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I. INTRODUCTION 

A. Statement of the Problem 

Nearly all forms of animal life have devised a system for concen

trating oxygen from the environment and transporting and/or storing it 

within the organism. These oxygen-carriers are metalloproteins. Some 

small invertebrates, namely sipunculids and one species of annelid uti

lize the binuclear, nonheme iron protein, hemerythrin (Hr), to perform 

these functions. 

Uptake of oxygen by Hr (1) is a reversible process and has been 

described as an oxidative addition reaction wherein the binuclear iron 

site undergoes a two-electron oxidation with concomitant reduction of 0^ 

to peroxide (reaction 1.1). 

[Fe(II),Fe(II)] + Og t [Fe(III),Fe(III)02^'] (1.1) 

deoxyHr oxyHr 

In its burgundy, oxygenated form this protein is referred to as oxyHr, 

while the colorless, reduced, deoxygenated state is called deoxyHr. 

Physical studies and x-ray crystallography indicate that oxygen 

coordinates end-on to only one iron (2,3). Therefore, it seems reason

able that when oxygenation occurs, electrons are released sequentially 

from the iron atoms. Such a mechanism should proceed through a one-

electron oxidized species having oxygen bound formally as superoxide, 

i.e., [Fe(II),Fe(III)02"]. The inability to detect this intermediate 

apparently stems from the stability of the metal-peroxide complex. 
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oxyHr, relative to this proposed metal-superoxide derivative and indi

cates that rapid transfer of the second electron to bound oxygen occurs. 

On the other hand, iron-nitrosyl complexes having nitric oxide (NO) 

formally reduced by one electron are known while complexes having a 

M-N02- unit are not likely to be stable entities. Thus, intramolecular 

transfer of a second electron to NO should not occur, making the product 

of the reaction between deoxyHr and NO an analog for the hypothesized 

superoxide intermediate (reaction 1.2). 

[Fe(II),Fe(II)] + NO $ [Fe(II),Fe(III)N0'] ^ [Fe(III).Fe(III)NO^'] 

deoxyNO (1.2) 

Spectroscopic (4,5) as well as structural studies, show that the 

high-spin Fe(III) atoms In oxyHr are antiferromagnetically coupled 

leading to a diamagnetic (Sg^^=0) ground state. Whether or not this 

coupling is maintained upon deoxygenation has not been clearly estab

lished, although current thinking favors weak coupling of the high-spin 

ferrous atoms mediated by a hydroxo bridge (6,7). 

Unlike oxygen (a diradical), nitric oxide furnishes a single un

paired electron and upon binding to iron can, thereby, convert an even-

electron EPR-silent species into an odd-electron, EPR-observable one. 

Furthermore, occurrence of electron spin coupling within the binuclear 

iron site of Hr is expected to affect the ground spin state and/or the 

orbital angular momentum. As a result, different EPR signals should be 

observed when NO binds to a spin coupled metal site and when it binds to 
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an uncoupled site. Thus, a second reason for investigating the reaction 

between deoxyHr and nitric oxide is to determine whether or not antifer-

romagnetic coupling is maintained within the binuclear site of deoxyHr. 

A second reaction of Hr that occurs intracellularly is the sponta

neous conversion of oxyHr to the oxidized derivative, metHr, which no 

longer binds oxygen (reaction 1.3). 

[Fe(III),Fe(III)02^"] + 2H'^ + [Fe(III ),Fe(III) ] + HgOg (1.3) 

(oxyHr) (metHr) 

This auto-oxidation has a half-time of 18.5 hours at neutral pH in 0.3 M 

Cl' and is accelerated by the addition of small anions, including ni

trite (7). For most anions, uniphasic kinetics have been reported. 

However, for azide and cyanate auto-oxiation is biphasic. The first 

phase, in which the oxyHr color is rapidly bleached, is followed by a 

slower phase in which the binuclear site is oxidized to metHr. Two 

possible mechanisms that have been proposed for auto-oxidation of Hr are 

shown in Scheme 1.1. 

— — p _ 
Scheme I.IA: oxy + L~ + metL" + Og 

Scheme I.IB; oxy t de oxy + Og 

de oxy + L" t- deoxyL" 

— — P-
deoxyL" + Og metL" + Og 
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The discovery that a mixed-valence intermediate, semi-metHr, was pro

duced during the chemical oxidation of either deoxyHr or oxyHr to metHr 

with ferricyanide suggests a means for differentiating these proposed 

mechanisms for auto-oxidation. A mixed-valence intermediate should not 

be produced if auto-oxidation occurs by direct displacement of peroxide 

(Scheme I.IA). On the other hand, if deoxyHr is involved in auto-oxi

dation (Scheme I.IB), a mixed-valence intermediate might be detected. 

For this reason, the reaction of sodium nitrite with deoxyHr was 

investigated. 

In addition, most chemical oxidants of Hr (e.g., ferri cyanide) do 

not react directly at the iron site. Nitrite, because of its smaller 

size, might provide a contrast to these "outer sphere" oxidations. 

Indeed, the oxidation of hemoglobin (Hb) by nitrite was reported to 

occur by an "inner sphere" pathway (8). 

Finally, the mixed-valence [Fe(II),Fe(III)] intermediate prepared 

by oxidation of deoxyHr, (semi-met)g, exhibits an EPR signal that is 

different from that of (semi-met)^, the intermediate that is formed 

during the reduction of metHr (9). One interpretation of the difference 

between (semi-met)Q and (sem1-met)p is reversal of the iron oxidation 

states. The x-ray crystal structure of metHr shows that the iron site 

contains one six-coordinate and one five-coordinate iron. A vacant 

coordination site, therefore, exists for only one of the two iron atoms. 

Based on the observation that azide binds to both sietHr and semi-metHr, 

there is probably also one five-coordinate and one six-coordinate iron 

in semi-mstHr. 
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Since NO reacts more readily with Fe(II) than with Fe(III), reactions of 

NO with (semi-met)Q and (semi-metmight determine which, if either, of 

the semi-metHrs has this vacant coordination site on Fe(II). 

Furthermore, stable binuclear compounds having both iron atoms in a 

pseudo-octahedral environment are relatively rare. This structure has 

been suggested for the iron sites of several other proteins, namely 

ribonucleotide reductase (10), methane monooxygenase (11), and the pur

ple acid phosphatases (12-17). The chemistry of the relatively well-

characterized site of Hr may provide information about the functioning 

of such a binuclear site in these less well-characterized proteins. 

Thus, studies of the reactions of nitric oxide and nitrite with Hr 

in its various oxidation states were undertaken with the intention of 

addressing four problems: 

(i) The preparation and characterization of an analog for the puta

tive superoxide intermediate of oxygenation of Hr. 

(ii) The magnetic coupling (or lack thereof) between the iron atoms in 

deoxyHr. 

(iii) The mechanism for the auto-oxidation of oxyHr. 

(iv) The differences between (semi-met)g and (semi-met)p. 
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B. Review of Previous Studies on Heirerythrin 

1. Molecular properties 

The first report of the occurrence of Hr in invertebrates came in 

1823 from S. D. Chiaie (18) who was working with the species Sipunculus 

nudus. Since then, Hr has been isolated from four animal phyla distrib

uted through all parts of the world: Annelida, Sipuncula, Priapula, and 

Brachiopoda. The majority of the work reported herein involves Hr from 

the sipunculid, Phascolopsis gouldii, obtained off the coast of Eastern 

North America. The more common varieties reside near intertidal shores 

in the substratum, which is usually an oxygen-deficient environment. 

Some species have been found in the ocean at depths of nearly 7000 m. 

Average individuals are 3-15 cm long and have a life span of almost 25 

years (19), 

Hemerythrin is contained within erythrocytes, either nucleated or 

enucleated (20), It is the major component of these blood cells, pres

ent at intracellular concentrations of ~10 nW in dimeric iron. As Fig, 

1,1 shows, there are up to three cellular sources of Hr within sipuncu-

lan worms: the main body cavity (coelomic Hr), the vascular network, 

and muscle cells. The only species from which all three forms have been 

isolated is Themiste zostericola, whereas, for Phascolopsis gouldii, 

only coelomic Hr has been isolated. 

In 1873, fifty years after its discovery, Lankester classified Hr 

as a respiratory pigment (21), In 1890, Andrews reported the presence 

of iron in Hr (22) and in 1892, Griffiths showed that despite the 

implications of its name, the iron in Hr is not coordinated to the 
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coelomic 

vascular 

muscular 

B 

Figure 1.1. Respiratory diagrams for rrthri^, IjrTM. :rh«L!rLste_iUïs!:»!:! 
cola (A) and Siphonosoma ingens (B) (<iuj 
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g1ob1n unit through a heme prosthetic group (23). Research in this 

century, prior to solution of the x-ray crystal structure in the late 

1970s, focused on three questions: 

1. What is the aggregation state of Hr? 

2. What is the nature of the Fe-Og interaction? 

3. Which amino acids ligate the iron to the protein backbone? 

To answer the first question, an accurate molecular weight deter

mination was needed. Measurements combining results of sedimentation 

studies (24) with diffusion coefficient data (25) lead to estimates near 

100,000 D. Based on a variety of hydrodynamic measurements, an average 

value of 107,000 D was reported for the molecular weight of Hr from 

Phascolopsis gouldii (26). The accepted values for the known octameric 

Hrs are all between 100 and 120 kO (27). 

The oligomeric nature of Hr was first identified by Klotz and 

Keresztes-Nagy (28). The chemical modification of lysyl residues caused 

Hr to dissociate into eight smaller units of apparently identical weight 

and composition. This monomeric form, referred to as meroHr, can also 

be prepared by chemical modification of cysteinyl (29), carboxylato 

(30), or tyrosyl residues (31), or by dilution of oxyHr samples to con

centrations below ~5 iiM (32). 

A naturally occurring monomeric form of Hr, referred to as myoHr, 

was discovered in the retractor muscles of Themiste zostericola by 

Klippenstein et al. (33). Dimeric (27), trimeric (34), tetrameric (27), 

and hexameric (35) oligomers have also been reported. All of these 

oligomers appear to be built up from monomeric units having molecular 
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weights in the range of 12,500 D to 15,000 D, differing mainly in the 

relative arrangement of the protomers. 

The occurrence of oligomeric forms of Hr suggests that allosteric 

factors may be of importance in Hr. However, cooperativity in oxygen-

binding has been reported for octameric Hrs from only two species of 

brachiopod (36,37), and no physiologically observed compounds have been 

reported to affect the binding of oxygen. That is, except for the two 

brachiopod species, there is essentially no cooperativity in oxygen-

binding. 

Studies leading to an understanding of the Fe-O^ interaction began 

by addressing the question of the stoichiometry of the oxygenation reac

tion, Using colorimetric analyses in which o.-phenanthroline was che

lated to the iron liberated by dilute acid treatment, the ratio of bound 

0^ to Fe in oxyHr was found to be 1 Og/Z Fe (38). Klotz and Klotz (1) 

first suggested that oxygenation involves transfer of two electrons, one 

from each Fe(II) atom, to 0^ such that oxyHr formally contains 2 Fe(III) 

atoms per bound peroxide ion. 

Prior to x-ray crystallography, identification of the ligands 

through which the iron atoms are fastened to the protein backbone was 

approached by two method: 

(i) Comparison of the primary structures of Hrs from several species 

in search of sequence homologies. 

(ii) Chemical modification studies. 

