could be due to our 

hypothesized conformational change being induced by a reordering of the 
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liquid water solvent structure around the enzyme upon freezing, whereas 

the solvent structure in the frozen glass is not expected to induce this 

same conformational change. 

Morpurgo et al. (_g_§) have recently shown by EPR spectroscopy that 

the hyperfine splitting and principal g-values of the type I and 2 

coppers in tree laccase are different at room temperature and 77 K. 

Their results demonstrate that the geometry of the ligand field about 

these coppers changes between room temperature and 77 K. A change in 

geometry of this sort would change the reduction potentials of the type 

1 and 2 copper sites, and could give rise to the color change seen upon 

freezing the reduced enzyme in the presence of NO. However, the color 

change is not seen when the enzyme is frozen as a glass, whereas the 

EPR spectrum of the oxidized enzyme is the same whether it is frozen as 

a glass or in buffered solution. It would appear, then, that our pro­

posed conformational change of the enzyme upon freezing is not primarily 

a change in ligand field geometry about the coppers, although this still 

cannot be entirely ruled out. 

The schemes of Figures 8, 9 and 10 contain certain structural impli­

cations. First, the type 2 and 3 copper centers must be close, to allow 

the reaction of two bound NO's to produce N20 as in Figure 9, step (3). 

These two copper centers must act in concert in the oxidation of tree 

laccase by NO. Secondly, NO appears able to bind at the type 2 copper 

site, as in Figure 10, and at the type 3 site, as indicated by the 

appearance of the triplet EPR signal in the experiments with reduced 
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tree laccase plus NO, but we have obtained no evidence that NO binds 

at the type 1 copper. 

The interactions of tree and fungal laccase with nitric oxide show 

some similarities, but also some substantial differences from those 

which have been made with other copper proteins. We may compare the 

results obtained here on laccase with those obtained for some other 

copper proteins, and for cytochrome ~ oxi dase. ·Of the meta 11 oprotei ns 

containing only copper, hemocyanin, which contains only a type 3 copper 

site, has been the most thoroughly studied with regard to its i'nter­

actions with NO. A triplet absorption has been observed upon treatment · 

of reduced hemocyanin with NO in the absence of ascorbate, and was 

interpreted as being due to di~ole-djpole interactions between the two 

Cu(II) fons in the active sHe (~,£Z). Computer simulation of the EPR 
0 

spectrum showed that the Cu(JO-Cu(JI)_ distance is about 6 A (.28). More 

recently, Van der Deen and Hoving (29) have shown that the active site 

can be si'ngly oxidized by reactfon with either nitrite or nitric oxide 

in the presence of ascorbate, and Verp 1 aetse et a 1. (_lo). have shown that 

the oxidatfon of reduced hemocyanin from Helh pomatia is accompanied by 

production of N20. In the latter study, it was also shown that NO can 

bind to the active sHe i'n the oxi·dized hemocyanin. Tyrosinase re-

sembles hemocyanin in possessing just a single type 3 copper site: 

mushroom tyros foase exhibits a trip 1 et EPR s i"gna 1 upon bdef i·ncubati on 

of the oxygen-bfodi ng form of the enzyme with NO, and Neurospora tyro .... 

sinase exhibi'ts a simi'-lar EPR signal upon bri'ef mixi-ng of the deoxygenated 

enzyme with NO and a small amount of o2 (.30). Ceruloplasmi'n, which 
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contains type 1, 2 and 3 copper centers, exhibits a triplet EPR signal 

upon addition of NO to either the oxidized enzyme (~) or the reduced 

enzyme (Z.). Thus, these type 3 copper-containing proteins resemble tree 

laccase in that NO is capable of "uncoupling" the type 3 copper centers, 

but they differ in the precise mechanism by which the magnetic coupling 

is broken. Furthermore, in contrast to hemocyanin, the oxidation of the 

type 3 site in reduced tree laccase requires the presence of another 

copper center (the type 2 site). Fung·a 1 1 accase differs in this respect 

in that there is. no evidence for any reaction or charge transfer between 

NO and the reduced type 3 copper center; again, this is probably related 

to the extremely high reduction potentials of the copper centers associated 

with this enzyme. 

The type 1 copper of ceruloplasmi'n is reduced by NO; the reductfon 

is reversible upon degasstng if the incubation with NO is short (5 mtn), 

but reoxidation after·longer incubation requires admission of oxygen (.~). 

The interpretation made was that a charge transfer complex between NO and 

the type 1 copper accounts for the early decrease in the 600 nm optical 

absorbance, whereas reduction of the site occurs upon longer incubati-0n. 

EPR spectroscopy showed no changes in copper signal intensity between .5 

min and 2 hrs. 

The effect upon freezing of reduced tree laccase plus NO in our 

study is unique among the blue copper proteins. No such effect ts seen 

with fungal laccase, but i't may be that the much higher reductfon po­

tentials of the copper centers in the fungal laccase preclude an electron 

transfer similar to that of Figure 10. 
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Fina 11 y, cytochrome £ ox i dase is rema rkab 1 y s i mi 1 a r to tree 1 accase 

in its reactions with NO (_!}_). In the presence of reductant, both cyto­

chrome£ oxidase and tree laccase are oxidized by NO to the half-oxidized 

state. In cytochrome £ oxidase, the oxidized enzyme is also slowly re­

duced by NO and slowly reoxidized to form a cycle similar to that of 

Figure 9 deduced for tree laccase. However, all four metal centers of 

tree laccase (and fungal laccase), as we have seen, are completely 

reduced by NO, whereas only Cu and cytochrome ~3 of cytochrome £ 
a3 

oxidase are reduced by NO. Furthermore, in the cyclic reaction of oxi-

dized tree laccase with NO; all three copper centers are involved (Fig~ 

ures 8 and 9), whereas only the oxygen-binding site is involved in the 

analogous cycle of oxidized cytochrome£ oxidase with NO. The similarity . 

of cytochrome ~ oxtdase to the laccases in its reactions with NO is un­

doubtedly related to its similar functi·on of catalyzing the four-

electron reduction of oxygen to water. The differences, on the other 

hand, may reflect the unique ro 1 e of cytochrome £ oxi dase as an energy­

conservi ng protein wHh proton pumpfog capabilities (31) to create a 

trans-membrane proton gradient during its ca ta 1 yti c eye 1 e (.32) ~ 
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Chapter IV. Exchange- and Dipolar-Coupled Cupric and High-Spin 
Ferric Ions in Cytochrome .£ Oxidase. Origin of the 

Unusual EPR Signals Exhibited by the Oxidized Enzyme. 

Introduction 

Cytochrome ~oxidase has four metal centers, two coppers and two 

heme irons. Van Gelder and Beinert UJ first produced evidence that 

of these metal centers, one copper and one iron (cytochrome a and Cu ) - a 
are magnetically isolated and EPR detectable in the oxidized enzyme, 

whereas the second iron and copper (cytochrome ~3 and Cu ) interact 
a3 

electrostatically and are undetectable by_EPR at x .. band (9 GHz). Griffith 

(£) subsequently derived the propert)es of the antiferromagnetically 

coupled Fe+3-cu+2 system, assuming the iron to be high-spin, and con-

eluded that the lack of an EPR signal at X-band from this coupled pair 

was not surprising. More recently, variable temperature magnetic sus-

ceptibility measurements have confirmed the presence of an S=2 spin 

center in the oxidized enzyme (l,i), consistent with an antiferromag~ 
+3 +2 . 1 netically coupled Fe -Cu pair, with J > 200 cm- . 

In a recent publication (_~_),we reported the identification of 

four distinct conformations of oxidized cytochrome .£ oxidase, which 

differ in the structure of the o2-binding site. These conformations 

can be distinguished by EPR spectroscopy. One of these conformations, 

the 11 resting 11 conformation, reveals a rhombic EPR signal at g = 6 when 

NO is added to the oxidized enzyme. This signal is readily interpreted 

as being due to magnetically isolated, high-spin cytochrome ~;3 , which 
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becomes EPR-detectable when NO binds to Cu+2 and reorients the ligand 
a3 

field about the copper so that the antiferromagnetic coupling between 

iron and copper is broken. 

A second conformation of the enzyme exhibits an EPR signal at 

g = 12 when measured at X-band. This signal is best seen at low (<30 K) 

temperatures, and has been noted several times in the 1 i terature (.5 - 8). 

Greenaway et al. (§_) found that this EPR signal increases in intensity 

as the enzyme is purified and disappears upon reduction of the enzyme, 

and they suggested that the signal may arise from the S = 2 center of 

the enzyme. Work in our laboratory has indicated that this signal is 

associated with a conformation of cytochrome ~ oxidase which accounts 

for up to 70% of the enzyme molecules, depending on the enzyme prepar-

ati on (~). 

A third conformation of cytochrome ~ oxidase is the so-called 

"oxygenated" conformation. The cytochrome ~3 -Cua ·· site is EPR silent 
3 

in this conformation. However, upon incubation with 100 rnM F-, it 

exhibits the fluorocytochrome ~;3 EPR signal, an unusual EPR signal 

which is characterized by resonances at g = 8.5, 6, 5, 4.3 and 3.2. 

Brudvig et al. (~) suggested that the complexity.of this signal could 

only arise form a weakly exchanged coupled and/or dipolar-coupled 

+3 c +2 cytochrome a3 - u site, with hydroxide ion as a probable bridging 
- a3 

ligand. 

Finally, Shaw et al. (2._) have reported the transient formation of 

a fourth conformation of cytochrome ~ oxidase. This conformation appears 
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within 5 ms on reoxidation of reduced cytochrome f.. oxidase by o
2

, and 

is characterized by an EPR spectrum with g-values at g = 5, 1.78 and 

1.69 . Shaw et al. (~) suggested that the signal most likely arises 
+3 from cytochrome ~3 , and that the high-field resonances may be due to 

spin-spin interaction between cytochrome ~;3 and Cu+2. We made a 
a3 

similar suggestion in Ref. (5), viz., that the "g5" EPR signal arises 

from a dipolar-coupled, and possible weakly exchange-coupled, cy.to­
+3 +2 chrome a3 -Cu site. 

- a3 

An important common feature of the "g5", 11 912 11 and the fl uorocyto-

chrome ~3 EPR signals is that they cannot be interpreted simply in terms 

of an isolated high-spin or low-spin ferric heme iron, or to an isolated 

copper center. Although the suggestions regarding the nature of thes~ 

unusual EPR signals all seem reasonable, these ideas need to be verified 

by direct quantum mechanical calculations. This is the objective of this 

paper. 

Theory 

The Hamiltonian which describes the system under investigation is 

~ A 

where ~l refers to iron (S1 = 5/2) and ~2 to copper (s2 = 1/2), D and E 

are the axial and rhombic zero-field splitting constants for the heme 

iron, ~l and ~2 are the g-tensors for the two ions, B is the _Bohr magne­

ton, ~ is the applied external magnetic field, and Hdip is the dipolar 
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coupling term. Note that we have written the exchange coupling term as 

+JS1·S2, so that J is assumed to be isotropic, and is positive for anti­

ferromagnetic coupling. 