Octameric Hr from Phascolopsis qouldii was the first to have its 

amino acid sequence solved (39). Each subunit contains 113 amino acid 
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residues arranged in a single chain (Fig. 1.2). The molecular weight 

calculated from this sequence is in good agreement with the subunit 

molecular weights determined by other methods. Coelomic Hr from 

Themiste dyscritum also has 113 amino acid residues per subunit (40), 

whereas myoHr from Themiste zostericola has five additional residues 

(41). Comparison of the amino acid sequence for Hr from Phascolopsis 

gouldii with the sequences for Hr from Themiste dyscritum (40) and myoHr 

from Themiste zostericola (41) shows sequence homology percentages of 

79% and 42%, respectively. Since all three forms of Hr bind 2 Fe atoms/ 

subunit and have similar physical and chemical properties, the amino 

acids that are ligated to the iron are likely to be common to all three 

species. 

Results of chemical modification studies (42) eliminated cysteine, 

lysine, and methionine, and implicated histidines and tyrosines as the 

primary candidates for iron ligands. Comparison of the electronic spec

tra of oxyHr and several ligand adducts of metHr with binuclear iron 

compounds strongly suggested that a y-oxo bridge links the iron atoms 

(43), implying that the two iron atoms are close to each other within a 

subunit. 

Thus, when the first attempts at solving the x-ray crystal struc

ture of Hr were begun, the number, identity and geometric arrangement of 

the iron ligands were still uncertain. One oxygen molecule was believed 

to coordinate to a pair of iron atoms, the oxygen being bound as a per

oxide ion and the iron atoms being formally tri valent. In addition, a 
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Figure 1.2. Primary structure of hemerythrin from Phascolopsis gouldii 
(44) 
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variety of oligomeric arrangements of subunits were known to be 

possible. 

The majority of the crystallographic data on Hr has been compiled 

for two species: the structure of the octameric Hr from Themiste 

dyscritum has been resolved to 2.0 A resolution by Jensen's research 

group (45) and the structure of myoHr from retractor muscles of Themiste 

zostericola has been solved to 2.5 A resolution by the Hendrickson group 

(46). Less well-refined structures have recently been reported for 

dimeric Hr from Phascolosoma arcuatum (47) and trimeric Hr from Siphono-

soma funafuti (48,49). 

With octameric Hr from Phascolopsis gouldii. crystal studies are 

complicated by the occurrence of molecular variants; differences in 

primary structure at residues 63 (Glu for Gin), 78 (Asp for Glu), 79 

(Gly for Thr), 82 (Asn for His), and 96 (Ala for Ser) occur randomly 

within the worm population. The 5.5 A resolution structure (50,51) that 

has been obtained for variant B from Phascolopsis gouldii is quite simi

lar to that of octameric Hr from Themi ste dyscritum. 

X-ray crystallography for Hr from Themiste dyscritum (52) verified 

the amino acid sequence previously determined from sequencing studies 

(39,53). The structure of octameric Hr from Themi ste dyscritum and 

myoHr from Themiste zostericola show that 70-75% of the amino acid resi

dues are contained in four «-helical segments (Figs. 1.2 and 1.3). Of 

the remaining amino acids, ~20 are found in the N-terminal peptide, ~10 

form a short C-terminal stub, and the rest are involved in connections 
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(46) 
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between the o-helices. That is, the most prominent feature of the sec

ondary structure is the four helical strands. 

Figure 1.3 describes the tertiary structure of Hr. Each subunit 

approximates an ellipse of dimensions 20 A x 40 A (Fig. 1.4). The four 

helices run nearly parallel to each other, forming a left-twisted bun

dle. A pseudo-two-fold axis of symmetry relates helix pairs AB and CD 

(54). 

The Fe-Fe axis lies roughly perpendicular to the four helical axes 

and the coordination site at which 0^ and other small anions bind is 

exposed to the center of the subunit. It has been proposed by Stenkamp 

et al. (55) that access of 0^ to the iron center could occur either via 

a much smaller tunnel that lies parallel to helices A and B (Fig. 1.4) 

or through a gap between His-101 and Trp-97 which protrude from the D 

helix (3). The distances traversed between the surface and the 0^-

binding site are 15 A and 10 A, respectively, for the two paths (3). 

The quaternary structure of the octamer (Figs. 1.4 and 1.5) has 

been described as a square doughnut (51,56). Two layers, each con

taining four subunits, are set back-to-back, forming a square antiprism. 

Overall, the octamer has dimensions of 75 x 75 x 40 A'. Within a layer, 

subunits align in a head-to-tail fashion and are arranged around a cen

tral channel ~20 A in diameter, that widens to ~30 A in the core of the 

doughnut. This cavity is lined by residues from helix B, the majority 

of which are hydrophobic. 

Binding of C10^~ induces changes at the active site (see section 

I.B.3) (57,58). Difference maps reveal two different binding sites for 
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Figure 1.4. Schematic representation of the quaternary structure for 
hemerythrin from PhascoTopsis gouldii (55) 
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Figure 1.5. Quaternary structure of hem&rythrln from Phascolopsis 
qouldii (41) 
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ClO^' on the surface of the protein, roughly 12 A and 15 A from the Fe 

center. Both sites lie along the pseudo-two-fold axes that point 

through the corners of the octamer (Fig, 1.4) (55). The first site is 

on the outer surface, the ClO^" being attached via hydrogen bonds to the 

peptide amide groups of Asp-30. The second site is on the inner channel 

and apparently involves electrostatic interactions with Lys residues of 

adjacent subunits. 

Most significantly, crystal!ographic studies have produced a pre

cise picture of the active site (59). The currently accepted structures 

for the iron sites of mstHr and the azide adduct of metHr (metN^") are 

shown in Fig. 1.6. Azide binds in an end-on fashion to the iron atom 

that was originally five-coordinate. Shared between the irons are an 

0X0 group, and carboxylate groups from Glu-58 and Asp-106. Histidine 

residues 25 and 54 complete the coordination sphere around the five-

coordinate iron atom, while three histidines (residues 73, 77, and 101) 

ligate to the second Fe atom, making it six-coordinate. With azide 

bound, the ligands are arranged in a confacial bioctahedron (Fig. 1.6) 

with all N-bound ligands situated trans to 0-bound ligands. Overall, 

pseudo Cgy site symmetry result. 

The distance between the iron atoms (Table 1.1) is too large for 

metal-metal bonding to occur. While the binding of N^" has little ef

fect on the six-coordinate Fe, the carboxylate bonds to the originally 

five-coordinate Fe are weakened and His-25 shifts its position to accom

modate the sixth ligand. 
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His 73 
His 77 

His 101 

Asp 106 Glu 58 
O-O 

His 54 
His 25 

methemerythrin 

00 

azidomethemerythrin 

Figure 1.6. Active site structures at 2.0 A resolution for iretHr (A) and netN " (B) from 
Thetniste dyscritum (45) 
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Table 1.1. Bond distances and angles derived from x-ray crystallo-
graphic data for derivatives of Hr® 

metNg-b'C metC metmyoNg-b 

A A A 

^^a'^oxo 
1.89 1.92 1.80 

F*b-Ooxo 1.64 1.68 1.77 

Fea--Feb 3.25 3.26 

F^a'^Asp 2.16 2.03 2.12 

F®b-°Asp 2.20 2.10 2.09 

F®b"°Glu 2.33 2.04 2.22 

F®b"'^His 25 2.22 2.15 2.15 

F®b"^His 54 2.25 2.19 2.08 

FSb-Ns 2.34 -- 2.01 

deg. deg. deg. 

F*a-Ooxo-Feb 135 127 132 

°oxo"F®b"^His 25 172 143 

"cxo"''®b"^His 54 101 101 

°Asp'''®b"^His 54 154 163 

^His 54"F®b"^His 25 85 89 

Fe-N-Ng 111 - -

N3 -Fe-Ooxo 93 - -

®Feg is 6-coordinate; Fej, is the O2 (or azide) binding site. 

^Reference 60. 

'-Reference 45. 



www.manaraa.com

20 

Table 1.1 summarizes the bond lengths and angles derived from the 

crystal!ographic data (45,60). The corresponding angles and distances 

for the synthetic models of Armstrong and Lippard (60,61), Wieghardt et 

al. (62), and Chaudhuri et al. (63) are presented in Table 1.2 and these 

structures are shown in Fig. 1.7. Compounds with %-hydroxo bridges have 

Fe-OH bonds between 1,9 A and 2,0 A (64), whereas for u-oxo bridged 

compounds the Fe-0 bonds are significantly shorter (1,76 A to 1.82 A) 

(64), For the Hr models, the Fe-Fe distance is larger for the p-hydroxo 

bridged compounds than for the oxo-bridged compounds. The Fe-O-Fe angle 

for the compound which has the two ferric ions bridged by an oxo atom is 

similar to that for the compound having the ferric ions bridged by a 

hydroxo group. However, the Fe-O-Fe angle is less when hydroxide 

bridges two ferrous ions than when it bridges two ferric ions. 

Weaker van der Waals and hydrogen-bonding interactions near the 

active site may modulate the functioning of Hr (65). In particular, 

Tyr-109, once thought to be a ligand to the metal, engages in hydrogen-

bonds to the bridging Glu-58 and is in van der Waals contact with His-73 

(Fig, 1,8A), His-73 is also stabilized by van der Waals interactions 

with Met-62 and Ile-105, Hydrogen-bonding with Gln-59 and van der Waals 

contact with Phe-55 lock His-77 in place. Stacking arrangements of 

His-101 with the rings of Trp-97, Phe-80, and Tyr-93 form a hydrophobic 

lining along the hypothesized 0^ tunnel. Both of the histidines of the 

five-coordinate Fe are involved in hydrogen-bonding networks; His-54 is 

hydrogen-bonded to Glu-24 and His-25 is hydrogen-bonded, through solvent 

interactions, to Trp-10, Phe-14, and Asp-22 (Fig, 1.8B). Thus, of the 
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Table 1.2. Bond angles and distances for 
of the Hr active site 

the synthetic model compounds 

(Fe3+)2(0)® (Fe3+)2(0H)b (Fe3+)2(0)C (Fe2+)2(0H)d 

A A A A 

Fe-Ooxo 1.783(2) 
1.787(2) 

1.960(4) 
1.952(4) 

1.80 
1.77 

1.987(8) 

fSa"f®b 3.145(1) 3.439(1) 3.064(5) 3.32(1) 

Fe-OAc 2.042(2) 
2.042(2) 
2.049(3) 

1.999 2.03 
2.00 
2.05 

2.142(9) 

F^a'^trans 2.177(3) 2.102 2.21 2.31(1) 

2.149(3) 2.16 2.257(10) 
2.31(1) 

deq. deq. deq. deg. 

Feg-O-Fey 123.5(1) 123.1(2) 118.3(5) 113.2(2) 

^Reference 60; rfHBpZg^FeOfCHgCOglgfefHBpZg)]. 

''Reference 61; [fHBpZgiFeOfCHgCOgigfefHBpZgjlfCIO^i.CHgClg. 

^Reference 62; [(tacn)2Fe20(CH3C02)2]l2'0"5 Nal.3 H^O. 

^Reference 63.; [(tacnigFegfOHjfCHgCOglgDfCIO^j.HgO. 
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Figure 1.7. Structures of synthetic model compounds for hemerythrin 
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Ugands bound to iron, only Asp-106 and the oxo-bridge are free from 

noncovalent interactions with neighboring residues. 