There are two natural coupling schemes for our system, the s1s2M1M2 
and s1s2sM schemes, where S and M are, respectively, the total spin and 

its projection along the z-axis (perpendicular to the heme plane) for 

the coupled system .. The two representations are related through the 

Clebsch-Gordon coefficients C!Q). Specifically, 

(2) 

Griffith has treated the first three terms of H, assuming that the 

exchange coupling dominates, and calculated the energies to first order 

in the coupled representation. The first term in the Hamiltonian gives 

rise to states having a total spin of S = 2 and 3, with energies 

W(2) 

(3) 

W(3) 

The S = 2 and S = 3 levels are five-fold and seven-fold degenerate, 

respectively. Inclusion of the D and E terms lifts the degeneracy of 

the S = 2 and 3 coupled states. Specifically," the S = 2 energy level 

is split into four sublevels having energies 



W(M = ±2) = 8/3 D 

W(M = +1) = -4/3 D + 4E 

W(M = -1) = - 4/3 D - 4E 

W (M = 0) = - 8/3 D 

97. 

(4) 

Note that the Ms = ±2 levels are still degenerate within this order of 

approximation. 

If the constraints applied in Griffith's calculations (D/J and 

E/D small) are relaxed, it becomes necessary to diagonalize the complete 

12 x 12 Hamiltonian matrix to solve for the energies and wavefunctions 

of H. The Hamiltonian matrix including the first three terms of 

equation 1, and written in the s1s2sM representation, is shown in Fig. 

1. 

The two terms describing the Zeeman interaction of the magnetic 

field with the individual ions can be most easily written in the coupled 

representation by first rewriting them as 

~ A A 

Hzeeman = B~·~1·(~1 + ~2) + B~·(~2 - 21)·~2 

A A 

= SH·g·S + SH·~g·S 
~ ~ ~ ~ ~ ~2 

Since the zero-field splitting interaction is large compared to the 

Zeeman interaction, we expand the Zeeman term in the principal axis 

system of the zero-field splitting tensor (x,y,z). To do this, ~l 

and ~2 must be transformed into this same coordinate system before 

(5) 
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calculating the elements of 62. In this case, we may assume that ~l 

is isotropic with all g-values equal to 2.0, since the high symmetry 

of the high-spin ~5 iron results in a nearly zero spin-orbit inter­

action for these electrons, and in fact the observed EPR signals from 

high-spin cytochrome ~;3 are very nearly isotropic (z_). (The EPR sig­

nals at g = 6 exhibited by high-spin ferric hemes result not from 

anisotropy in g, but because the transition occurs between M = ±1/2 
. s 

states within an S = 5/2 manifold.) The transformation of ~2 from the 
. ,..., 

principal axis system of the copper ion g-tensor (x2 , y2 and z2) into 

that of the zero-field splitting tensor may be related through the 

direction cosines 1. between the corresponding axes in the two co-
1 a. 

ordinate systems. Thus, 

and 

g .. = 
lJ 

6g .. = 
lJ 

1 . 1 . g 
la. Ja a 

(1. 1. g - 2.0) . 
1a Ja a 

(6) 

(7) 

The principal g-values for Cu are expected to deviate some from 2.0 
a3 

due to the spin-orbit interaction of 9-_9 copper, but this deviatton 

should be no larger than about 15%. In fact, the measured principal 

g-values for Cu are 2.28, 2.11 and 2.05 (}J), although these exact 
a3 

values may not necessarily pertain to the states of the enzyme we are 

considering in this work. 



100. 

Calculation of the matrix elements of the first term of the Zeeman 

Hamiltonian (equation 3) in the coupled representation is straightfor­

ward. The matrix elements of the second term can be readily calculated 

in the s1s2M1M2 representation, and then transformed into the coupled 

representation via equation (2). The resulting elements of Hz are eeman 
shown in Fig. 2. 

The last term in equation (1), which represents the dipolar inter­

action between the two ions, has the form (]1_) 

Hd. lp 
= s ·J. . s 

-1 ~dip -2 

where ~dip is the dipolar coupling tensor. This interaction is dependent 

on the relative orientation of the principal g-tensors of the two ions 

as well as on the distance between them. The elements of Jd. , in the 
~ 1 p 

principal axis system of 2l' are given by (]1_) 

J .. 
lJ 

2 
gliS 

= _.....,,,.3-
r 

(8) 

where the 1. are the direction cosines between the principal axes of 
la 

the two ions, the a. are the direction cosines denoting the orientation 
1 

of r with respect to x1 , y
1 

and z1 , as shown in Fig. 3; and r is the 

distance between the two ions. Since we are assuming ~l to be isotropic, 

we may replace x1 , y1 and z1 in equation 8 with x, y and z, the principal 

axes of the zero-field splitting tensor; the resulting direction cosines 

1. will then be the same as those in equations (6) and (7). 
la 
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The matrix elements of Hd. are most readily determined in the lp 

To obtain the elements of Hd. in the coupled 
lp 

representation, they are therefore first calculated in the s
1
s2M

1
M2 

representation, and then transformed into the coupled representation 

via equation (2). 

By diagonalizing the full 12 x 12 Hamiltonian matrix of H in our 

calculations, rather than resorting to perturbation theory, we can vary 

J, D, E, H and the relative orientations of the two ions without regard 

fur the relative contributions of the elements of H. A computer program 

to diagonalize H was written in Fortran IV and run on Caltech's IBM 

370/158 computer. The accuracy of the calculations was checked by 
0 

running the program with J = 0 and r = 100 A, in which case the energies 

and wavefunctions obtained correspond to those of the isolated ions and 

the allowed EPR transitions occur at the predicted values of the magnetic 

field. The program was also checked in the limits of small D/J and E/D. 

The energies calculated corresponded well to those predicted by the 

first-order calculations (see, for example, Table I); in particular, the 

low-field EPR transition was split into two resonances above and below 

g = 6 by 24 E/D, as predicted by theory (11.). 

Results 

With a Hamiltonian as complex as equation (1), the behavior of the 

1 f 1 d h +3 c +2 . . energy evels o the coup e cytoc rome ~3 - ua spin system 1n a mag-
3 

netic field might be expected to be complicated. Several of the terms 

of H are of comparable magnitude for the particular case we are 
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investigating, and the various terms can have synergistic effects on 

the energy levels of the system. In particular, the rhombic zero-field 

splitting, the Zeeman interaction, and the dipolar interaction are of 

comparable magnitude; furthermore, for a given conformation of the 

enzyme, the exchange coupling could conceivably be comparable to either 

the rhombic or axial zero-field splitting, depending on the relative 

configuration of the cytochrome a3 and Cu sites. We will attempt to 
- a3 

deal with these inherent complexities by first considering the limiting 

cases of J >> D and J = 0, and examining the way that the various terms 

of H other than the exchange coupling term act to generate unusual EPR 

"spectra". Finally, we will consider the EPR "spectra" that result 

from the case of small, but nonzero exchange couplings. 

J » D 

The effect of J on the energy levels. When J >> D, S and M are 

good quantum numbers, and the energy levels should be close to those 

of equations (3) and (4) derived using first-order perturbation theory. 

The calculated splittings between adjacent energy levels of the S = 2 

manifold for several values of the exchange coupling are shown in Table 

I for D = 10 crn-l and E = 1.0 cm- 1. There is indeed little deviation 

from the values predicted by the first-order theory (equations 3 and 4) 

for large J/D; only for J/D < 5 does the difference between the first-

order and exact calculations become appreciable. 

Allowed EPR transitions for the case of large J/D. Since the zero­

field splitting, D, for a high-spin heme is expected to be 2 cm-l or 
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Table 1. Differences in energy between the S = 2 
energy sublevels, in cm-1 ~ as a function 
of J. 

J 
6. a. 

1 6.2 6.3 6.4 

10 6.55 7.94 26. 77 0.07 

25 8.33 8.46 32.85 0.54 

50 9.02 8.30 34.71 0.46 

200 9.55 8.09 35.73 0.41 

500 9.66 8:04 35.89 0.40 

Calculated to 9.33 8.00 36.00 0.00 first order 

a.6. . is the energy difference between the ith and 
1 -

i + 1th energy levels, beginning with the lowest 
in energy. The values in the Table are for D = 

10 cm-~ E = 1 cm-1, H = 0, and no dipolar inter-
. 0 action. · 
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more, whereas an X-band EPR spectrometer operates at 9 GHz (hv = 0.3 

cm- 1) wi.th the magnetic field scanned from O - 15,000 Gauss, transi -
tions between the levels of the S = 2 manifold for which 6M = ±1 

s 
should not be observable by X-band EPR spe~troscopy. This can be seen 
easily from equation (4). However, it can also· be seen from 
equation ( 4) that if E is sufficiently small (E < 0.04 cm- 1), a 

6Ms = 2 transition between the Ms = ±~ levels may be accessible by 

X-band EPR spectroscopy. Although the 6Ms = 2 transition is formally 

forbidden, it may become allowed at low magnetic fields when mixing 

occurs between the M
5 

= ±1 energy levels. The states are coupled only 

when there exists a component of ~O directed along the z-axis (normal 

to the heme plane), and the transition is effected only when H
1

, the 

oscillating magnetic field, also is parallel to Hz. Although a con~ 

ventional EPR spectrometer has H11H0 , the 6Ms = 2 transition could be 

still observed in a powder spectrum due to molecules for which both H0 

and H1 have nonzero projections on the appropriate axis of the molecular 

coordinate system, as is the case for triplet EPR signals observed in 

frozen solution. 

The dependence of the energy of the 6Ms = 2 transition upon mag­

netic field is shown in Fig. 4 for J = 200 cm-1, D = 10 cm- 1 , and a 

range of E values for which the transition will fall in the X-band 

region. The resonance condition is approximately described by 

hv = 8E + 2gSH
0 

or 

g = (hv - 8E)/2SH
0 

• 
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The transition probabilities for the 6M
5 

= 2 transition, for the same 

values of E as shown in Fig. 4, are shown in Fig. 5. These are clearly 

large enough that at low magnetic field the 6Ms = 2 transition should 

be observable. 

Similarly to the 6Ms = 2 transition, a 6Ms = 4 transition between 

the Ms = ±2 sublevels of the S = 2 manifold may become allowed at low 

magnetic fields when mixing occurs between the Ms = 2 and Ms = -2 

sublevels. Since the splitting between these sublevels is zero to 

first order (equation 4), for the transition to be observed by EPR 

spectroscopy at X-band, E must be substantially larger than it was for 

the 6M
5 

= 2 transition to be observed. This is confirmed in Fig. 6, 

which shows the splitting between the Ms = ±2 sublevels at H0 = 570 G 

as a function of E, for J = 200 cm-land D = 10 cm-1. Again, the 

transition probabilities at low magnetic field (H0 < 1000 G) are large 

enough that the transitions would be expected to have appreciable inten-

sity. 

Detailed calculations show that, as expected, the dipolar inter-

action and/or anisotropy in ~2 have virtually no effect on the position 

of the 6Ms = 2 or 4 transitions for a given E, provided J/D > 1. 