Values for the Fe-Fe separation and the Fe-O-Fe angle have also 

been determined from extended x-ray absorption fine structure (EXAFS) 

studies with Phascolopsis gouldii (Table 1.3). From these studies, the 

average Fe-Og^Q distance for metN^" was calculated to be 1.71-1.76 a 

(64). This value is within the range observed for oxo-bridged compounds 

(Table 1.2). The large uncertainties in the distance and angles calcu

lated from the EXAFS data account for the discrepancy between the x-ray 

crystallographic data and the EXAFS data. 

Experimental fits to the EXAFS data, however, agree well with the 

ligand coordination determined by x-ray crystallography. For oxyHr from 

Phascolopsis gouldii, EXAFS studies (66) show that the azide ligand has 

been replaced by the peroxide ion while all the remaining ligands are 

identical to those of metNg". 

EXAFS data accumulated at 80 K for deoxyHr indicate an Fe-Fe dis

tance of 3.13 A (67). At room temperature, the peak arising from Fe-Fe 

scattering is absent. This was postulated to result from increased 

thermal motion of the two iron atoms in deoxyHr relative to that in 

either oxyHr or metNg". One interpretation of this result suggests that 

the bond between iron and the p-oxo bridge is ruptured. 

Subsequent to the EXAFS studies, an electron density difference map 

between deoxyHr and metHr was obtained for Themiste dyscritum at 3.9 a 

resolution (3), This difference map for deoxyHr shows that the same 

ligands coordinate to the metals in both deoxyHr and metHr. In contrast 
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Table 1.3. EXAFS data for derivatives of Hr from Phascolopsis gouldii 

Derivative d(Fe-Fe) L(Fe-O-Fe) Reference 
(A) (deg.) 

metN - 3.38 165 64 0 3.49 ± 0.08 152 (+28/-13) 66 

oxy 3.57 ± 0.08 155 (+25/-13) 66 

metOH- 3.54 ± 0.08 153 (+27/-13) 66 

deoxy 3.13 67 
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to the EXAFS studies, there is no evidence suggesting that the Fe-Og^g 

bonds are ruptured upon reduction to deoxyHr. Based on the difference 

map for deoxyHr, the major structural difference between deoxyHr and 

metHr is that the Fe-Fe separation is larger for deoxyHr than for metHr. 

This result is also consistent with the trends observed with model com

pounds (Table 1.2). 

The difference map between oxyHr and metHr (3), obtained at 2.2 A 

resolution, shows that oxygen binds at the same site occupied by azide 

in metNg". The peroxide ligand is drawn closer to the Fe-Fe axis than 

is the azide ligand of metNg- and the binding of oxygen alters the elec

tron density associated with the oxo bridge. Based on these results, it 

was proposed that the ferrous ions of deoxyHr are linked by a hydroxo 

bridge rather than by an oxo bridge (3). When oxygen binds to deoxyHr, 

the proton from the hydroxo bridge shifts onto the peroxo anion, leaving 

a w-oxo bridge between the ferric ions (Fig. 1.9). 

2. Physical properties 

Evidence from optical, Mossbauer. electron paramagnetic resonance 

(EPR), resonance Raman, magnetic susceptibility, nuclear magnetic reso

nance (NMR), circular dichroism (CD), and magneto-circular dichroism 

(MCD) studies complements the crystallographic data. 

a. Electronic absorption spectra Nearly a full spectrum of 

colors is observed for the various derivatives of Hr; a semblance of 

order can be attained by comparing the optical spectra on the basis of 

oxidation state. As is true for most proteins, the absorbances at wave-
* 

lengths shorter than 300 nm are dominated by ir -f ir transitions arising 



www.manaraa.com

deoxyhemerythrin oxyhemerythrin 

-Nl 

Figure 1.9. Proposed mechanism for the conversion of deoxyHr to oxyHr (3) 
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from aromatic amino acids. In the visible range, marked differences 

result from oxidation state changes. Most dramatic is the development 

of a burgundy color when colorless deoqyHr [Fe(II),Fe(II)] is oxygenated 

(Fig. 1.10), The visible spectra of the met derivatives 

CFe(III),Fe(III)L~] are similar to that of oxyHr [Feflllj.FefllliOgZ"], 

with the exception that the moderately intense LMCT transition that 

appears near 500 nm for oxyHr is replaced by the exogenous LMCT transi

tion in the spectra of the met derivatives (Table 1.4). The appearance 

of two peaks between 300 and 400 nm is characteristic of binuclear 

Fe(III) y-oxo complexes (68). The semi-met CFe(II),Fe(III)L"] deriva

tives exhibit LMCT transitions qualitatively similar to those of the 

corresponding met derivatives and the bands appearing between 300 and 

400 nm are about half as intense as those for the metL" derivatives 

(Fig. 1.10 and Table 1.4). The band near 330 nm is apparently absent in 

the semi-metL" derivatives. Table 1.4 summarizes the assignments that 

have been made for the electronic transitions. 

The spectrum of metHr is pH dependent (Fig. 1.11). For the low pH 

form, one of the iron atoms is five-coordinate. For the high pH form, 

the sixth coordination position is occupied by OH". The pK^ reported 

for this effect (reaction 1.4) is 7.8 for Phascolopsis gouldii in the 

absence of perchlorate, and is raised to 8,7 in the presence of 1 mM 

perchlorate (69), Such pH effects are not observed for either oxyHr or 

the ligand adducts of metHr, The spectra of (semi-met)p and semi-metNg" 

have also been reported to be sensitive to pH changes, while that of 

(semi-met)^ is not. 
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Figure 1.10. Optical spectra for derivatives of hemerythrin 
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Table 1.4. Optical transitions for derivatives of hemerythrin® 

Derivatives A in nm (e in Reference 
LMCT (0-:z+Fe) Exogenous LMCT 

oxy 330 
360 

(6800) 
(5450) 

500 (2200) 750 (200) 990 (10) 43,70 

metNOg- 330 
377 

(5900) 
(5400) 

480 (770) 7 

metNg- 326 
380 

(6750) 
(4300) 

446 (3700) 680 (190) 1010 (10.2) 43,70 

metNCS" 327 
370 

(7200) 
(4900) 

452 (5100) 674 (200) 43 

metOH" (pH 9.0) 320 
362 

(7200) 
(5900) 

480 (550) 610 (140) 990 (8) 43,70 

met 355 (6400) 480 (600) 580 (200) 43 

semi-metNg- (pH 8.2) 315 (4400) 470 (2400) 730 (-80) 910 (-20) 70,71 

(semi-met)R (pH 6.3) 350 
400 

(2000) 
(880) 

450 (400) 70 

(semi-met)^ (pH 8.2) 350 
400 

(3000) 
(1300) 

450 (430) 670 (-80) 995 (~fl) 70,71 

®0.1 M Tris-cacodylate; pH 7,,0. 
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Figure 1.11. Optical spectra of metHr in 50 rrM phosphate at pH 6.5 (A) 
and in 50 mM Tris-sulfate at pH 7.5 (B) 
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Fe + OH" t Fe 

0 0 

Fe Fe (1.4) 

The near-ir d-d transitions (Table 1.4) are weak and, therefore, 

difficult to observe (70). For deoxyHr, the absorption can be resolved 

into two bands, one at 855 and the other at 1110 nm. The two components 

observable in metHr are located at 935 and 1040 nm. For the semi -

metHrs, bands from both ferric and ferrous transitions overlap and for 

semi-metNj", an additional broad transition, whose intensity is proposed 

to be enhanced by the intervalence character of the excited state, oc

curs at 1190 nm. 

On the basis of polarized single crystal spectra for oxyHr, Gay and 

Solomon (72) have proposed an energy level diagram for the binding of 0^ 

to Hr (Fig. 1.12). Their results suggest that 0^ binds to a single iron 

in an end-on fashion at an angle of nearly 90° relative to the Fe—Fe 

axis. 

b. Mdssbauer spectra Formal oxidation states and spin states 

for the iron atoms were obtained from Mossbauer data (5,73,74). Table 

1,5 lists the observed parameters for several derivatives. For oxy and 

metHrs, doublets attributable to high-spin Fe(III) are observed, whereas 

for deoxyHr, the doublet is attributable to high-spin Fe(II). The one 

semi-met derivative that has been examined (75) displays both high-spin 

Fe(II) and high-spin Fe(III) doublets. With the exception of oxyHr, the 

iron atoms of the cluster appear equivalent on the Mossbauer time scale 
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Figure 1.12. Order of the energies of the valence orbitals of the Fe3+_0^2- center of 
oxyhemerythrin (72) 2 
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Table 1.5. Mossbauer parameters for Hr derivatives and y-oxo bridged 
model compounds at 77 K® 

Deri vati ve 
Fe(III) 

6 AE_ 
Fe(II) 

5 AEQ Reference 
(mm/s) (mm/s) (mm/s) (mm/s) 

deoxy 1.19 2.81 73 

oxy 0.51 
0.48 

1.93 
1.03 

73 
73 

metOH2 0.46 1.57 73 

metNg" 0.50 1.91 5 

u-S2--met 0.50 0.99 74 

p-S2--semi-met 0.58 1.58 1.14 2.43 75 

(FeL)20(0Ac)2 0.52 1.60 76^ 

^Isomer shifts are relative to metallic Fe at room temperature. 

^4.2 K; L = HBpZg. 
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when they are of identical oxidation state; only one doublet is observed 

for deoxyHr and for the metHr derivatives. The binding of 0^ to deoxyHr 

does not produce a spin state change as is observed for the binding of 

oxygen to Hb. 

Information about the magnetic properties of Hr has been obtained 

from low temperature and magnetic Mossbauer spectra. For oxyHr and 

metHrs, hyperfine splitting is not observed, even at 4.2 K in magnetic 

fields of 30 kG. This result strongly suggests that the ground states 

of these derivatives are diamagnetic and result from antiferromagnetic 

coupling of the irons. Comparisons to model compounds suggest that this 

coupling is mediated by an oxo bridge. Line broadening also does not 

occur at low temperatures and high applied fields in the Mossbauer spec

tra of deoxyHr. The lack of broadening, in this case, may be due to 

large zero field splitting (which causes rapid electron spin relaxation) 

and/or the occurrence of antiferromagnetic coupling. In the Mossbauer 

spectra of w-S2--semi-met, both quadrupole doublets broaden at low tem

peratures even in the absence of a strong applied field, indicating 

antiferromagnetic coupling of the irons and a paramagnetic (S=l/2) 

ground state. 

c. EPR spectra Significant EPR signals are not observed either 

at liquid nitrogen (77 K) or liquid helium (4 K) temperatures for 

deoxyHr, oxyHr, metHr, or for any of the adducts of metHr. For the 

semi-met derivatives, distinct EPR signals appear below ~35 K (77). 

Table 1.6 lists the g-values for several of these derivatives. The 

average g-value of these signals is less than the free electron value. 
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Table 1.6. EPR parameters for Hr derivatives * 

Deri vative 9x 9y 9z Reference 

(semi-met)o 1.71 1.94 77 

(semi -met)Q 1.67 1.87 1.95 77 
1.65 1.87 1.95 19 
1.68 1.86 1.93 78 

semi-metN3" 1.49 1.81 1.90 77 

u-S2--semi-met 1.40 1.71 1.87 75 

deoxyNg- — — — - 13 6 

®pH 8.2; Phascolopsis gouldii. 
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which is consistent with antiferromagnetic coupling of high-spin Fe(III) 

and high-spin Fe(II) leading to a net spin of 1/2. On an energy level 

diagram (Fig. I.IBA), it is the transition within the ground state 

= 1/2 Kramers' doublet that is observed. 