J = 0 

-For J < D, considerable mixing occurs between the S = 2 and S = 3 

manifolds because of the off-diagonal matrix eleme·nts of the zero-field 

splitting terms in equation (1). These states are also mixed by the 

matrix elements of H and Hd. , so the variation of the energy zeeman ip 
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Energy of the l1Ms = 4 transition, in cm-1, versus the 
rhombic splitting E, in cm-1, at H = 750 G, The 
dotted line indicates the energy r~quired to observe 
a transition by X-band EPR spectroscopy. 
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levels with E, H and Hd. for a given D is expected to be complex. · zeeman i p 

The way in which this complexity arises is shown in Fig, 7, and will be 

discussed in detail below. 

J = 0, r ~ 00 • For J = 0, in the absence of dipolar coupling we 
0 

have the simplest case of two isolated spins. At r = 100 A, the dipolar 

term is negligible and when the magnetic field is turned off, three 

energy levels are obtained for the two ions, with energies approximately 

(almost exactly, since E << D) -8/3 D, -2/3 D and 10/3 D, as seen in 

Table II. Each of the energy levels is four-fold degenerate, since the 

four wave functions l±M1, ±1/2> (where M2 = ±1/2) have the same energies 

when H0 = 0. When the magnetic field is turned on, the energy levels 

split, the splitting being determined by tAe summed effect of H zeeman 
on the individual ions. 

· Since D >> hv (for a high-spin ferric heme, D is expected to be in 

-1) I the neighborhood of 2 - 10 cm , one · observes EPR from the Ms = ± 1 2 

Kramer's doublet of the heme iron, and the exact magnitude of D is not 

so important in determining the resonant field as.is that of E/D. For 

the case of isotropic g-tensors for each of the ions, and no rhombic 

zero-field splitting for the heme iron (E = 0), the copper ion will 

exhibit a single resonance at g = 2, and the heme iron will display two 

resonances between the Ms = ±1/2 sublevels of the S = 5/2 manifold, at 

g = 2 (g
11

) and g = 6 (g1 ), as depicted in Fig. 7A. 

If E is nonzero, then the resonance at g = 6 will be split into 

two resonancesalong Hx and HY, with g-values of 6 ± 24 E/D, as depicted 
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(G) 

I I I 

11111111 111111 I 

II II I J 

3000 4000 

Calculated resonance positions (or turning points in a powder 
spectrum) at X-band (hv = 0.308 cm-1), for a high-spin, ferric 
iron and a cupric copper. (a) with isotropic 2l and 22, and 
no rhombic zero-field splitting, no dipolar interaction~ and 
no exchange coupling; (b) with E = 0.030 cm-1 (E/D = .005); 
(c) with E = 0.030 cm-1 and anisotropic g2; (d) with E = 
0.030 cm-1, isotropic g2, and a dipolar interaction with 

0 ~ 1 
r = 5 A; (e) as in (d), with J = 0. 1 cm- . The value of D 
used was 6.0 cm-1. 
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in Fig. 78. If anisotropy in ~2 is now included, with the spins still 

isolated, then the g = 2 resonance of the copper ion is correspondingly 

split into three resonances for a powder, as shown in Fig. 7C; a transi .­

tion at g = 2 remains due to the heme iron. 

0 

J = 0, with dipolar coupling. When r is set at 5 A, the dipolar 

interaction is no longer negligible, and the formerly degenerate energy 

states are now split at zero magnetic field. Coricomitantly, as seen in 

Fig. 70, the calculated »spectrum'' becomes considerably more complicated. 

This is true even if an isotropic ~2 is assumed. Some of the allowed 

transitions which were degenerate in the absence of Hd. , such as the lp 

IM1 = -1/2, M2 = -1/2> + jM1 = 1/2, M2 = -1/2> and IM1 = -1/2, M2 = 

1/2> + jM1 = 1/2, M2 = ·1/2> transitions (in the uncoupled representation), 

are split apart slightly by the dipolar coupling. This accounts for the 

splittings of the transitions around g = 6 and g = 2. Furthermore, some 

transitions which are forbidden in the absence of dipolar coupling be-

come allowed when Hdip is included. This is the origin of the transitions 

near half-field, as well as of the transition at lowest field. 

(a) Effect on the energy levels of anisotropy in ~2 . 

The effect of including anisotropy in ~2 for the case of dipolar 

coupling only is shown in Table II, assuming parallel principal axes 

for ~l and ~2 . It can be seen that the effect of including anisotropy 

in 22 is to cause the energy levels to shift, in the same direction as 

the magnetic field shifts them from their energies at zero field, an 

additional amount approximately equal to 6gSH0 , where 6g is the 
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anisotropy in g. The energy levels not given in the table, which are 

intermediate in each sublevel, are similarly shifted, but by somewhat 

sma 11 er amounts. 

We have also investigated the effect upon the energy levels of 

including anisotropy in ~2 in the dipolar Hamiltonian. As expected, 

a change in anisotropy of about 10% of g causes the energies to shift e 

by just a few thousandths of a wavenumber, or a few tens of Gauss, at 

the most. 

(b) Effect on the EPR spectrum of varying E. 

One might expect subtler effects on the energy levels and calculated 

transitions upon varying E, r, or the relative orientation between the 

two ions, in this case (ions interacting via dipolar coupling only). 

The variation in the calculated EPR "spectra" of the dipolar-coupled 
-1 0 spin system with E, for 0 = 6:0 cm and r = 5 A, is shown in Fig. 8A. 

We should note that the transitions indicated are all allowed, but that 

the relative intensities among these transitions, which we have not 

calculated, are expected to vary. Varying E between 0.030 and 0.1 cm-l 

has slight effect on the absolute energies of the calculated eigenstates 

of the coupled spin system, and consequently there is little change in 

the positions of the calculated resonances. For E ~ 0.2 cm- 1, the 

energies of the eigenstates are substantially affected by the rhombic 

splitting, and the resonance positions are more.noticeably affected, 

(c) Effect on the energy levels of varying the relative orientation 
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A)J=Ocm- 1 

* * 
2.0 11 I I I 1111 11 I I II 1111111 I 

• * • • 11 I I 1.0 11 I I I I 11 I Ill 111 0111 11 I 
• * • 

0 .5 I II II 111 I M llH 1111 1111 I I 
• • • 

0.2 I I I 11 I I II I 11111 111 I 
• • • 

0.1 fl I Ill I I I 11 H 111111 II I 
*- • 

0.05 II I I I I 1111111111 II II 
• • • 

Q030 I 1111 I I 111 111 I 1111 I 

8) J = 0. I cm_, 

2.0 I I I I I I I 

1.0 I I I I I 11 I I II I I 
-
I 

I I I I 11111 II I I I I I E 0.5 
(..) - I I I I 1111 I I II II II w 0.2 

0.1 II fl 111 I I I I II 11 II I I 

0.05 II II I I I 11 II II I 
• • 

0.036 II I I HI I I II I I I I I 

C) J=0.25cm 
-I 

2.0 I I I II 111 I 

1.0 I I II I II I 

0.5 11 11 I I 

0.2 II I II I I I 

0.1 II 1111 I I II 

0.05 I I U 

Q036 111 I I II 

0 1000 2000 3000 4000 

H0 (G) 

Figure 8. ·Allowed X-band EPR transitions for the coupled spin system 
for various values of E, the rhombic zero-field splitting. 
(A) J = 0, (B) J = 0.1, (C) J = 0.25 cm-1. The values 
of the other parameters used are: D g 6.0 cm-1, A1 = A2 = 
A3 = oo, e = 30°, ¢ = 150, and r = 5 A. Transitions marked 
with an asterisk occur among the highest energy sublevels 
of the coupled spin system, and would exhibit little inten­
sity at temperatures less than 20 K. 
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of cytochrome ~;3 and Cu+2. 
a3 

The relative orientation of the two ions may be varied by varying 

e and¢ (see Fig. 3), and by varying the Euler angles A1, A
2 

and A3 
(see, for example, Ref. 14, p. 102). We have found that, for J = O, 

changing the relative orientation of the two ions has only a small 

effect on the energy levels at zero magnetic field and at 3000 G. 

Changing Sor¢ produces a larger shift in energies than does changing 

the Euler angles, but in either case the energies change only by a few 

thousandths of a wavenumber. 
0 

The effect of varying r (in the neighborhood of 5 A) upon the 

energy levels, and hence upon the calculated EPR transitions, of the 

dipolar-coupled spin system, is also small. This can be seen from the 
0 0 0 

data in Table II, for r equal to 4 A and 5 A. We have assumed r = 5 A 

(.12_) in most of our calculations. 

J t 0, J < D 

The effect of small J on the EPR spectrum~ We now consider the 

effect of including a small exchange coupling interaction in addition 

to the rhombic zero~field splitting and the dipolar interaction, with 

J larger than the dipolar coupling (J = 0.1 cm- 1; the magnitude of 

Hdip at r = 5 ~is about 0.030 cm- 1). The result is an increased 

splitting between the energy levels at zero magnetic field, which 

causes most of the transitions to be shifted to.lower field, as seen 

in Fig. 7E. Some of the transitions are lost altogether, and at large 
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enough J, the energy levels are split apart sufficiently far that no 

transitions can occur except for the formally forbidden 6M = 2 and 
s 

6Ms = 4 transitions, depending on the value of E/D, as has already been 

discussed. The splitting of the energy levels of the coupled spin 

system in an applied magnetic field for various values of J is shown 

in Fig. 9, with D, E, r and the relative orientation between the two 

ions held constant. 

(a) Effect on the energy levels of anisotropy in 22 . 

The effect of including a small amount of anisotropy (about 10%) 

in ~2 , in the case of small exchange coupling, is similar to that found 

for J = O. A couple of the transitions shift by as much as 100-200 G, 

but most are considerably less affected. 

(b) Effect on the EPR spectrum of varying E. 

The variation in the EPR ••spectra" with E for J = 0.10 and 0.25 cm-1 

is shown in Figs. 88 and 8C, respectively, for D = 6.0 cm-l and r = 5 ~. 

It can be seen from Fig. 88 that as E increases from 0.036 to 0.2 cm-1, 

the high-field transitions are split apart. The reason for this is that 

these transitions occur among the central set of. sublevels shown in 

Fig. 9 (those transitions occurring among the upper set of sublevels dis­

appear for E ~ 0.05 cm- 1), and as can be seen from that figure, a slight 

change in the energies of these sublevels is expected to cause a rela­

tively dramatic shift in the resonance positions of these transitions. 

No such transitions occur for J = 0.25 cm- 1, as · seen in Fig. 8C, as 

only the set of sublevels lowest in energy are split by the Zeeman 

interaction such that transitions between them can occur at the energies 
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used in EPR spectroscopy (Fig. 9). As for the case of no exchange 

coupling, the transitions at low field are not much affected by varying 

E if Eis fairly small; in the presence of weak exchange coupling, only 

for E > 0.2 cm-l are the EPR ~spectra» appreciably altered. Further­

more, the overa 11 character of the 11 spectra 11 for both J = O .10 and 

0.25 cm-l does not depend much on the value of E, in that transitions 

are exhibited in the same regions of the EPR ••spectra 0 for all possible 

values of the rhombic splitting constant. 