On the basis of their EPR spectra (Fig. 1.14 and Table 1.6), two 

types of semi-metHrs have been identified: (semi-met)g prepared via 

one-electron oxidation of deoxyHr and (semi-met)^ prepared by one-

electron reduction of metHr. The (semi-met)g signal is axial, having g^ 

> gj^, while the (semi-met)^ signal is rhombic with g^ > g^, g^. The EPR 

spectrum of semi-metHr is perturbed by the addition of azide, cyanate, 

bromide, fluoride, cyanide, or thiocyanate (79). Ligand adducts pre

pared from (semi-met)Q have EPR signals identical to those prepared from 

(semi-met)p. All the ligand adducts of semi-met have rhombic EPR sig

nals (e.g., semi-metNj" in Fig. 1.148). 

A third type of EPR signal having g ~ 13 was reported recently for 

the colorless azide adduct of deoxyHr (Fig. 1.14C) (6). Of the anions 

known to bind to deoxyHr (namely azide, cyanate, and fluoride), only 

azide produces this signal. 

Reem and Solomon (6) have attributed this signal to the forbidden = 

4 transition from an S = 2 state (Fig. 1.13B) resulting from magnetic 

uncoupling of the iron atoms (reaction 1.5). 
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coupling of high-spin Fe2+ and high-spin Fe^'*' ions (A) and from an isolated 
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Figure 1.14. EPR spectra for derivatives of hemerythrin 
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d. Resonance Raman spectra Resonance Raman spectroscopy has 

been used to study the mode of binding of ligands at the binuclear site 

of Hr. Spectra have been obtained for oxyHr, semi-metN^", p-S2--semi-

met, metHr, and of a number of ligand adducts of metHr. 

From resonance Raman data accumulated for oxyHr, it has been shown 

that the oxygen is at the peroxide oxidation level, that oxygen coordi

nates in an end-on fashion to one iron of the binuclear pair, that this 

ligand is apparently protonated, and that the hydroperoxide group is 

hydrogen-bonded to the y-oxo bridge (80-83), 

The resonance Raman spectrum of oxyHr (Figs. 1.15 and 1.16) con

tains four bands: v(O-O) at 844 cm~i, Vgg(Fe-O-Fe) at 753 cm"i, 

vfFe-Og) at 503 cm"^, and Vg(Fe-O-Fe) at 486 cm"i. Only when the spec

trum is obtained using near uv excitation are all four bands observed. 

With other excitation frequencies, only the bands at 844 and 503 cm"i 

appear (Fig. 1.17). The excitation profiles for the latter frequencies 

provide further evidence for assignment of the 500 nm absorption as a 

+ Fe3+ charge transfer transition. 

Comparing the frequency observed for the 0-0 stretching mode of 

oxyHr (844 cm"i) to that observed for molecular oxygen, superoxide, and 

peroxide (Table 1.7) shows that the oxygen ligand is at the peroxide 

oxidation level. 

Assignment of the 844 cm"i and 503 cm"i bands as v(O-O) and 

vfFe-Og), respectively, was confirmed by isotopic substitution experi

ments in which either ISQISQ or IGQISQ was used to prepare oxyHr. For 

oxyHr prepared with I80i®0, the bands at 844 and 503 are shifted to 798 
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Table 1.7. Dependence of v(O-O) on oxidation state 

v(O-O) (cm"i) Reference 

O2 1556 83 

C
M

 
0

 1145 83 

836 83 

oxyHr 844 80 
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and 478, respectively, confirming that they arise from 0^ binding. In 

the presence of un symmetrica 11 y labeled OgfiGQiBQ), multiple bands were 

observed for the 0-0 stretching vibration and the Fe-Og stretching mode 

(Fig. 1.15) (82). This result indicated that the bound oxygen atoms of 

Og are inequivalent, which supports the structure derived from crystal-

lographic studies (Fig. 1.9). 

Metal-ligand vibrations have been observed for several N-bound 

anion adducts of metHr (Table 1.8). For the azide derivatives, the 

assignment of these bands as Fe-N stretching modes was confirmed with 

isotopic substitution experiments. 

In addition to the exogenous ligand modes, bands that have been 

assigned to u-oxo-bridge vibrations are observed. For symmetry, 

symmetric (v^) and asymmetric stretches (v^g) and a deformation (5) 

mode should be Raman active. For oxyHr (Fig. 1.16), these oxo bridge 

modes occur at 486 cm"i (v_) and 753 cm'i(v,_). The deformation mode is 

apparently too weak to be observed in spectra of oxyHr. However, this 

mode does appear in spectra of metNg- and metNCS- (Table 1.9). 

The preparation of i®0-bridged oxyHr was the first evidence for 

assignment of these bands as oxo bridge modes. Quantitative incorpora

tion of into the oxo bridge is best achieved by equilibrating 

deoxyHr crystals In Hg^^O for several days and then oxygenating the 

sample (80) (reaction 1.6). 

Hg^^O Og 
18 18 

deoxy + O-deoxy + O-oxy ( 1 . 6 )  
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Table 1.8. Iron-exogenous ligand vibrational frequencies for deriva
tives of Hr 

Derivative v(Fe-N) 
(cm-i) 

Av(Fe-N)3 Reference 

metNHCN- 388 81 

metNg" 374 -8 84 

semi-metNg" 359 -5 84 

metNCS- 298 81 

metNCSe- 275 81 

®(AV) = (Fe-15N) - (Fe-14N) 
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Table 1.9. Bridging mode vibrations for oxidized derivatives of Hr® 

L- (/
) vs 

(cm-i) 
5 Reference 

"3- 768 507 292 80 

SCN- 780 514 290 80 

H,0 750 510 n.o. 80 

OH- 780 508 n.o. 80 

OCN- 782 509 n.o. 80 

CN- 780 512 n.o. 80 

NOg- 516 81") 

F- 509 81^ 

cr 509 81^ 

Br- 512 81*^ 

r 508 81*) 

HCOg- 510 8lb 

oxy 753 486 n • 0 • 80,81,83 

®n,o. = not observed. 

^457.9 nm; 60 mW. 
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180-oxyHr prepared in this way shows modes at 720 cm~i (v,.) and 475 

cm"i (vg) (Fig. 1.16), This result confirms that these bands are due to 

solvent-exchangeable, metal-oxygen vibrations. 

1^0 cannot be incorporated into the p-oxo bridge by equilibrating 

metHr in HgiGQ. Thus, two indirect methods were used to prepare 180-

bridged metHr adducts. The first method involves the oxidation of 180-

oxyHr by Fe(CN)g3' followed by ligand addition. 

^^0-oxy + ^^0-met + ^®0-metL" (1.7) 

With the second method, used for N^", OCN~, and CN", I80-substitution is 

achieved by allowing 180-oxyHr to auto-oxidize in the presence of the 

ligand and H2I8O. 

^^0-oxy + L" + l*0-metL- + Og?" , L" = N3", OCN". CN" (1.8) 

As with oxyHr, vibrations of the y-oxo bridge have been observed 

with the anion adducts of metHr (Table 1.9). For the met derivatives, 

the p-oxo bridge modes can be enhanced with excitation in the visible 

region. 

A second argument in support of the assignment of these frequencies 

to oxo-bridge modes is the appearance of similar isotope-sensitive bands 

in the IR spectra of oxo-bridged model compounds (Table 1.10). 

The spectra obtained when oxyHr is prepared in 0^0 provide evidence 

that the peroxide ligand is protonated and engages in a hydrogen-bonding 
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Table 1.10. Bridging vibrations for model y-oxo bridged compounds 

Compound Vgg Vg 6 Reference 
(cm"i) 

FegOfOAcigfHBpZgig 751 528 283 76 

Fe20(phen)^(H20)2'»"^ 827 395 n.o.® 85 

FezOClgZ- 870 458 203 86 

(Fe3+L)2(0)2+b 730 n .0. n.o. 62 

^Data obtained by IR spectroscopy. 

= 1,4,7-triazacyclononane. 
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interaction with the oxo bridge (Fig. 1,9). In Figs. 1.16B and 1.16C, 

it can be seen that in D^O v(O-O) and VG(Fe-O-Fe) are both shifted up

ward by 4 cm'i while vfFe-Og) shifts downward by 3 cm'i (80). The mag

nitude of the shift for v(Fe-Og) is close to that expected for deuterium 

substitution on a hydroperoxide ligand (-3 cm"i vs. -5 cm~i), however, 

the unusual 4 cm"i increase in frequency for v(O-O) cannot be accounted 

for solely on the basis of changes in the mass. Similar increases in 

frequency for oxyCoHb and oxyCoMb have been rationalized as effects due 

to hydrogen bonding of the bound 0^ to distal histidine (80,87). In Hr, 

the most likely source of a hydrogen bond is the bridging oxo group. 

Thus, the frequency shifts in D^O suggest that the bound oxygen is pro-

tonated and engages in a hydrogen-bonding interaction with the oxo 

bridge, leading to an Fe-0-0 angle that is significantly less than 180*. 

The resonance Raman spectrum of metOH" is temperature-dependent. 

At 278 K, the broad band that occurs near 500 cm"i which has been as

signed as VG(Fe-O-Fe), was resolved into two components (V^ = 492 cm'I 

and \>2 = 506 cm"^). The intensity of the component at 506 cm"i is de

creased as the temperature is lowered to 90 K, whereas the intensity of 

the component at 492 cm'i is enhanced. It was suggested that there are 

two interconverting conformations in the metOH" samples (reaction 1.9) 

(88). Both components shift when 180 is incorporated into the y-oxo 

bridge, while only the component at 492 cm^ shifts when the sample is 

prepared in DgO. It has been suggested that the two species arise from 

cis-trans isomerization with respect to the Fe-OH bond. The OH- ligand 

is hydrogen-bonded to the oxo bridge in the ci s isomer but not in the 
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trans isomer. Thus, only the Vg(Fe-O-Fe) vibration that arises from the 

ci s conformation is affected by deuterium exchange. 

H 

0 '  0  0  0  

Fe ^ Fe^ t Fe^ ^ Fe^ (1.9) 

ci s trans 

For semi-metNg" (84), attempts to detect oxo bridge vibrations have 

been unsuccessful. Compared to metN^", the frequencies of the ligand 

modes are only slightly shifted [15 cm'i and 3 cm"i for v(Fe-Ng-) and 

v(N-N), respectively]. These results suggest that the coordination mode 

is the same for metN^" and semi-metN^- and azide binds to the Fe(III) in 

the semi-met derivative. 

Thus, the resonance Raman data are consistent with the crystallo-

graphic model for oxyHr and provide direct evidence for an oxo bridge in 

oxy and the metHrs. 

e. Magnetic properties The magnetic properties of Hr have been 

explored using magnetic susceptibility, NMR, and MCD. Table 1.11 shows 

the exchange coupling constants that have been derived with these 

techniques. 

Dawson et al. (4) reported magnetic susceptibility measurements for 

oxyHr and metHr. From this data, exchange coupling constants (J) of -77 

and -134 cm"i were determined for oxyHr and nstHr, respectively (Table 

1.11), and it was concluded that a y-oxo bridge mediates the coupling. 