(c) Effect on the energy levels of varying the relative orientation 

of cytochrome a+3
3 and Cu+2 . 

- a3 

Finally, the effect of varying the relative orientation between the 

two ions for small J is relatively minor, as it was for J = O. The 

energies of the eigenstates change by only a few thousandths of a wave-

number over a range of orientations, so the EPR observable transitions 

will occur at the same magnetic field, within a few tens of Gauss, 

regardless of the relative orientation of the two ions. 

Discussion 

In this section, we will attempt to explain the origin of the 

unusual "g5 11
, 

11 g12 11
, and fluorocytochrome ~3 EPR signals, using the 

results discussed previously. We have shown that the largest changes 

in the positions of calculated EPR resonances occur upon varying J and 

E. However, the values of E calculated from the high-spin heme EPR 

signals exhibited by partially oxidized cytochrome c oxidase (Z) range 
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only from 0.01-0.2 cm-1. Since varying E in this range has little 

effect upon the EPR spectrum, the exchange coupling is left as the 

most important factor in matching the observed and calculated EPR 

spectra for the coupled spin system. The magnitude of D might also be 

expected to influence significantly the calculated resonance positions. 

However, we have assumed D > 2 cm ... 1, in accordance with measured values 

for high-spin ferric hemes, and with D this large, only the magnitude 

of J/D is expected to be important. Hence, we have varied only J, with 

D = 10 cm-l or 6 cm-1, in accordance with the value determined for 

oxidized cytochrome ~;3 of about 9 cm-1 (~,~) and for metmyoglobin 

fluoride of 6.1 cm-l (_!§_),which is likely to be similar to the value 

of D for fluorocytochrome ~3 . 

We may also note that the effect of anisotropic ~2 would most 

likely be to induce some broadening in the frozen solution EPR spectrum. 

Since the spectra we are concerned with display primarily broad features 

separated by many hundreds of Gauss (Fig. 7 and Ref. 5), we therefore do 

not believe that the effect of anisotropy in ~2 will be fundamental to 

explaining the nature of these signals, and so we have used isotropic 

~2 for most of our calculations. For the same reason, we have not in­

cluded the effect of hyperfine interactions in our calculations, either. 

The ug12 ... EPR signal. 

The allowed EPR transttions from Ftg. 9 are plotted as a function 

of the magnetic fteld in Fig. 10, with the observed transitions of the 

11 912", 11 95_11
, and th.e fl uorocytochrome ~3 EPR s i gna 1 s, as we 11 as the 

Cua signal, shown for comparison. As in Fig. 8, we have· indicated only 

allowed transitions, and not relative intensities. Considering the 
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"g12" signal first, it is clear from Fig. 10 that this signal could 

only arise from a conformation with J on the order of 5 cm-1 or 

greater. The transition could either be due to a 6M = 2 transition s 

between Ms= ±1 sublevels, if Eis small, as in Fig. 10, or it could 

arise from a 6Ms = 4 transition between Ms = ±2 sublevels if E is on 

the order of 0.8 cm-l (Fig. 6). We believe the former possibility is 

more likely, si'nce the rhombic splitting observed from high-spin cyto­

chrome ~;3 EPR signals is small (?). Furthermore, the M
5 

= ±2 sublevels 

are approximately 16/3 D, or about 50 cm-1 for cytochrome ~ oxidase, 

above the ground state in energy. This means that the intensity of the 

signal should decrease with decreasing temperature below 30 K, when in 

fact the opposite is observed (~). For the 6Ms = 2 transition, the EPR 

signal intensity should increase with decreasing temperature down to 

about 12 K, which is not inconsistent with our observations (5). Thus, .. -

we assign the g = 12 EPR signal of oxidized cytochrome ~ oxidase to a 

6Ms = 2 transition between Ms = ±1 sublevels in the S = 2 manifold, with 

E = 0.036 cm-l (Fig. 4). 

In our experience, when cytochrome ~ oxidase is isolated by the 

method of Hartzell and Beinert (l.Z_), typically about 30 -40% of the 

enzyme molecules are found in the "g12 11 conformation. Since the magnetic 

susceptibility measurements (~,i) were done with enzyme isolated by the 

Hartzell and Beinert procedure, and no non-Curie behavior was found 

below 200 K (neglecting the effect of D), cytochrome ~3 and Cu must 
a3 

be strongly exchange-coupled in the "gl2" conformation. 
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The fluorocytochrome ~3 EPR signal. Inspection of Fig. 10 shows 

that the complexity of this signal requires that there be only a weak 

exchange coupling, if any, as suggested by Brudvig et al. (~_). Al­

though there is not an exact match between observed and predicted g­

values, a fairly good match is provided by values of J less thaR or 

equal to 0.1 cm-l: with the best fit being for J = 0.1 cm-1. The high­

field resonances predicted for this value of J would be obscured by the 

Cu signal near g = 2, whereas for smaller values of J one would expect a 
to observe transitions occurring at higher field than those for Cua, 

when in fact none are observed. We therefore be 1 i eve that the fl uoro-

cytochrome ~3 EPR signal is best assigned to a dipolar-coupled and 

weakly exchange-coupled high-spin fluorocytochrome a+
3
3-cu+2 site. 

- a3 

Inspection of Fig. 8B shows that E must be small (~ 0.05 cm-1) in 

order that no high-field resonances be observed, in the presence of 
+2 1 Cua , for J = 0.1 cm- . This is consistent with the axial character 

+3 . +2 of the high-spin, fluorocytochrome a3 EPR signal seen when Cu is 
- a3 

uncoup 1 ed from this center by addition of NO to the enzyme (?__,]&_), 

The 11 g5 11 EPR signal. 

Finally, comparison of the predicted resonances for the values of 

J in Fig. 10 with the observed resonances of the 11 g5 11 signal indicates 

that none of the coupling schemes with transitions shown in the figure 

accounts for the observed resonances. When J is less than or equal to 

about 0.25 cm-1, the calculated EPR "spectra" exhibit too many resonances, 
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particularly in the low-field region, to mimic the ''g5" spectrum. As 

J is increased, the low-field resonances are first lost, and one or two 

transitions are calculated to occur at g-values less than g . These 
e 

transitions occur when H0 is parallel to H or H . At greater J x y 
(J > 3.0 cm-1), a transition is again expected to be seen at low-fteld, 

when H011Hz, but the high-field resonances have already been lost when 

this occurs. Since we have seen that varying E (with E < 0.2 cm-1) or 

the relative orientation of the two ions has little effect on the 

character of the EPR spectrum, it appears that the ''g5" signal cannot 

be accounted for by a model including only a weak exchange and/or 

dipolar interaction between the two ions, 

An explanation suggested by Shaw et al. (~_)is that the signal at 

g = 5 could arise from quantum mechanical mixing between a spin 5/2 and 

spin 3/2 system, as suggested for other heme proteins by Maltempo and 

Moss (12_). In fact, gx and gy would be expected to occur near g = 5 

if the S = 3/2 and 5/2 states of the heme were nearly equal in energy. 

The high-field, gz resonance would be expected to occur near g = 1.7 if 

the value of E was about 0.09 cm-1, not an unreasonable value. The ob-

served splitting of this resonance could be due to a weak interaction 

with another paramagnetic center, as suggested by Shaw et al. (_2-). The 

most likely candidate for this center, based on the magnitude of the 

splitting (about 200 G) and assuming a dipolar interaction as its cause. 

is the Cu center. However, this fails to explain why no EPR signal is 
a3 

observed from this latter site, since it·would have to be oxidized to 

induce the observed splitting. It is possible that the interaction of 
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the Cu+2 center with the cytochrome ~+33 site in this conformation might 
a3 

cause the EPR signal from the Cu+2 site to be obscured by broadening. 
a3 

Further studies, such as investigating the temperature dependence of 

the 11 g5 11 EPR signal, are needed to help settle this matter. 

Conclusion 

We have calculated the g-values of the allowed transitions that 

are accessible to energies used in EPR spectroscopy between the energy 

levels of the dipolar-coupled cytochrome a
3

-Cu spin system of cyto-
- a3 

chrome .f. oxidase, in the presence of strong, weak and zero exchange 

coupling. By calculating the effects on the energies of allowed transi-

tions of varying J, D, E, H, r, and the relative orientations between 

cytochrome ~3 and Cu , we 
a3 

have been able to suggest that 

(1) The 11 912 11 signal exhibited by oxidized cytochrome c oxidase 

at X-band is due to a 6Ms = 2 transition between M = ±1 s 

levels of the strongly exchange-coupled~ S = 2 center that 

constitutes the oxygen-binding site of the enzyme. 

(2) The fluorocytochrome a3 EPR signal with resonances at g = 8.5, 

6, 5, 4.3 and 3:2 is due to a dipolar-coupled, weakly exchange-
1 +3 +2 . coupled (J ~ 0.1 cm- ) fluorocytochrome a3 , Cu site. - a 

3 

(3) The 11 g5 11 EPR signal seen within 5 ms upon reoxidation by 

o2 of the reduced enzyme, with resonances at g = 5, 1.78 and 

1.69 is probably due to a quantum mechanically mixed spin 

state of cytochrome ~3 , with the splitting of the high-field 
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resonance being due to interaction with another paramagnetic 

center of the enzyme. 

The low values of E (E < 0.1 cm-1) required for consistency in 

the assignments of the .. g12 .. and "g5 11 EPR signals indicate that the 

environment of cytochrome ~3 is fairly axial. This is in line with 

the observed high-spin cytochrome ~3 EPR signa.ls in partially oxidized 

cytochrome ~ oxidase (Z). The biochemical significance of the vari -

ation in the magnitude of the exchange coupling among the various 

states of the oxidized enzyme mentioned above is harder to assess, as 

is the significance of the posited quantum mechanically mixed spin 

state giving rise to the 11 g5 1
' EPR signal. The reason for this is 

simply that too little is known about either of these phenomena to 

allow quantitative deductions to be made about structures in which they 

are present. However, it is interesting to note that cyanide bound to 

oxidized cytochrome ~3 facilitates an antiferromagnetic coupling of 

about 40 cm-l (l), as opposed to the hypothesized coupling in the 

fluoride-bound species of less than 1 cm-l A reasonable explanation 

for this difference is that fluoride, being much smaller than cyanide, 

allows a much smaller orbital overlap between the two ions~ causing a 

reduction in the antiferromagnetic coupling. Similarly, if fluoride 

ion displaces hydroxide ion as the bridging ligand in the "oxygenated" 

enzyme to give rise to the fluorocytochrome ~3 species, as suggested by 

Brudvig et al. (~_),a smaller orbital overlap would again result and 

the antiferromagnetic coupling would be correspondingly diminished. 

The source of the large (>200 cm- 1) coupling in the oxidized, "resting 11 

enzyme, however, remains a mystery. 
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Chapter V. Conclusion. 