The values of J measured for synthetic Fe(III) y-oxo bridged model com-
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Table 1.11. Exchange coupling constants 
thetic model compounds 

for Hr derivatives and syn-

Derivative J (cm"i) Technique Reference 

oxy -77 Mag. Susc. 4 

met -134 Mag. Susc. 4 

semi-metNg" -10 NMR 89 

de oxy -13 ± 5 MCD 6 

(Fe3+L)20(0Ac)2 -122 Mag. Susc. 60® 

(Fe3+L)2(0H)0Ac)2+ -17 Mag. Susc. 61® 

(Fe2+L')2(0H)(0Ac)2+ -14 Mag. Susc. 63^ 

®L = HBpZg. 

^L' = 1,4,7-triazacyclononane. 
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pounds support this conclusion. With y-hydroxo bridged compounds, /J/ 

tends to be nearly an order of magnitude less than for the y-oxo bridged 

compounds. The magnetic susceptibility for deoxyHr is significantly 

less than for oxyHr suggesting that the iron atoms in deoxyHr are either 

weakly coupled or uncoupled. No direct measurement of magnetic suscep

tibility have been reported for the semi-metHrs. 

iH-NMR spectroscopy has been used to characterize the magnetic 

states of several Hr derivatives (Figs. 1.18 and 1.19) (89,90). Working 

in water, only paramagnetically shifted resonances are readily observ

able. On the basis of their disappearance in D^O, the most downfield 

shifted resonances have been assigned to the N-H protons of the active 

site His residues. These resonances appear between 12 and 25 ppm for 

metHr and metN^", and at 73 and 54 ppm for semi-metN^". In mononuclear 

model compounds, the signals for N-H protons of iron-coordinated imi

dazoles appear near 65 ppm for high-spin ferrous compounds and near 100 

ppm for high-spin ferric compounds (91). The smaller paramagnetic 

shifts for the histidine N-H protons in the Hr derivatives apparently 

result from ant1 ferromagnetic coupling between the irons. 

For semi-metNg", the histidine resonance at 73 ppm and 54 ppm occur 

in a 2:3 ratio, as is expected based on the structure of the iron site 

shown in Fig. 1.68. The temperature dependence of the chemical shifts 

has been used to estimate an exchange coupling constant, J, of -10 cm"i 

(Table 1.11). 

For deoxyHr and deoxyNg", the N-H resonances occur approximately in 

a 3:1:1 ratio. The histidine resonances are very near the values for 
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mononuclear iron complexes, indicating very weak antiferromagnetic cou

pling for these derivatives. 

With deoxyHr, an MCD signal is observed near 1050 nm. The inten

sity of this signal increases as the temperature is raised to 65 K, and 

decreases above that point. Such behavior occurs for compounds having a 

singlet ground state. In contrast, the paramagnetic species, deoxyN^", 

shows signals at 900 nm and 1050 nm that become less intense as the 

temperature is increased. 

For deoxyHr, the variation of the intensity of the MCD signal as a 

function of temperature was used to estimate limits for the antiferro-

magnetic exchange coupling constant (J) and the zero field splitting 

energy (D). In order to determine whether or not exchange coupling is 

dominant within the binuclear ferrous site, Reem and Solomon point out 

that two extremes should be considered (Fig. 1.20). For mononuclear 

high-spin ferrous compounds, zero field splitting constants typically 

range from 2 to 8 cm"i, with the largest reported value being 12 cm"i 

(92-94), Neglecting exchange coupling (Model I) leads to D = 35 ± 10 

cm"i for deoxyHr, a value larger than that reported for model compounds. 

Similarly, when the contribution of D to the splitting of the magnetic 

states is neglected (Model II), an exchange coupling constant can be 

estimated. For deoxyHr, this leads to J = -20 ± 7 cm"i. If contribu

tions from both D and J are taken into account (a largest reasonable 

value for D is taken to be 12 cm~^), J is calculated to be -13 ± 5 cm"i. 

As Reem and Solomon have discussed, this value is reasonable for a 

structure in which hydroxide bridges and mediates the exchange coupling 
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although it does not mandate that the bridging unit be a hydroxo group. 

The magnetic susceptibility measurements reported for the y-hydroxo 

bridged synthetic model compound support Solomon's proposal. 

A similar treatment of the variable temperature MOD data for 

deoxyNg" has not been reported. The observation of an EPR signal for 

deoxyNg" does, however, suggest that antiferromagnetic coupling is not 

dominant in the ordering of magnetic states, i.e., D » J. Structur

ally, the appearance of the EPR signal in deoxyN^" has been attributed 

to the rupture of the hydroxo bridge (6). 

In summary, the results of the spectroscopic and magnetic studies 

of oxyHr and metHrs are fully consistent with the structural features 

shown in Figs. 1.6 and 1.9. These studies provide direct evidence for 

antiferromagnetic exchange coupling between the two high-spin ferric 

ions, mediated by an oxo bridge. According to Mossbauer data, the 

deoxyHr active site contains only high-spin Fe(II) and, in combination 

with MCD, NMR, and EPR results, the existence of weak antiferromagnetic 

coupling through a hydroxo bridge has been proposed. Addition of N^" is 

thought to labilize this bridge toward Fe-OH bond rupture. NMR spec

troscopy shows that weak antiferromagnetic coupling, mediated by either 

an 0X0 or hydroxo bridge, occurs between the ferric and ferrous atoms of 

the semi-metHrs. 

3. Chemical properties 

Three redox states are accessible to the binuclear iron center in 

Hr: 

(i) deoxyHr, CFe{II),Fe(II)] 
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(ii) semi-metHr, [Fe{II),Fe{III)] 

(iii) metHr, [Fe(IIIl,Fe(III)]l 

Figure 1.21 shows chemical reactions that may be conveniently used 

to prepare derivatives of Hr at each oxidation level. 

a. Oxygenation The major physiological function of Hr is the 

reversible binding of oxygen (reaction 1,10). 

"^1 

deoxyHr + Og t oxyHr (1.10) 

•^-1 

The rate constant (k^) measured by stopped-flow spectroscopy for 

the binding of oxygen to Hr from Phascolopsis gouldii is 7.4 x 106 

(58). The rate of dissociation (k_^ = 51 s"i) was determined 

using either SgO^Z" or deoxyMb to scavenge free 0^ and identical results 

were obtained with both reagents (58). Using these measurements, the 

association constant for the binding of oxygen to deoxyHr is 1.5 x 105 

This value is in good agreement with the value determined from 

equilibrium studies [1.3 x 105 at 25®C (95)]. 

Kinetic studies of the oxygen-binding reaction have been reported 

for Hr from Sipunculus nudus (96,97) and Themiste zostericola (79,98). 

Measurements of the rate of binding to Sipunculus nudus using laser 

photolysis (k^ = 2.9 x 10^ M-is-l) agree well with the values obtained 

from tempe rature-jump studies (kj^ = 2.6 x 107 m~1s"1). The rate con

stant for the dissociation reaction, measured by stopped-flow kinetics, 

is 120 s'l. With Themiste zostericola, stopped-flow measurements (k^ = 
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+ 0, 
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Figure 1.21. Summary of the oxidation levels attainable for 
hemerythrin 



www.manaraa.com

61 

7.5 X 10® k_j = 82 s"i) were compared to the values obtained by 

laser photolysis (k^ = 9,0 x 106 M'is'i). The oxygen.affinity constants 

determined from kinetic studies range from (0,9-1.5) x los m~i. Simi

larly, the range of values for the association rate constants [(0.74-2.9) 

x 107 M-ig-i] and dissociation rate constants (51-120 s'l) is narrow. 

The on and off rates for the oxygenation of Hr are similar to those 

for Hb. However, the binding of 0^ to Hr differs from the binding of 0^ 

to Hb in several important ways. First of all, Hrs generally do not 

bind 0^ cooperatively; each subunit tends to react Independently of its 

neighbors, thus, showing a Hill coefficient (n) near 1.0. The Hill 

coefficient for the binding of oxygen to Hb, on the other hand, is ~2.8 

(99). Secondly, pH does not affect the oxygen-affinity of Hr within the 

pH range of ~6.0 to 10. Finally, Hr has a slightly higher affinity for 

oxygen than does Hb; for Hrs the half-saturation pressures for oxygen 

range from 1.0 to 15.0 Torr, while for Hb a value of 27 Torr was found. 

b. Auto-oxidation A second physiologically relevant reaction 

of Hr is auto-oxidation, the spontaneous conversion of oxyHr into metHr 

(7). Auto-oxidation is acid-catalyzed and promoted by monovalent an

ions, including nitrite. In erythrocytes, CI" is a likely catalyst. 

Rate data for the auto-oxidation promoted by Cl~ and a series of similar 

monovalent anions are summarized in Table 1.12. 

With the exception of Ng" and OCN", uniphasic kinetics were re

ported, An appealing mechanism invokes simultaneous displacement of 

peroxide and its replacement in the coordination sphere by the exogenous 

ligand (reaction 1.11), 
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Table 1.12. Rate constants 
to metL"® 

for ligand-promoted auto-oxidation of oxyHr 

L- pH 5.3 
k 

pH 6.3 
(M-ls-l) 

pH 7.3 pH 8.3 

N3- 0.34 0.028b 

NOg- 3.5 0.31 0.026 0.0022 

F- 2.0 0.12 0.0094 

OCN- 0.080 0.0062 

HCO^- 0.0083 

Imid O.OO4C 

ci- 0.00014 0.000033 

^Reference 7, 

^pH 7.5. 

^pH B.O. 
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FefllljgOg^" + L" > FedlDgL" + (1.11) 

However, bleaching of the burgundy color of oxyHr solutions and the 

appearance of b1phasic kinetics upon addition of or OCN~ suggests an 

alternative pathway. The colorless intermediate implies that these 

ligands may successfully compete with 0^ for the deoxy site (reactions 

1.12 and 1.13). 

oxy t deoxy + Og (1.12) 

deoxy + L' Î deoxyL" (1.13) 

The production of metL" (phase 2) might then occur by oxidation of the 

deoxyL" species (reaction 1.14). 

deoxyL' + Og + metL" + (1.14) 

c. Chemical oxidation Kinetics for the conversion of deoxyHr 

to metHr by Fe(CN)g3- have been reported by Bradic et al. (100). A bi-

phasic reaction is observed and the mechanistic interpretation of this 

is shown in Scheme 1.2. This mechanism indicates that a sequential 

removal of electrons occurs. The rapid first phase shows a first order 

dependence on [Hr] and CFe(CN)g3"] at pH 6.3 and 8.2, with the rates for 

Themiste zostericola being 1000 times greater than those for Phascolop-

sis gouldii (Table 1.13). 
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Table 1.13. Rate constants for the outer-sphere oxidation of deoxyHr to 
metHr* 

Oxidant pH 
(M-ls-1) 

^2 
(s-i) 

*^3 
(s-i) 

I 
(M) 

Phascolopsis gouTdii 

FefCNigS- 6.3 1.2 X 103 0.17 X 103b - - 0.15 

6.3 1.0 X 103 0.10 X 103b — —  0.30 

8.0 1.7 X 102 1.1 X 10-3 — —  0.30 

8.2 1.5 X 102 1.7 X 10-3 - - 0.15 

CofterpyiaS* 8.2 0.6C 

The mi s te zostericola 

FefCNigS- 6.3 >105 0.55 X 10-3 1.1 X 10-3 

8.2 105 1.2 X 10-3 2.6 X 10-3 

^Reference 100. 

b^-is-i. 