The studies described in this thesis have been aimed at gaining 

new insight into structure and function, and the relationship between 

them, in the oxygen-utilizing proteins. EPR spectroscopy has proven 

a particularly apt tool in the study of the metal centers in metallo­

enzymes, as it is highly sensitive to the immediate ligand environment 

around a paramagnetic center (or centers), whereas the bulk of the 

protein is transparent. At the same time, nitric oxide, being analogous 

in many respects to o2, is an excellent paramagnetic probe of the metal 

centers. Hence, I have given emphasis in my studies to the interaction 

of nitric oxide with the oxygen-binding sites of several oxygen-

util izing proteins .. In particular, I have investigated (with some help) 

the interactions of NO with the metal centers of the oxygen-carrying 

protein myoglobin and some inorganic heme complexes, and with tree and 

fungal laccase and cytochrome c oxidase. 

The variable temperature EPR spectroscopic studies of Chapter II 

led to the discovery that two conformations of the nitrosyl ferrous heme 

moiety exist in equilibrium for the nitric oxide adducts of reduced 

myoglobin, cytochrome f_, and protoheme. These investigations were de­

signed to address a single question, namely, what was the origin of the 

previously unassigned resonance in the EPR spectra of nitrosyl ferrous 

heme complexes. As is so often the case, though, the results have 

successfully resolved the original problem, only to raise a number of 

new questions in its stead. Does a similar equilibrium (also involving 

movement of the heme iron to opposite sides of the porphyrin ring, if 

our assignment is correct) also exist for the oxygen adducts of ferrous 
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hemeproteins? Why have none of the theoretical studies on the structure 

of nitrosyl ferrous heme complexes predicted -the existence of two con­

formers with only slightly different ground state energies? Might a 

similar kind of equilibrium be involved in the R+T state transi.tion of 

hemoglobin? In this latter regard, a number of studies (for example, 

1 - 4) report work on hemoglobin and hemoglobin mutants in which the EPR 

spectra of nitrosyl derivatives of the proteins were used to gauge the 

effect of substituted amino acid residues at or near at least one of 

the oxygen-binding sites, adding detergent, or varying other conditions, 

on the R+T state transition induced by the protein's binding NO. How­

ever, in none of these studies were temperature effects considered, and 

in many of them all three types of signals reported in Chapter II are 

present in the published EPR spectra. Many of these studies are conse-

quently in need of revised interpretation. 

A final question raised by the results of Chapter II is why only 

the Type II EPR signal is exhibited by the nitrosyl adducts of reduced 

cytochrome .f.. oxidase and cytochrome .f.. peroxidase, and probably cyto­

chrome P-450 and horseradish peroxidase as well. (One might also wonder 

whether the existence of a single stable conformer of the NO adduct is a 

property of all heme-containing enzymes which catalyze reactions using 

oxygen.) The most reasonable explanation is that the extra stabilization 

of species II in these enzymes is simply a consequence of the protein 

structure. For example, it is quite likely that the close proximity of 

the Cu center in cytochrome c oxidase would foster an interaction with a . -
3 

the oxygen atom of the NO molecule when it was bound to reduced cytochrome 
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~· Such an interaction could easily stabilize one conformer over the 

other by a few kcal/mole, which is all that would be required to account . 

for the observed temperature-independent EPR spectra. 

The investigations on the reactions of NO with tree and fungal 

laccase were instigated by · Professor Bo Malmstrom's temporary sojourn 

at Caltech, which made the enzymes available to our group, and by the 

results obtained shortly before Professor Malmstrom's arrival by Gary 

Brudvig and Tom Stevens of the Chan group on the reactions of nitric 

oxide with cytochrome f. oxidase (§_). We found that tree laccase, like 

cytochrome f. oxidase, catalyzes both the reduction and oxidation of NO. 

The metal centers of fungal laccase have much higher reduction potentials 

than those of tree laccase or cytochrome f. oxidase (see Table I of 

Chapter I), and it is almost certainly as a consequence of this dif-

ference that fungal laccase can be reduced, but not reoxidized, by NO. 

The metal centers of tree laccase have reduction potentials close 

to the reduction potentials of the cytochrome a3 and Cu sites of cyto-- a 3 

chrome ~ oxidase, and tree laccase behaved somewhat analogously to cyto-

chrome c oxidase with regard to its reactions with NO. However, some . 

interesting dissimilarities between these two oxidases also emerged 

during these studies. The most obvious difference is in the metal 

centers which react with NO. In cytochrome f. oxidase, only cytochrome 

a3 and Cu participate in the reactions with NO, while the Cua and 
- a3 

cytochrome ~sites remain oxidized or, in the reduced enzyme, function 

only to transfer electrons from the reductant to the cytochrome ~3 and 
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Cu sites. In tree laccase, on the other hand, all four metal centers 
a3 

are implicated in the reactions of the enzyme with NO. This contrasting 

behavior may be in part a manifestation of the differing reduction po­

tentials between the two enzymes; whereas·the reduction potentials of 

cytochrome ~ and Cua are lower than those of cytochrome ~3 and Cua by 
3 

about 150 mV (see Table I of Chapter I), the reduction potentials of all 

four metal centers of tree laccase are within 80 mV of each other. This 

may result in electron transfer among the various metal sites in tree 

laccase being relatively reversible, whereas in cytochrome f. oxidase 

electron transfer, under most conditions, is unidirectional from cyto-

chrome a and Cu to cytochrome a and Cu . The difference in reduction - a - a 
potentials between the cytochrome -~ and Cua and the cytochrome a3 and Cua 
sites ts probably tied into the function of cytochrome ~ oxidase as an 3 

energy-conserving enzyme. The energy gained fo transferring electrons 
from cytochrome _a and Cu to cytochrome a3 and Cu (which will be much a - a . 3 
more than 150 mV when oxygen is present) could be exploited to effect a 

conformational change in the enzyme, which could then be utilized to 

create the proton gradient which the enzyme i~ known to build up during 

turnover.:!.!!_ vivo (§_). This proton gradient is presumably used by Fl­

ATPase to catalyze the phosphorylation of ADP to ATP. From our per­

spective as beneficiaries, the evolution of the Rube Goldberg-like 

sequence of events occurring in the electron transfer chain is a re-

markable achievement of Nature. 

Aside from the difference in reduction potentials between the 

cytochrome _a and Cu sites of cytochrome c oxidase and the type 1 and 2 a -
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copper sites in tree laccase, the latter metal centers also differ from 

the former in reacting directly with NO. The type 2 copper of both 

tree and fungal laccase is in fact known to bind externally added 

ligands, whereas neither Cu nor cytochrome a are so accessible. The a -

type 1 copper center, in contrast, does not bind exogenous ligands, but 

does react with NO, presumably by an outer sphere mechanism. This dis-

similarity between tree laccase and cytochrome f. oxidase is reasonable 

in view of the natural specificity of cytochrome _g__ oxidase for cyto­

chrome c as reductant, compared to the relative nonspecificity of the 

laccases as oxidizing agents. 

The reduction of NO to N20 by reduced cytochrome _g__ oxidase occurs 

by the chemical reaction of a nitric oxide molecule coordinated to cyto­

chrome a3 with another bound to Cu , the two sites involved in the 
- a3 

binding and direct reduction of oxygen. In tree laccase, however, one 

of the two NO molecules which react to form N20 in the presence of the 

reduced enzyme is bound to the type 3 copper, and the other to the type 

2 copper. The type 2 copper is generally believed to function only in 

mediating electron transfer to oxygen coordinated at the type 3 site, 

and not to be involved directly in the binding or reduction of o2. How­

ever, in light of the result just cited and the finding that, for tree 

laccase, one of the water molecules generated by the reduction of oxygen 

remains associated with the type 2 copper for some time (Z). one might 

speculate that this site may be involved in the binding of oxygen or 

at least in stabilizing intermediate species generated during its re-

duction to water. 
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A noteworthy aspect of the reactions of NO with tree and fungal 

laccase is that the kinetics of reduction of the various metal centers 

by NO are in some cases similar to those observed in the anaerobic re­

duction of these enzymes. For example, whether the enzymes are reduced 

by ascorbate, hydroquinone, or nitric oxide :~ the type 2 copper site 

must be intact in order for the type 3 copper center to be reduced. 

Furthermore, the intermediate steps in the overall reduction of the 

enzyme (that is, the introduction of the second and third electrons to 

the enzyme) are rapid compared with the final reduction of the type 2 

copper. Thus, these kinetic properties of the reduction of tree and 

fungal laccase appear to be intrinsic to the enzyme structure, and 

independent of the individual reductant. On the other hand, the rate-

1 imiting step in the reduction of fungal laccase by ascorbate or 

hydroquinone appears to be in an intramolecular electron transfer; 

whereas when NO is the reducing agent, the rate-limiting steps are the 

initial reduction of the type 1 site and the final reduction of the 

type 2 site. Here, the properties of the reductant become more im­

portant than the enzyme structure in determining the kinetics of 

reduction of the laccases. It is just these sorts of distinctions 

that can enable us to get a handle on which structural elements of the 

oxygen-utilizing proteins are geared towards determining the unique 

functions of an individual protein, and which are applicable towards a 

broader range of functions. 

The theoretical studies aimed at explaining the origin of the 

unusual EPR signals exhibited by three of the conformations of oxidized 
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cytochrome f.. oxidase have shed some light on the unique structural 

features of the oxygen-binding site of this enzyme, but some aspects 

remain dimly illumined at best. We have learned that the 11 912 11 con­

formation.of cytochrome f_ oxidase, which appears not to be involved 

in the catalytic cycle of the enzyme, exhibits an EPR signal due to a 

~Ms = 2 transition between the Ms = ±1 levels of the S = 2 manifold. 

This conformation is one in which strong exchange coupling obtains 

between cytochrome ~3 and Cu , and the symmetry at the cytochrome a
3 a3 -

heme is nearly axial. The fluorocytochrome ~3 EPR signal appears to 

arise from a weakly exchange-coupled, dipolar-coupled cytochrome a
3

-Cu 
- a3 

site, and the "g5" EPR signal which appears transiently during the re-

oxidation of the reduced enzyme by o2 (§_) is most likely due to an 

oxidized cytochrome ~3 site in which there is some mixing between the 

S = 5/2 and S = 3/2 states. If this latter assignment is correct, the 

two resonances exhibited at high magnetic field by the "g5 11 conformation 

must be split from each other by an interaction, probably dipolar in 

nature, with another paramagnetic center in the enzyme . The most likely 

candidate for this interaction, based on the magnitude of the splitting 

(about 200 G) and assuming a dipolar interaction, is the Cu center. 
a3 

However, it then remains to explain why no EPR signal has been observed 

from the Cu center concomitant with the observance of the 11 9511. EPR 
a3 

signal. 