^Reference 101. 
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2a 
I ¥ met 

1 2b 
Scheme 1.2: deoxy + (semi-met)Q + (semi-met)^ + met 

I ^ (Fe^'^Fe^"')^(Fe^^Fe^^)^ 4. met 

The product of the first phase of this reaction is (semi-met)q. In 

the presence of excess oxidant, further oxidation leads to the produc

tion of metHr. Under most conditions, the second phase is independent 

of [oxidant], which leads to the suggestion that the second phase occurs 

either via conversion of (semi-met)Q to (semi-met)^ (path 2b) or via a 

disproportionation-controlled reaction (path 2c). In contrast, at pH 

6.3 with Phascolopsis gouldii, this step shows a first order dependence 

on [oxidant]; conversion to metHr, therefore, occurs by "direct" oxida

tion (path 2a), 

When only one oxidative equivalent of ferricyanide is added, the 

EPR signal of (semi-met)q still decreases with time. This result has 

been attributed to the occurrence of the intramolecular disproportiona-

tion reaction (reaction 2c). With The mi ste zostericola, this reaction 

occurs nearly to completion, but with Phascolopsis gouldii dispropor-

tionation accounts for only ~20% of the decomposition perhaps due to a 

conformational change - the o+r conversion (path 2b) - that occurs at a 

rate comparable to that for disproportionation (kg in Table 1.14). 

Conversion of (semi-met)Q to (semi-met)^ is most easily followed by EPR 

spectroscopy (Fig. 1.22) (19); detection of (semi-met)p is best achieved 
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Table 1.14. Rate constants for the conversion of (semi-met)Q to 
(semi-met)R* 

pH k (s-•M k-i(s-i) 

P.g. 8.2 1.7 X 

m
 t O
 -

T.z. (Monomer) 8.2 1.0 X 10-2 <10-3 

^Reference 101; Phascolpsis gouldil (P.g); Theniiste zostericola 
(T.z). 
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2min. 

4min. 
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3500 4000 

MAGNETIC FIELD (GAUSS) 

Figure 1.22. EPR spectra for the conversion of (semi-met) Q  to 
(semi-met)p 
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at higher pHs in the absence of anions such as ClO^", which tend to 

stabilize (semi-met)q. 

The reaction of oxyHr with ferricyanide also produces metHr. 

Again, biphasic kinetics are observed. The rate law describing the 

first phase is shown in Eq. 1.15, 

R = {ki/fKCOg,]) + k4}[Fe(CN)g3-][Hr] (1.15) 

and a mechanism from which this rate law derives is shown in Scheme 1.3. 

From a plot of k/CFe(CN)g3~] versus l/COg] and using a value of 2 x IQS 

for K^po * values of 0.1 and 116 M"is"i were obtained for k^ 

and kj, respectively, at pH 8.2. Since k^ « kit was suggested that 

deoxyHr is an intermediate of the reaction. The rates for the second 

phase are similar to those for the second phase of ferricyanide oxida

tion of deoxyHr. 

•^1 

deoxy » X —» met 

Scheme 1.3: Og It K 

oxy p. met 

d. Reduction reactions Just as with oxidation, the reduction 

of metHr to deoxyHr involves the intermediacy of a mixed valence deriva

tive, (semi-met)p. It has been established that the immediate product 

of the reduction reaction is (semi-met)^. However, the kinetics for the 
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further reduction to deoxyHr are complex and the mechanism is the sub

ject of current debate (102-104). 

The reduction potentials for the met/(semi-met)p and (semi-metjg/ 

deo)(y couples (Table 1.15) have been reported (105,106). The values ob

tained for Themiste zostericola show that intramolecular disproportiona-

tion is a thermodynamically feasible reaction. 

An important distinction can be made between (semi-met)g and (semi-

met)^ on the basis of their relative rates of reaction with oxidants and 

reductants (Table 1.16). (Semi-met)g is rapidly reduced and only slowly 

oxidized, while (semi-met)p behaves in an exactly opposite fashion. 

e. Reactions with anions The anions that interact with Hr have 

been grouped into two categories on the basis of whether or not the 

anion is capable of binding directly to the active site iron. The mono

valent anions that perturb the iron active site but do not directly bind 

to iron are typified by ClO^". The sites where these anions bind have 

been identified by x-ray crystallography (see section I.B.I). Among 

them are BF^", PFg", B(Ph)^", NO^", H^PO^", borate, and HCO^". Ligands 

of the second type bind directly to the iron. These ligands alter the 

visible spectrum of metHr, promote the auto-oxidation of oxyHr, and the 

met adducts frequently exhibit metal-ligand stretching modes in their 

resonance Raman spectra (see section I.B.2). 

Association constants (Table 1.17) for the binding of ligands di

rectly at the iron site (reaction 1.16) have been derived from kinetic 

measurements. 
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Table 1.15. Reduction potentials in volts for hemerythrin derivatives® 

P.g. T.z. T.z. (mono) 

met + e" (semi-met 0.11 0.11 0.07 

y-S2-met + e~ y-S2--semi-met 0.295 - -

(semi-met )o + e" + deo%y - 0.31 0.35 

^References 105 and 106; Phascolopsis gouldii (P.g.); Themiste 
zostericola (T.z.). 
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Table 1.16, Rate constants for redox reactions of (senii-met) Q  and 
(semi -tret)^® 

pH k (M-ls-l) I (M) 

(semi-met)o 

Fe(CN)g3- 8.2 1.7 X 10-3 0.15b 

1.3 X 10-3 

S2O4:- 8.2 4 X 105 

(semi -met)|^ 

FefCNjgS" 8.2 340 0.15b 

6.3 >>105 

8.2 4 X 105 

8,0,2- 6.3 7.0 X IO-4C 

8.2 1.1 X IO-3C 

^Themiste zostericola; Reference 71; 20°C, 

bphascolopsis gouldii; Reference 100. 
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Table 1.17, Rate and equilibrium constants for the binding of ligands 
to metHr® 

L- pH k f  (M-ls-l) kd(s-i) K(M-l) 

N3" 6.3 7.6 <0.5 X 10-4 >1.5 X 105 

8.2 1.9 V. small'' 

NCS- 6.3 82 69 X 10-4 1.2 X 104 

7.5 11 62 X 10-4 1.8 X 103 

NCO- 6.3 0.520 1.3 X 10-4 4000C 

8.5 0.15 0.4 X 10-4 3750C 

F- 6.3 0.035 3.9 X 10-4 90 

ci- 6.3 0.006 0.75 X 10-4 80 

Br- 6.3 0.016 15 X 10-4 10.7G,d 

HCOg- 6.3 0.012 15 X 10-4 8.0C,e 

^Reference 107; 25°C; I = 0.1 M. 

^Reference 101. 

^Reference 108. 

<*1 = 0.30 M. 

ei = 0.25 M. 
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met + L" + metL" (1.16) 

Direct measurements were made of the association rates (k^). The values 

of the dissociation rates fky) were determined by indirect methods. The 

three reactions used were the anation reaction (reaction 1.17), 

met + L" t metL' (1.17) 

azide displacement reactions (reactions 1.18 and 1.19), 

metL" t met + L' (rate determining) (1.18) 

met + Ng" t metNj' (1.19) 

and the reduction of the ligand complex by dithionite (reactions 1.20 

and 1.21) (107,108). 

metL" Î met + L~ (rate determining) (1.20) 

met + SgOg^^ product (1.21) 

The list of ligands capable of binding to deoxyHr is considerably 

smaller and binding is much weaker (Table 1.18). 

Although a number of anionic ligands are known to bind to semi-

metHr (CNT, N^-, SCN", Br", F", and NCO") (79), only the binding con-
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Table 1.18, Rate and equilibrium 
to deoxyHr* 

constants for the binding of ligands 

L-
(M-is-i) 

k_i 
(s-i) 

^kin 
(M-i) 

KWCD 
(M-l) 

N3- 50 0.70 71 70^) 

OCN- 7.7 0.30 26 70^ 

F- - - - 7b 

02= 7.4 X 106 51 1.5 X 105 -

^Reference 7; Phascolopsis gouldii. 

^Reference 6, 

^Reference 58. 
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stant for the azide derivative has been reported (Table 1,19). The 

association constants are intermediate between those for deoxyN^" and 

metNj". 

f. Bridge substitution reactions Two examples of reactions in 

which the oxo bridge has been ruptured have been reported for Hr, The 

first of these involves the incorporation of sulfide or selenide in 

place of the oxo bridge and may be achieved either by addition of excess 

chalcogenide to (semi-met)p or by the anaerobic reaction of metHr with 

excess chalcogenide (109). In these reactions, bridge exchange appears 

to occur at the semi-met rather than the met oxidation level (reaction 

1.22). For the latter method, the chalcogenide serves to both reduce 

the binuclear site by one electron and to replace the oxo bridge. 

Fe(II) Fe(III) + HX + Fe(II) Fe(III) + OH" , 

(X = S or Se) (1.22) 

Exchange reactions have also been reported to occur at the deoxyHr 

oxidation level (80), where the bridging hydroxo group is replaced by 

oxygen derived from the solvent (reaction 1.23). 

H H 

0 

Fe(II) Fe(II) + H^^^O = Fe(II) Fe(II) (1,23) 
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Table 1.19. Rate and equilibrium constants for the binding of azide to 
(semi-net)o and (semi-met 

pH k_i ^kin 
(M-ls-1) (s-1) (M-i) 

(semi -met)o 

6.3 1100 0.30 3600 

8 .2  320 0.20 1600 

(semi-met 

6.3 2800 -0.15 -2 X 104 

8.2 33 0.01 3300 

^Reference 71; Themiste zostericola. 
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With synthetic binuclear, oxo-bridge ferric compounds exchange with 

is quite facile (69). In contrast, the iron site of iretHr is 

inert to solvent exchange. 

C. Aqueous Chemistry of NO and NO^" 

Numerous studies of the reactions of NO and NO^" with Fe2+ and Fe3+ 

complexes have been conducted. A brief summary of some of the more 

pertinent aspects of this work and a description of the physical proper

ties of NO and NO^" in aqueous solutions follow. 

1. Physical properties 

Nitric oxide has no absorption in the visible region of the spec

trum. In the near-uv region, however, an intense, solvent-dependent 

band appears that has been attributed to charge transfer between NO and 

the solvent (110). 

Nitric oxide exists as a free radical. At room temperature, the 

association of gaseous NO to diamagnetic N^O^ (reaction 1.27) is 

extremely small. 

2N0 t ON-NO (1.24) 

The EPR signal observed for an aqueous buffer solution of NO has g ~ 

1.97 (Fig. 1.23) (111). 

Gaseous nitric oxide is sparingly soluble in water (1.9 nW at 25°C) 

(112) compared to oxygen (0.316 nM at 25®C) (113). It has recently been 

suggested (114) that in aqueous solution, NO disproportionates, forming 

N^O and MONO (reaction 1,28), 
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Figure 1.23. EPR spectrum of NO in phosphate buffer at pH 6.5 
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4N0 + HgO = NgO + 2H0N0 (1.25) 

Aqueous solutions of sodium nitrite are a very pale yellow color 

(635^ = 22.5 M-icm-i; Ggg? = 9.4 M-icm"!; e^io = 5380 M-lcm'i (115). At 

physiological pHs, solutions of sodium nitrite are stable for several 

days. Nitrous acid is weakly acidic (pK^ = 2.94 at 25®C and y = 0.50 M) 

(116), and only a small percentage of MONO is present at the pHs em

ployed for the experiments described in this dissertation. In strongly 

acidic media, further protonation of nitrous acid occurs. The pK^ for 

this reaction is -6.5 (reaction 1.26) (117). 

Dehydration of HgONO* leading to formation of NO"*" (reaction 1.30) occurs 

rapidly. 

Thus, the equilibrium constant for the conversion of MONO to NO"*" is 3 x 

10-7 or 1/Kg. 

2. Oxidation of Fe2+ compounds by nitrous acid 

In Table 1.20, the reduction potentials of several oxides of nitro

gen are listed. Combining the value of 0.99 V for the standard reduc

tion potential of nitrous acid with the value of the pK^ (2.94) for MONO, 

one obtains a value of 0.366 V for the reduction potential of the NO^'/NO 

HgONO* t MONO + H+ (1.26) 

MONO + H+ $ [H»ONO+] t NO"^ + H.O (1-27) 
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Table 1.20, Reduction potentials for NO^ compounds* 

Reaction E° (volts) 

MONO + H+ + e- = NO + HgO 0.99 

2H0N0 + 4H+ + 4e- = NgO + 1.27 

2H0N0 + 4H+ + 4e- = HgNgOg + 2H2O 0.80 

NOg + e- = NOg- 0.993b 

NOg- + HgO + e- = NO + 20H- -0.46 

2NO2- + 2X^0 + 4e- = N^O^Z- + 40H- -0.18 

ZWOg- + SHgO + 4e- = NgO + 60H- 0.15 

2N0 + HgO + 2e- = NgO + 20H- 0.76 

2N0 + 2e- = N^Og 2- 0.10 

2N0 + 2H+ + 2e- = NgO + HgO 1.59 

NO3- + HgO + 2e- = NOg- + 20H- 0.01 

NO3- + 3H+ + 2e- = MONO + HgO 0.94 

^Reference 118. 

''Reference 112. 
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couple at pH 7,0. The reduction potential of the NO/N^O couple at pH 

7,0 that is obtained using the Nernst equation and the value of 0.76 V 

for the standard reduction potential (Table 1.20) is 1.17 V, 

The oxidation of Fe(II) complexes by nitrous acid has been inves

tigated in strongly acidic solutions. These reactions proceed by an 

outer sphere transfer of one electron (reaction 1.28), 

Fe^+faq) + MONO + + Fe^'^(aq) + NO + HgO (1.28) 

Two mechanisms have been proposed to explain these reactions (Schemes 

1.4 and 1.5). Scheme 1.4 requires a first order dependence of the rate 

upon [H+], while Scheme 1.5 requires that the rate be independent of 

pH. 

The mechanism shown in Scheme 1.4 was proposed for the oxidation of 

Fe(CN)g3- (119), Fe(phen)2(CN)2 (120), and Fe(bpy)2(CN)^ (120) by ni

trous acid. Observation of a first order dependence of the rate upon 

[H+] was interpreted as arising from protonation of nitrous acid. Sub

sequent loss of HgO produces NOr, which is proposed to be the redox 

active species. The second order rate constants for these reactions are 

in the range of 5-7 x 10^ M"is"i. 

Scheme 1.4: MONO + + NO^ + HgO 

Fe^^ + NO^ + Fe^^ + NO (rate determining) 
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The mechanism shown in Scheme 1.5 was proposed by Ram and Stanbury 

(112) for the oxidation of FefTMPigZ* by nitrous acid. Two phases were 

reported (Schemes 1.5A and 1.5B), and both were found to be independent 

of [H*] between pH 1 and pH 2. The rate limiting step of the slow phase 

was ascribed to the direct oxidation of Fe2+ by nitrous acid. One mole 

of is consumed when the "HONO~" radical is converted to NO. This 

conversion is proposed to occur subsequent to the rate limiting step, 

which accounts for the lack of an observed pH dependence for the slow 

phase. 

Scheme 1,5A: Fe^^ + MONO + Fe^^ + "HONO"" (rate limiting step) 

"MONO'" + 4. NO + HgO 

The fast phase was found to be second order in [HONO] and independent of 

[H+] between pH 1 and 2. The pathway described in Scheme 1.5A is not 

consistent with the second order dependence of [MONO]. Rather, Ram and 

Stanbury suggest that NO^ is the principal oxidant (Scheme 1.5B), Pro

duction of both NO^ and NO from the disproportionation of HONO accounts 

for the second order dependence on [HONO]. In this mechanism, nitric 

oxide does not result from a direct redox reaction with iron. 

Scheme 1.5B: 2H0N0 + NO + NOg + HgO 

Fe^* + NO2 Fe^^ + NOg" (rate limiting step) 

NO 2" + H"^ •». HONO 
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Bonner and Pfearsall (121) have examined the oxidation of Fe2+(aq) 

by nitrite in acetate-buffered aqueous solutions. Their results indi

cate that nitrite is sequentially reduced to NO (reaction 1.29), N^O 

(reaction 1.30), and eventually N^. 

NgO is not produced below pH 4 and the threshold for production of 

was found to occur at pH 8, 

Production of N^O involves N-N bond formation which Bonner and 

Pearsall (121) found involves dimerization of the monomeric precursor 

(HNO) (reaction 1.31), 

In a later study (122), it was suggested that the oxidation of Fe2+ 

by NO involves a ferrous intermediate having linear and bent nitrosyl 

groups arranged in a ci s geometry (Scheme 1.6). 

Fe^'^(aq) + NOg" + 2H^ + Fe^^(aq) + NO + HgO (1.29) 

2Fe2+(aq) + 2N0 + ZH* + EFe^+faq) + NgO + HgO (1.30) 

2HN0 4. NNO + HgO (1.31) 

Scheme 1.6; Fe^^(aq) + 2N0 + N 

0 
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0 

0 

+ NO" + 0N-Fe3+-N-0-N-Fe2+ 

0 

0 
0N-Fe3+-N-0-N-Fe2+ > (FeNO)^"^ + Fe^"*" + 2N0 

2N0' + 2H^ + NgO + HgO 

Kinetic studies of the reaction of nitrite with hemoglobin were 

reported by Doyle et al. (123). Treatment of deoxyHb (Hb) with nitrite 

under strict anaerobic conditions yielded a mixture containing 72% metHb 

(Hb+) and 28% HbNO. The reaction rate exhibits a first order dependence 

on [NOg'l and a first order dependence on [H+l. At pH 7 and 25°C, the 

observed second order rate constant has a value of 2.69 M"is"i. Scheme 

1.7 describes the mechanism that was proposed for the oxidation of 

deoxyHb by nitrite. 

Scheme 1.7; H"^ + NOg" t HONO 

Hb + NO 4. HbNO 

According to Scheme 1.7, equal amounts of Hb"*" and HbNO should be 

produced. Two possible explanations were offered to rationalize the ob

served yields of metHb and HbNO. First of all, conversion of NO to N^O 

would reduce the amount of nitric oxide available to bind to deoxyHb. A 

Hb + HONO + Hb^ + NO + OH" (rate-determining) 
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second explanation, summarized in Scheme 1.8, is that the dimer of NO 

oxidizes deoxyHb to metHb. 

Scheme 1.8: 2N0 t (NO>2 

2Hb + (N0)2 + 2H^ + 2Hb+ + NgO + HgO 

3. Iron-nitrosyl compounds 

Nitric oxide adducts have been prepared with nearly all of the 

first period transition metal elements. To systematize the structural 

types. Enemark and Feltham introduced a notation which classifies com

plexes according to the number of valence electrons (124). According to 

this system, the nitrosyl complexes of iron(II) are designated as 

{FeN0}7 and those of iron(III) as {FeN0}6, For iron(II), both low-spin 

(S=l/2) and high-spin (S=3/2) nitrosyl compounds are known, while for 

iron(III), only diamagnetic, low-spin (S=0) compounds have been pre

pared. To establish the oxidation and spin state for these compounds, 

EPR and ®^Fs= Mossbausr spectroscopy have been used (Tables 1.21 and 

1 .22 ) .  

Low-spin (S=l/2) {FeNO}^ complexes have g-values ranging between 

2.1 and 1.8, whereas S=3/2 {FeNO}^ complexes have g-values near 4.0 and 

2.0.  Nitric oxide complexes with iron(III) are EPR-silent (Table 1.21).  

The first five compounds listed in Table 1.22 belong to the class of 

3=3/2 {FeNO}^ compounds. All of these compounds exhibit isomer shifts 

between 0.44 mm/s and 0.68 mm/s. The S=l/2 {FeN0}7 class of compounds 

have isomer shifts between -0.07 and 0.28 mm/s. 
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Table 1.21. EPR g-values for S = 1/2 and S = 3/2 {FeN0}7 compounds* 

Compound 9x 9Y 9z Reference 

S = 3/2 

Fe(EDTA)NO 4.1 3.95 2.0 125 

Fe(TMC)NO2+ 3.87 2.09 92 

PMO.NO 4.16 3.89 2.0 126 
4.09 3.98 2.0 

4,5-PCD.NO 4.09 3.91 2.00 127 

SLO.NO 4.0 3.75 2.0 128 

S = 1/2 

FedDBlm.NO 2.04 2.008 1.976 129 

Hb(II)NO 2.065 2.005 2.01 130 

cyt P450.NO 2.073 2.009 1.976 131 

HRP.NO 2.08 2.004 1.955 132 

CPO.NO 2.082 2.004 1.955 133 

catalase.NO 2.050 2.003 1.970 132 

LPO.NO 2.070 2.004 1.958 132 

Putidamonooxin (PMO); protocatechuate dioxygenase (PCD); soybean 
lipoxygenase (SLO); bleomycin (Blm); horseradish peroxidase (HRP); 
chloroperoxidase (CPO); lactoperoxidase (LPO); tetranethylcyclam (TMC). 
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Table 1.22, Mossbauer parameters for S = 1/2 and S = 3/2 {FeNO}? 
compounds* 

Derivative 5 
(mm/s) 

M
 

T 
(K) 

Reference 

S = 3/2 

Fe(salen)NO 0.440 0.352 275 134 

Fe(TMC)(N0)2+ 0.46 0.53 300 135 

Fe(5-C1-salen)N0 0.653 0.575 77 134 

Fe(EDTA)NO 0.66 1.67 4.2 127 

PMO.NO 0.68 

S = 1/2 

1.40 4.2 136 

Fe(CN)5N03- -0.07 -1.25 195 137 

Fe(Me2Cl4]tetraenatoN^)N0 0.14 2.14 r.t. 138 

Hb(II)N0 0.2 1.5 4.2 139 

Fe(Me2[15]tetraenatoN^)N0 0.21 1.86 r.t. 138 

FeCS2C2(CN)2]2N0 0.21 0.97 77 137 

Fe(S2CNMe 2)2^0 0.28 0.89 -300 137 

Fe(salen)N0 0.281 1.950 4.2 134 

®Putidamonooxin (PMO); room temperature (r.t.). 
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Solid samples of the nitrosy! adducts of Fe(TMC)2+ (135) and 

Fe(salen) (134) undergo a reversible, temperature-induced spin-state 

transition which was followed by Mossbauer spectroscopy. For both com

pounds, an abrupt transition occurs near 175 K that corresponds to con

version from the high-spin (S=3/2) compound to the low-spin (S=l/2) 

derivative. X-ray crystal structures show that the salen compound is 

five-coordinate with a bent MNO unit in both spin states (LMNO is 147° 

in the S=3/2 form and 127° in the S=l/2 state). In contrast, the TMC 

derivative has a nearly linear MNO unit (LMNO is 177° at 298 K). Upon 

lowering the temperature to 35 K, only slight broadening of the v(N-O) 

band is observed, which indicates that the nearly linear geometry is 

retained in the S=l/2 spin state. 