This whole question of what happens to cytochrome f._ oxidase upon 

reoxidation, of which states are involved in the catalytic cycle and in 
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what order, remains a murky area. Are the oxygenated or 11 95 11 con .. 

formations intermediates in the catalytic cycle? Why is the "g5" EPR 

signal, which is probably due to cytochrome ~3 , seen by Shaw et al. 

upon reoxidation with o2 (~),whereas Reinhammer et al. (~)observe a 

signal from Cu in a similar experiment? Do either of these results, 
a3 

in fact, have any bearing on the actual sequence of events occurring 

during catalytic reduction of oxygen in the mitochondrion? How are the 

conformational changes which take place upon reoxidation of the enzyme 

tied in with energy conservation, if at all? Only recently has it be­

come possible to ask these and other of the questions posed in this 

chapter; answering them is likely to help occupy research in bioener-

getics for some time to come. 
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APPENDIX I. Calculation of g-anisotropy for an Alternative Bonding 
Scheme for Nitrosyl Ferrous Heme Complexes. 

* If the splitting between the d - TI and d 2 + TI orbitals in Fig. yz y z z 

8 of Chapter II is not much larger than A, the spin-orbit coupling, 

then the orbitals will be mixed via the spin-orbit coupling. The 

mixing will affect the calculated g-values for the system. To see 

whether such a scheme could account for the observed g-values of either 

species of nitrosyl ferrous heme discussed in Chapter II, I have calcu-

lated the wavefunctions and g-values resulting from allowing mixing of 

the d and d 2 iron orbitals by the spin-orbit coupling. 
yz z 

The orbital scheme used is depicted in Fig. 1. Although wa in Fig. 

1 actually has more ligand than metal character, the spin-orbit coupling 

from the meta 1 is expected to contribute much more to the anisotropy in 

g; hence, only the iron orbitals are constdered in the figure. 

If we take the initial splitting between the two orbitals of interest 

as ~, as shown in Ftg~ 1, the energies of the two orbitals can be deter­

mi'ned by solvi'ng the matrix of the crystal field and spin-orbit coupling 

Hamiltonians. Thts matrix is given by 

jyz> jyz> 2 jz > 2 jz > 

<yz j 6/2 0 0 -i /3721" 

<yz j 0 M2 -i·/3721" 0 (1) 

2 
<Z I 0 i ./3TIT -M2 0 

2 <z I i ./3TIT 0 0 -M2 
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E=O ~ 

Figure 1. 
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where lyz> = d (a) and jyz> = d (B), a and S denoting up (S = ~) and yz yz 
down ( S = -~) electron spin, respectively. For convenience, the zero 

of energy has been chosen as lying halfway between the dyz and d 2 z 
orbitals, and only the iron orbitals have been considered. 

The matrix in (1) can be factored into two 2x2 matrices. Solving 

for the eigenvalues yields, for both matrices, 

The corresponding wave functions are 

¢+ = cosGjyz> + i sine!z2 > a 

¢a = cosejyz> + i sinejz2 > 

¢~ = i sinejyz> + cosejz2 > 

¢b = i sine!yz> + cosel? > 

where the mixing coefficients are determined by 

tane = 

(2) 

(3) 

(4) 

The g-values of the system can be calculated as follows (see, for 

example, Atherton (_~_)). First, excited state configurations are allowed 

to mix in with the ground state through the spin-orbit operator, HLS' 

where 



144. 

(5) 

/\ 

The sum is over the electrons, 1 and g are the one-electron orbital and 

spin operators, and Xis the one-electron spin-orbit coupling parameter. 

I have assumed that A is the same for all of the d electrons. The mixing 

coefficients are given by -<i !il·s IO>/(Ei - E
0

) where j_ refers to the 

excited state electronic configuration, and 0 to the ground state. 

Finally, using the new wavefunctions, the matrix of the Zeeman Hamiltonian, 

(6) 

is solved for H aligned along each of the three principal molecular axes, 

yielding the anisotropy in ~· 

The matrix of f.; tn the basis of real d-orbitals given in Table I 

can be used to calculate the mixing coefficients arising from 1\s· If 

the electronic configurations are written including only singly occupied 

orbitals, the initial ground state confi'gurations (there are two of. equal 

energy comprising the Kramer's doublet) are 

(.7) 

There is no inconsistency in having two orbitals (yz and ~a) both 

primarily d in character, contributing to the electronic state of the yz 
complex, since ~hey represent bonding and antibonding molecular orbitals 

which have ligand character as well . 

Mixing i·n excited state configurations via HLS now yi~lds 
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+ j_ A (cose - /3 sine) 
2 E234 

¢+ > 
a 

~-·= ~- + ACose lxy ¢+ .¢- > - iAcose lx2 - y2 > 
a a 2E 34 a a 2E5 

i (cose - /3 sine) I + -
- 2 A E234 <Pa xz <Pa > 

where E234 = E2 + E3 + E4 (see Fig. 1), and so forth. 

Using equation (8) and Table I, the matrix elements of H2 eeman 
can be calculated. First, for ~IH , zz 

+• A +• A 2 
<~ ll I~ > = <+ ll I + > = A(ca·s e - /3 sinecose)/E234 a z a z 

A 

<-11 I z 
2 -Al cos e - /j sinecose)/E234 ->= 

<+IS I +>= (cos2e - sin2e)/2 z 

<-IS I->= - (cos2e - sin2e)/2 z 

A A 

<-11
2
1 +>= <-IS

2
l +>= O. 

(8) 

(9) 
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Solving the 2x2 energy matrix defined by the elements in (9) gives 

and 

g.
22 

= ge cos2e + 2A(cos2e - /3 sinecose)/E234 (lOc) 

Solving similarly for gxx and gyy results in 

(lOa) 

(lOb) 

If (lOa) is rewritten to solve for Es, and the orbital recuction 

factors included (see Chapter II), the result is 

(11) 

where k, Band 8 are the orbital reduction factors for the ¢a orbital, 

the (upper) d z and d 2 orbitals, respectively. Solving equation (11) 
y z 

for the reasonable values of e (assuming~< 4000 cm-1, see equation (4)); 

where gxx is assigned to~ of the g-values of either Species I or II 

in Chapter II, the values obtained for Es are unreasonably small (less 

than 2000 cm-1). We estimate s2 and o2 to be about 0.2 and 0.8, re-

spectively, in these calculations, but the exact value is unimportant 

if they are not too close to zero. A precisely analogous difficulty 

arises when the energiesof ¢a and ¢b are reversed (that is, when the 
* dyz - TI orbital is assumed to be lower in energy than the d 2 + TI 

z 
orbital). 
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The problem, then·, with the orbital scheme depicted in Fig. 1 is 

that the predicted anisotropy in g is larger than that observed for 

the Type I and II EPR signals, when reasonable values for the .9_-orbital 

splittings are used. It may be, then, that the unpaired spin in nitrosyl 

ferrous heme complexes actually resides primarily on the nitric oxide 

moiety, and that the slight anisotropy in g observed is due to spin­

orbit coupling from NO. It would seem in any case that the details of 

the bonding cannot be deduced from the EPR data alone. 
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APPENDIX II. Inclusion of the Dipolar Interaction in the Calculation 
of the Energy Levels and Wavefunctions of the Coupled 
Spin System of Cytochrome .f_ Oxidase. 

The form of Hd. is 1p 

Hd. lp 
A 

= S ·J·S 
---1 :::: ---2 (1) 

where sl = t 1 s2 = 2, and J is the dipolar coupling tensor. The ele-

3cr 
Cl 

d.j B~ 
Jl I r 

(2) 

where the d .. 's are direction cosines connecting the two ions, and the 
lJ 

ai's are direction cosines of r with respect to x1, y
1 

and z
1

. Ob-

taining the various Jas's, given the relative coordinates of the two 

ions and their principal axes, is straightforward. To include Hdip 

in the coupled, or s1s2sM representation, the elements of Hdip (there 
,.. ,.. 

are nine) can be written out, and the Sx's and Sy's rewritten in terms 
,.. ,.. 

of S+ and S . The elements of Hdip can then be calculated easily in 

the s1s2M1M2 representation. Finally, by using equation (2) in Chapter 

IV, these elements can be transformed into corresponding matrix elements 

in the coupled representation, and then used in the calculation of the 

energies and wavefunctions of the S=2 system. 

The calculations are done with the coordinate frame of the iron 

atom (Fe ) as reference, taking the z-axis as perpendicular to the 
a3 
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heme plane. This assumes that the matrix of D is diagonal in this same 

coordinate frame, which is not unreasonable. 

The elements of Hdip' then, are: 

A A A /'\. 

+ J s s + J s s + J s s yx ly -2x yy ly 2y yz ly 2z (3) 

A A 

The elements can be rewritten in terms of s12 , s22 and the raising 

and lowering spin operators: 

(4) 
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The equations in (4) may be used to rewr.ite H~- by combining like 
ulp 

terms as follows: 

or 

1 A~ 
+ 4 (Jxx + iJxy - iJyx + Jyy) 5152 

+ ! (Jxx - iJxy + iJyx + JYY)s1s; 

+ ! (Jxx + iJxy + iJyx - JYY)s1s2 

1 • ".'+A 1 . ""-"' 
+ -2 (J - iJ )S1S2 + -2 (J + iJ )S1S2 xz yz z xz yz z 

1 . ;'\ "+ 1 . .A. /,'.. -

+ -2 (J - iJ )s1 s2 + -2 (J + iJ )s1 s2 zx zy z zx zy z 

A A 

+ J s1 s2 zz z z 

(5) 

(6) 

where A denotes the complex conjugate of A. Equation (6) makes clear 

that the matrix of Hd. is properly Hermitian. 
lp 

The elements of Hdip may now be calculated in the s1s2M1M2 repre-

sentation, using the operators of equation (6): 

<M1 +1,M2 + 11S/S; [M1M2 = [s1(s1 +1) - M1(M1 +llT'E2(s2 +1) 

(7a1 
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<Ml - l ,M2 - 1 J S1S21M1M2> = [
3
4
5 

- Ml (Ml - 1 l];, [i - M2 (M2 - 1 l];, (7b} 

<M1 + l,M2 -1JS~$2JM1M2> = [
3
,{- M1(M1 +1l];,[i- M2(M2 -1}p (7c} 

<M1 - l,M2 + 1JS1S;JM1M2> = [
3,P - M1 (M1 - l}];, [i- M2(M2 + l}p (7d} 

,.,. A [35 ~ 1 
<Ml - 1 ,M2 I s i s2z I M 1 M2 > = M2 4 - M 1 (M 1 + 1 )J ~ 

<Ml ,M2 + 11 slzs; tM1M2> = · ~1 [ i -M2 (M2 +· nT2 
<Ml ,M2 ·~ · l J $lz$2 MlM2> = Ml [i- M2 (M2 - l}JJ, 

A A 

~M1M21 3 1z52zlM1M2> = M1M2 

(7e) 

(7f) 

(7g) 

(7h) 

The next step is to use the relations in equation (7) to calculate 

the matrix elements of Hdip in the s1s2sM representation. The equations 

needed to accomplish this are given by Griffith as 

1 1 
+ 2'- 2 > 

1 1 
+ 2'- 2 >. 

Combining (7) and (8), we can calculate: 

<3M+ 21s~s;l3M> = i [(4 + M)(2 - M)(5 + M)(3 - M)J~ 

<3M+ 21s~s;12M> = t [(4 + M)(2 - M)(5 + M)(3 + M)J~ 

<2M + 21s~s;j3M> = -i-[(4 + M)(2 - M)(M - l)(M - 3)J12 

(8) 
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<2M + 21s~s;I2M> = t [( 4 + M )( 2 - M )(M + 3) ( 1 - M)] ~ 

<3MIS~~~l3M> = t (3 - M)(3 + M) = t (9 - M2) 

A-A+ 1 2 <3Mjs1s2j3M> = 6 (9 - M ) 

<3Mls1s;12M> = i (9 - M2 )~(3 + M) 

A+-' 1 1 1 1 

<3M + 11s1s2zl3M> = 6 (M + 2)(3 - M)~(4 + M)~ 

<3M+ 11s~s2zl2M> = i (M - ~)(3 + M)~(4 + M)~ 

A+" 1 7 1 1 

<2M + 11s1s2zl3M> = - 6 (M + 2)(3 - M)~(2 - M)~ 

<2M + 11s~s2zl2M> = - i (M + i)(3 + M)~(2 - M)~ 

<3M+ 11slzs;13M> = ~ (M + i)(3 - M)~(4 + M)~ 

<3M+ 11slzs;12M> = i (M + })(3 + M)~(4 + M)~ 

<2M + 11slzs;12M> = - t (M + ~)(3 + M)~(2 - M)~ 

A A 1 2 3 
<3Mls12s2zl3M> = 6 (M - 2) 

(9) 
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A A M 2 ~ 
<3M Is s j 2M> = - - ( 9 - M ) lz 2z 6 

A A ~ A A A 

Note that the elements of SiS2, s1s
22 

and s
12

s2 are not given in 

equation (9). These elements are given by the complex conjugates of the 
A+A+ A+A A A+ 

elements of s1s2, s1s22 and s12s2, respectively. Calculated values of 

the elements not show.n check, as they should, with this property of the 

Hermitian matrix. 

The last step is simply to regroup the elements given in (9): 

1 2 3 A2 2 A2 2 
<3MjHdipl3M> = "6 J 22 (M - 2) + T (9 - M ) + T (9 - M ) 

Al i 

<3M + 2 I H di p I 3M> = 6 [ ( 4 + M) ( 2 - M )( 5 + M ")( 3 - M) ]~ 

<2M + 1JHdipJ3M> = - [A6
3 (M + ~) + A6

4 (M + il] (3 - M)i,(2 - M)l;; 

A 1 k k k k 
<2M + 21Hdipj3M> = - 6 (4 + M) 2 (2 - M) 2 (M - 1) 2 (M - 2) 2 

<3MjHdipj2M> = - t [J
22

M + A2(3 - M) - A2 (3 + M)](9 - M2 )~ 

<3M+ llHdipJ2M> = t ~3 (M - ~) + A4(M + il] (3 + M)i,(4 + M)l;; 

A 
<3M + 2jHdipj2M> = -t- (4 + M)~(2 - M)~(5 + M)~(3 + M)~ 

J 2 3 1 - 2 
<2M!Hdipl2M> = - ~z (M + 2) - 6 (A2 + A2)(9 - M ) 
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<2M + llHdipl2M> = - i (A3 + A4)(M + }l(3 + M)~(2 - M)~ 

Al i 

<2M + 21Hd;pl2M> = 6 [(4 + M)(.2 - M)(M + 3)(1 - M)]~ 

The A;'s (and J
22

) have been incorporated using equation (6). 

The elements in equation (10) may be combined with the other parts of 

H, where 

The resulting matrix is diagonalized as usual to yield the energies 

and wavefunctions of the coupled system. Note that setting Jex = 0 will 

give energies for the two centers in the presence of dipolar coupling 

only. When the calculation is performed with Jex = 0 and the resulting 

wavefunctions transformed back into the js1s2M1M2> representation, it 

is found that to first approximation, the wavefunctions are split into 
. 8 2 10 . 

three energy levels with W = - 3 D, - 3 D and TD, as expected. The 

wavefunctions in a given level are then further split even at zero mag­

netic field by E, the rhombic splitting, and the dipolar interaction 

between the two ions. 
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Proposition 1 

Low-Temperature Studies on the Mechanism of 
Reduction of N02. and NO by Cytochrome cd1 from Pseudomonas aerugi nosa 

Cytochrome cd1 from Pseudomonas aeruginosa is a terminal electron 

carrier which can accept electrons from cytochrome c-551 or from 

Pseudomonas azurin. There is some debate over whether the enzyme, 

which is sometimes referred to as Pseudomonas cytochrome oxidase or, 

less misleadingly, as nitrite reductase, reduces N02- to NO or to N2o 

1-!l vivo (_!__,_g_). To aid in resolving this matter, and to help establish 

the nature of the mechanism of catalysis, I propose doing low-temperature 

studies on the intermediates produced when the isolated enzyme reacts 

with N02-. 

Investigations of the low-temperature intermediates in the catalytic 

cycle of cytochrome ~ oxidase by optical and EPR spectroscopy have 

been instrumental in characterizing the mechanism by which this enzyme 

reduces oxygen to water (~,~_). The approach used has been to prepare, 

in a medium containing 303 ethylene glycol, the reduced or partially 

reduced enzyme with CO bound to cytochrome ~3+2 , mix this sample with 

o2-saturated buffered solution rapidly (<5 s) at about 250 K in an EPR 

tube, and freeze in a solid co2/ethanol bath (195 K) ~ The CO molecules 
+2 may then be photolyzed from cytochrome ~3 by white light at 77 K, and 

slow warming allows the reduction of oxygen by the enzyme to proceed. 

The reaction may be stopped by reimmersing the sample in liquid nitroge·n. 

A similar approach could be used with cytochrome cd1 since, as the 

name implies, this enzyme contains a heme~ and a heme Q.1. The heme 9-_1 , 
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which is probably the site of nitrite reduction~ can bind CO in the 

reduced enzyme (~_),so the low-temperature photolysis could be done 

much as described above, substituting N02--containing buffer for o2 
saturated buffer. By monito~ing the EPR and optical spectra as the 

enzyme is slowly warmed following photolysis of the CO molecule, it 

might be possible to determine how N02 is reduced by the enzyme, and 

whether it can be completely reduced to N20 without being released into 

solution. A number of other techniques could also potentially be 

brought to bear upon this problem. Magnetic circular dichroism and 

resonance Raman spectroscopy could be helpful in determining the 

magnetic and vibrational properties of the hemes in the intermediate 

states of the enzyme. Since heme Q.1 is actually a chlorin (a heme with 

one of the pyrrole bonds saturated), the resonance Raman studies would 

best be done concurrently with studies on isolated heme Q.1 or model 

studies on chlorins. MCD studies have already proved helpful in deter­

mining the properties of the oxidized enzyme as isolated (§_), and would 

be especially informative as to the spin states of the two hemes. 

In summary, a wealth of information regarding the mechanism of 

nitrite reduction by cytochrome cd1 from ·Pseudomonas aeruginosa could 

be extracted by applying optical, EPR, MCD and resonance Raman spectros­

copy to the study of the intermediates isolated at low temperatures. 
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Proposition 2 

Studies of Nucleosomal Structure 
by the Spin-Probe Spin-Label Technique 

Measuring solvent accessibility to a particular residue, the 

cysteine of histone H3, in chemically modified and unmodified nucleo-

sames, could provide specific structural information that would consti-

tute a beginning towards understanding the detailed nature of changes 

induced by chemical modifications of nucleosomes occurring- in vivo. The 

nucleosome consists of an association of about _200 base pairs of DNA and 

an octamer of two copies each of the histone proteins H2A, H2B, H3, and 

H4, and is the recurring unit of chromatin. While the precise function 

of the nucleosome is unknown, it is likely that conformational changes 

occur in it during transcription and replication of the associated DNA, 

and that it participates in the regulation of gene expression (JJ. 
Additionally, some chemical changes are known to accompany increases in 

transcriptional or translational activity; for example, acetylation in­

creases template activity.!!!_ vivo (~_),and hi stone Hl is phosphorylated 

just prior to mitosis in Physarwn (~_). 

The in vivo chemical modifications of nucleosornes may well be 

accompanied by conformational changes, which could serve as the basis for 

changes in transcriptional or translational activity. This possibility 

could be explored through use of the spin-probe spin-label technique, 

which takes advantage of the effect a fast-relaxing, paramagnetic spin 

b . h M +2 C +2 h . . f pro e ion, sue as n or u , has upon t e magnetic properties o a 



161. 

more slowly relaxing spin label (~_). By measuring the intensity of the 

EPR signal due to the spin label as a function of microwave power in the 
0 

presence of the spin probe, specific distances as large as 50 A between 

spin label and spin probe can be measured (~). 

To investigate the effect of chemical modification of nucleosomes 

on their conformation, using the spin-probe spin-label technique, we 

require a chemically modified nucleosome with a covalently attached 

spin label, and we need a spin probe. Wallace et al~ (.§) have developed 

a procedure for the mild acetylation of histones .:!..!!_vitro, which could 

be used in these experiments, or attempts could be made to isolate 

homogeneous preparations of nucleosomes chemically altered in vivo (a 

much more arduous procedure!). Histone H3 from chicken erythrocytes 

contains a single cysteine residue, which is suitable for the attachment 

of a nitroxide spin label. This may be done on the isolated histone, 

and the nucleosome then reconstituted, as has been achieved by Hyde and 

Walker, who observed an EPR signal from the spin-labeled nucleosome (z_). 

Finally, Mn+2 in solution as the spin probe would allow solvent accessi­

bilities to be measured for chemically modified and unmodified nucleosomes. 

The Mn+2 could be complexed with EDTA to prevent conformational changes 

due to free manganese ion in solution. 

Necessary controls would include measuring the physical properties 

of both the modified and unmodified nucleosomes ~ electrophoretic 

mobility, circular dichroism·, sedimentation properties. and nuclease 

digestion patterns ~ before and after attachment of the spin label, to 

ensure that the presence of the spin label was not altering the structural 
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properties of the nucleosomes. Experiments in which Mn+2 was replaced 

by diamagnetic Mg+2 could be done to determine whether observed effects 

on the magnetic properties of the spin label were solely due to the 

magnetic properties of the spin probe. 
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Proposition 3 

Computer-Assisted Synthesis 
of Isotopically Labeled Organic Molecules 

A number of approaches have been taken towards computer-assisted 

organic synthesis (l). The most promising and successful to date is 

the LHASA (logic and heuristics applied to synthetic analysis) program, 

pioneered by E. J. Corey and co-workers (~). 

LHASA is an interactive, computer graphics program. The program 

accepts as input a molecule drawn on the graphics screen by the chemist 

and then builds synthetic routes to that molecule, working backwards from 

the target molecule and using various strategies at the user's behest. 

LHASA consists of five module~: (1) graphical communication, (2) 

strategy and control, (3) perception, (4) symbolic structural manipu­

lation, and (5) evaluation of precursors. The strategy and control 

module contains the executive which calls the other modules into core 

for use, so this module is always in core. Only one other module need 

be in core at any one time. 

The program at present is capable of deriving syntheses for a wide 

variety of organic molecules, including complicated bridged structures 

and particular stereoisomers. I suggest that it would be useful to 

modify the program so that it would allow the user the option of including 

isotopically labeled compounds as targets for synthesis. 

Because of the expense of isotopically labeled starting materials, 

strategy should center on minimizing loss of label in the synthesis. 

Normally, the overriding consideration in retrograde synthesis, as done 



165. 

by the organic chemist or by LHASA, is simplification. One seeks to 

simplify the target molecule by removing functional groups (corresponding 

to, for example, nitration in the synthetic direction) or by breaking off 

large chunks of the molecule (corresponding to~ for example, a Diels­

Alder reaction), or else one seeks to perform functional group inter­

changes that will lead to simplifying steps (for instance, transforming 

an amino group to a nitre group in the anti-synthetic direction). In the 

retrograde synthesis of labeled compounds, this strategy would have to be 

modified to minimize loss of isotopic label. This could be accomplished 

by giving high priority to breaking off small pieces of the target mole­

cule containing the label, and by eliminating those transformations 

involving the label which are likely to proceed in low yield. 

This means that in the evaluation of transformations (steps in the 

anti-synthetic direction) performed by LHASA, steps in which the labeled 

atom is split off from the target molecule should receive high ratings. 

(The ratings are derived by the program, for any transformation, from 

various empirical formulae for determining the likelihood of success of 

the synthetic step corresponding to that transformation.) The minimal 

rating, that is, the minimal criterion for storing in memory a particular 

transformation, should be increased for steps in which the label is con­

tained in both target and precursor. A factor should be included in the 

rating which estimates the yield of the transformation. The reason 

yield should be included in evaluating a step only as one factor in the 

rating, rather than as an independent criterion, is the difficulty in 

evaluating yields for general transformations . 
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The perception and graphical communication modules would have to 

be slightly modified to allow the input and recognition of isotopic 

labels. Because availability of starting materials must be an important 

criterion in the retrograde synthesis of a given target molecule, dif­

ferent isotopes of the same atom, such as 3H and 2H, obviously must be 

differentiated. 

A list of commercially available isotopically labeled compounds· shouJ~ 

be included as a part of the program for comparison with precursors gen­

erated from each target molecule (that is, comparison with each molecule 

along each synthetic route to the original input target molecule). Be. 

cause the synthesis of isotopically labeled compounds would be optional 

and probably infrequently used relative to other syntheses, this list 

ought to be stored separately from the five modules mentioned above, and 

called up either when the user thinks he/she has generated a commercially 

available compound or else routinely called after generation of each 

precursor. The lists for each label could be divided into aromatic and 

nonaromatic compounds. 

These proposed changes in strategy and evaluation for synthesizing 

isotopically labeled compounds would, of course, have to be experimented 

with for a while before it could be determined which changes were optimal. 

LHASA is designed to produce a large number of synthetic paths to a given 

target molecule, which it is up to the chemist to trim, Therefore, one 

would first modify the existing program in mild ways to see what syn­

theses were generated for various labeled compounds, and develop rules to 

eliminate the really bad syntheses created by the program. A thorough 
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study would be necessary to decide at what stage to compare commercially 

available labeled compounds with precursors generated by the program. 

LHASA is designed for flexibility; it is fairly easy to add new 

reactions, evaluation criteria, and strategies to the program. This 

flexibility would naturally hold after inclusion of the option for syn. 

thesizing labeled compounds, and among future considerations would be 

inclusion of a capacity for synthesizing commercially unavailable labeled 

heterocycles and doubly labeled compounds. 

The incorporation of an option for synthesizing isotopically 

labeled compounds would thus be relatively straightforward, and would 

add significantly to the already formidable capabilities of the LHASA 

program for computer-assisted organic synthesis. 
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Proposition 4 

Investigation of Borohydride Reduction in the 
Gas Phase by Ion Cyclotron Resonance 

The hydroboration reaction, exemplified by reactions _l- ~-'has 

found great applicability in organic synthesis, as the resulting or-

ganoboranes can be further treated to yield a variety of new substances. 

This reaction has also been interesting to theoreticians, and several 

ab initio studies on the mechanism of reactions 1 -3 have appeared 

recently in the literature (~). These studies have resulted in 

similar mechanisms being proposed, but there has not been complete 

agreement on the details. Reactions land ~appear to occur by initial 

formation of a pi complex between BH3 and the double bond, which then 

rearranges, through a transition state having a four-center-like 

structure, to the observed products, as shown in Scheme 1. The pi 

complex I has been calculated to be formed with no energy barrier (1,£,i), 

and with a barrier of 7.6 kcal/mol (~). The transition state II has been 

calculated to lie about 4 kcal/mol in energy above I (_g_). 

The transition state II is expected to be stabilized by interaction 

of the empty 2p atomic orbital on boron, which accounts for the facility 

of hydroboration. In borohydride reduction (reaction _g_), on the other 

hand, there are no -empty atomic orbitals on boron, and Dewar and McKee 

(l) have found that in the absence of solvent interactions, this reaction 

is expected to occur not by a concerted mechanism such as that of scheme 

.!_, but by an initial endothermic hydride transfer followed by reaction 

of the alkoxide ion so generated with borane (BH3). Thus, the ease and 
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rapidity of borohydride reduction in protic solvents is apparently 

attributable to stabilization of the intermediate alkoxide ion in 

solution (l). 

With the exception of a study of the hydroboration of ethylene by 

the flow reactor technique (~_), there have been, to my knowledge, no 

studies of the hydroboration reaction, borohydride reduction, or re­

lated reactions, in the gas phase. As solvent effects are expected 

to exert a large influence on these reactions in solution, investigations 

of the gas-phase reactions should yield mechanistic information not ob­

tainable by solution studies. I propose studying some simple reactions 

related to the hydroboration reaction and to borohydride reduction in 

the gas phase by ion cyclotron resonance (ICR). 

Dewar and McKee's results (l) on borohydride reduction could be 

tested by ICR with relative ease. The reaction of BH; with CH20 or 

(CH3)2co is expected to have a large activation energy, on the order of 

30 - 40 kcal/mol (~). Measuring rates of this reaction at different 

temperatures will test the accuracy of this calculated activation energy. 

The reaction is expected to proceed via an alkoxide intermediate which 

can combine with borane or transfer a hydride back to borane, both 

processes being exothermic. Experiments using BD4 could be undertaken 

to test this hypothesis by comparing rates of formation of isotopically 

mixed borohydride with that of the borohydride adduct of the carbonyl 

compounds. Double resonance experiments CZ) could determine that ob­

served products were due to reactions involving BH4 and not contaminants 

such as B2H]. The generation of BH4 in the ICR spectrometer is described 
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in Ref. 8. 

Along the same lines, the reaction of BH3 with alkoxide ions gen­

erated in the ICR spectrometer could be investigated concurrently. 

Reactions rates for the production of BH4 and R2CHOBH2 could be measured 

to confirm the results obtained using BH4~ BH3 can be generated from 

BH3PF3 (§_). CH3o- can be generated from methyl nitrite (~_), and the 

(CH3)2co- ion can presumably be generated from isopropyl nitrite in 

similar fashion. 

Less directly applicable to solution studies, but also interesting, 

would be investigations on the reaction of BH3 with alkyl cations such 

as c2H3+ and c2H5+ in the gas phase. The formation of the pi complex 

of BH3 with these species should be affected by the presence of the 

extra proton on the alkyne or alkene, and the effect on the rate of 

hydroboration could be determined by ICR spectroscopy. The reverse 

process, the dissociation of molecules like BH2C2H5+, might also be 

amenable to investigation by ICR spectroscopy. Finally, it would be 

interesting to examine what effect protonation of a carbonyl compound 

such as acetone would have on its hydroboration reaction, and this 

process could also be examined by ICR spectroscopy. 

In sum, the study of hydroboration and borohydride reduction of small 

alkenes and carbonyl compounds in the gas phase could provide new infor-

mation on the kinetics and activation energies of these reactions to com-

pare to theoretical results, and could additionally provide new insights 

into the mechanisms of these reactions not available from solution studies. 
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Proposition 5 

Variable Temperature Infrared and Resonance 
Raman Studies of Nitrosyl Ferrous Heme Complexes 

The model we have proposed for the two stable conformers of 

nitrosyl ferrous heme complexes, which is shown in Fig. 7 of Chapter 

II, could be tested by investigating the temperature dependence of the 

infrared and resonance Raman spectra of these derivatives. Desbois 

et al. (~_)have measured the low-frequency vibrations of MbNO at room 

temperature by resonance Raman spectroscopy with excitation at 441.6 nm, 

and have assigned the band at 409 cm-l to the Fe-N (histidine) stretch. 
E: 

If the model proposed in Chapter IT for the two stable conformers of 

MbNO is correct, the Fe-N (histidine) vibration should be higher in 
€ 

energy for species I than for species II. Since species I is favored 

over species II at low temperature, lowering the temperature to 77 K 

might be expected to cause the intensity of the 409 cm-1 band to de­

crease; a new Fe-N (histidine) vibrational band due to species I should . 
E: 

concomitantly grow in at higher energy, 

Desbois et al. (!)found there to be no iron-NO stretch band ob­

servable by resonance Raman spectroscopy with excitation at 441.6 nm, 

but it is possible that this vibration might be observable by far in-

frared spectroscopy. For this measurement, it would be most expedient 

to use the Fe(II) protoporphyrin IX-NO complex with Me2so as solvent. 

If the iron-NO stretch could be observed, its intensity should vary 

with temperature between 77 and 200 K (see Chapter II), In this case, 

if the model presented in Chapter II is correct, one would expect a new 
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iron-NO stretch occurring at lower energy to grow in, and the iron-NO 

stretch due to species II to simultaneously decrease in intensity, as 

the temperature was lowered. 

The N-0 stretch itself could be monitored easily by infrared spec­

troscopy, as it occurs in the 1700 -1900 cm-l region for NO bound to 

ferrous heme (~,and Me 2so is transparent in this part of the spectrum. 

Here, one would expect a band at around 1700 cm-1 to predominate at 

higher temperatures, where species II is dominant; this band should 

give way to a vibration occurring at higher energy as the temperature 

is lowered to 77 Kand the more linear, less strongly coordinated NO of 

species I becomes predominant. 

Once the vibrations characteristic of each of the two stable con-

formers had been determined by the variable temperature infrared and 

resonance Raman measurements, the equilibrium constant at a given tern-

perature could be calculated by assuming that the only contribution to 

the free energy difference between the two conformers came from the 

vibrational part of the partition function. Comparison of the equilib-

ribium constants calculated in this way with those actually measu~ed 

would provide a way to assess the relative importance of the electronic 

and vibrational conttibutions to the free energy difference between the 

two conformers. 
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