NO ligands having linear and bent MNO geometries are often de

scribed as N0+ and NO" ligands, respectively. Valence bond representa

tions of these two modes of coordination are shown below and a molecular 

orbital description is shown in Fig. 1.24. 

Fe=N-0 Fe=N=0 ++ Fe-N=0 
+ + - + - + + 

Fe — N Fe ==• N 
_ 

For a linear metal-nitrosyl (Fig. 1.24A), the a-bonding interaction 

arises from overlap of an sp hybrid orbital of N0+ with the d^g metal 

orbital. Back-donation from the d^^ metal orbital into one of the va-
* . 

cant IT orbitals of NO"^ results in a n-interact ion. A second w-bond may 
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Figure 1.24. Molecular orbital diagrams for the binding of NO to iron in a linear geometry (A) 
or a bent geometry (B) 
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be formed by overlap of the metal orbital with the second w* or

bital. Bending of the MNO unit decreases the extent of the tt-

interactions. Thus, for a bent metal-nitrosy1 compound (Fig. 1.24B), 

there is a a-bond formed from the overlap of an sp2 hybrid orbital on 

NO" with the metal d^2 orbital and a ir-bond formed from overlap of the 
* 

empty ir orbital of NO" with the metal d^^ orbital. 

Linear M-N-0 groups exhibit N-0 stretching frequencies in the range 

of 1650-1900 cm'i and, based on x-ray crystallography, these have MNO 

angles ranging between 165® and 180® (Table 1.23) (140). The N-0 

stretching frequencies for compounds having bent M-N-0 moieties range 

between 1525 cm'^ and 1690 cm"l and have MNO angles between 120® and 

140® (Table 1.23) (140). 

While the N-0 stretching frequency is most often used to differen

tiate linear and bent geometries (124), the valence bond representations 

shown above indicate that v(M-NO) and 6(M-N-0) should also be sensitive 

to the coordination geometry of the MNO unit. The MNO stretching and 

bending modes are considerably less intense in the infrared spectra than 

the N-0 stretching mode and these appear in a frequency region where 

strong bands of other ligands are often found. For these reasons, val

ues for v(M-NO) and 6(M-N-0) have been reported for only a few compounds 

(Table 1.23). 

By IR and NMR spectroscopies, a facile equilibrium (reaction 1.32) 

has been observed between linear and bent geometries for solutions of 

Ir(N0)(n3-C3H5)(PPh3)2+ in either CH^Clg or CH^CN (141). 
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Table 1.23. v(M-NO) and 6(M-N-0) modes for linear and bent {MN0}6 and 
{MN0}7 compounds® 

Compound v(M-NO) Av Ô(M-N-O) A6 L(MNO) Reference 
(cm"i) (deg.) 

{FeN0>7 

Fe(DMDTC)2N0 563 -4 106 
46 

-4 
-3 

173 142 

Fe(DAS)2(N0)Br+ 455 -3 570 -15 148 142 

Fe(DAS)2(N0)(NCS)+ 463 -5 580 -15 159 142,143 

MbNO n.o.'' 554 -9 145 144 

Fe(Por)NO 480 I45C 

{FeN0}6 

NagCFefCNjgNO] 496 663 177 146 

K2CFe(CN)5N0] 652 
548 

665 
716 

147^ 
147® 

Fe(DMDTC)2(NO)I 621 
550 

-4 
-4 

565 
542 

-14 
-12 

175 142 

Mb+NO 595 -6 573 -11 144 

^Horseradish peroxidase (HRP); dimethyldithiocarbamate (DMDTC); 
o-phenylenebis(dimethylarsine) (OAS); ferrie myoglobin (Mb"*"); ferrous 
myoglobin (Mb); frequency difference between the iSN-enriched compound 
and the I'+N-compound for the M-NO stretching mode (w) and the M-N-0 
bending mode (AS). 

*^n.o. = not observed. 

("Five-coord in ate nit rosy! heme ester. 

^Band at 462 cm"i is assigned as v(Fe-Cgj^); ground state 
assignments. 

^Excited state in which, based on the value of v(N-O), the M-N-0 
group is presumed to be bent» 
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Table 1.23, Continued 

Compound v(M-NO) ÂV 6(M-N-0) A5 L(MNO) Reference Compound 
(cm-l) (deg.) 

HRP+NO 604 -6 574 -10 144 

HbA+NO 594 -554 144 

NO adducts with metals other than Fe 

Co(N0)(en)2(C10J+ 494 568 138 142 

Co(N0)(DAS)2Br2+ 371 542 132 142 

Co(N0)(DAS)2+ 491 506 178 142 

K2[RuClg(N0)] 340 583 146 

K^CRuBrgfNO)] 300 569 146 

K^CRuIgfNO)] 291 558 146 

K2rRu(CN)5(N0)l 420 633 146 
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0 

P 

• "I 
Ir — N ̂  0 t 

P 

Ir N (1.32) 

The isomer with the bent MNO unit crystallizes when BF^" is the counter-

ion [LlrNO = 129(1)°], From the N-0 stretching frequency (1763 cm"i), 

the isomer that crystallizes when PFg" is the counterion was shown to 

have a linear MNO group. The crystal structure of the linear isomer was 

not reported. 

In addition to the five and six coordinate nitric oxide adducts, a 

number of four coordinate M-NO compounds have been prepared (148), Com

pounds having more than one NO ligand per metal are also known (148), 

However, in light of the discussion of the active site structure of Hr 

(section I.B.I), it is not likely that Hr would form a nitrosyl complex 

having either of these structural types. 

Binuclear iron nitrosyl complexes, on the other hand, may be struc

turally relevant for Hr. For the known examples, both bridging and 

terminal NO geometries have been observed (Fig. 1.25). The mercaptide 

bridged dimer (149,150) formally contains a metal-metal single bond and 

two low-spin ferric ions. The cyclopentadienyliron dimer (151), on the 

other hand, has two bridging NO ligands, a metal-metal double bond, and 

is a neutral compound. The thioester derivative (152) has two termi

nally bound NO ligands per metal, a metal-metal single bond, and pseudo-

tetrahedral coordination around each metal. 

The ability of NO to bind to a metal in either a linear or a bent 

geometry is important to understanding the reactivity exhibited by 
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A. CFe(cp)NO]. 
B. [(FeL),NO]^ where L = N,N'-diethy1-N,N'-bis(g-

irercaptœthyl )ethylenediamine 
C. CFe(SEt)(N0)232 

Figure 1.25. Structures of binuclear iron nitrosyl compounds 
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netal-nitrosyl compounds. The linear nitrosyl group readily undergoes 

nucleophilic attack at the nitrogen center while compounds with bent 

nitrosyl ligands frequently undergo electrophilie attack at nitrogen. 

Metal-nitrosyl complexes are stable with respect to "free" NO, For 

the mononitrosyl compound, Fe(Hg0)gN02+ the stability constant was re

ported to be 0,634 atm"l (25®C, pH 0.5-3.3, y = 2.20 M) which compares 

favorably with the value of 0.63 atm"i that was determined from kinetic 

studies (k^^ = 6.2 x 105 M-ls'i; k^^^ = 1.4 x 103 g-i; = 440 M-i 

(122). For comparison, the association constant for the 

binding of NO to sperm whale Mb is 1.4 x lOH M~i (153). 

4. Coordination of nitrite to metal complexes 

A variety of coordination geometries have been observed for metal-

nitrite compounds (154), Nitrite can coordinate either via nitrogen to 

form a nitro complex or via oxygen to form a nitrito complex. The ni-

trito form is usually less stable and tends to isomerize to the nitro 

form (reaction 1,33), For example, in chloroform an equilibrium is 

established between the nitro and nitrito isomers of Ni(N,N-dimethyl 

ethylenedi ami ne)^(NO2)2 (155), 

0 0 

M— N $ M - 0 — N 

^ 0 

nitro nitrito 

Both the ci s and trans isomers of Fe(NO)(NOg)rs^CNMe^l^, compounds 

in which nitric oxide and nitrite simultaneously coordinate to iron. 
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were prepared by Ileperuma and Feltham (156). By x-ray crystallography, 

it was shown that nitrite is coordinated through nitrogen in the ci s 

isomer. By infrared and IH-NMR spectroscopies, it was established that 

nitrite also coordinates through the nitrogen atom in the trans isomer. 

Complexes in which nitrite is a bidentate ligand have also been 

reported. These compounds may be either mononuclear (structure I) or 

polynuclear (structures II through V in Fig. 1.26). The type III struc

ture is the only one of these for which no examples have yet been 

cha racte rized. 

The complexes having the overall composition of [Ni(en)g(NOg)]X 

demonstrate the great versatility in the coordination mode adopted by 

the nitrite ligand. Merely changing the counterion produces distinctly 

different coordination complexes. Thus, complexes with X" = CI", Br", 

I", or NOg" have been shown to have type I coordination (157): With X" 

= ClO^", BFj^", PFg", or I^", linear chains occur within which type II 

coordination is observed for nitrite (158). With X" = BPhj^", discrete 

binuclear clusters form rather than linear chains (157). One nitrite 

ligand exhibits type IV coordination in which a single oxygen atom 

bridges the metals. The second oxygen then chelates to one nickel cen

ter. A second nitrite ligand is coordinated as a monodentate nitrito 

group. 
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Figure l.?6. 8identate coordination modes for the nitrite ligand 
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II. EXPERIMENTAL WORK 

A. Instrumentation 

1. Optical spectra 

Optical spectra were obtained using either a dual-beam Perkin-Elmer 

554 spectrophotometer or a single-beam Perkin-Elmer Lambda-Array 3840 

UV/Visible spectrophotometer. For air-stable samples, 1 cm pathlength 

quartz cells were used. A 1 cm pathlength quartz cell equipped with a 

teflon-stoppered vacuum attachment was used for anaerobic work. Samples 

(1 ml) were added under argon via gas-tight syringes through the double-

septum seals (159). Typical concentrations were 0.1-0.3 nM for metHr 

samples, or 0.2-0.5 nM for deoxyNO samples, where concentrations are 

based on dimeric iron sites. 

2. EPR spectra 

A Bruker ER-220D spectrometer equipped with an Oxford Instruments 

ESR-10 helium flow system was used to obtain X-band EPR spectra. Early 

work employed a dual cavity set-up as a single cavity. Later studies 

used a single cavity. Except for improved sensitivity, no differences 

were observed between spectra obtained with the two cavities. 

All samples were contained in quartz tubes (Heraeus-Amersi 1, Inc., 

in Sayreville, NJ) with a 4 mm outer diameter and 3 mm inner diameter. 

Minimum tube lengths of 8 inches were required. The samples (100-200 

wl) were injected into the septum-capped tubes under argon via gas-tight 

syringes. After freezing the samples in liquid nitrogen, the tubes were 

evacuated, flame-sealed under vacuum, and then stored at 77 K. Sample 

concentrations typically ranged from 1.0 to 2.0 nW. 
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Spectra were collected at 4.5 ±0.5 K, unless otherwise stated. A 

modulation amplitude of 16 G at 100 kHz was used for semi-met samples 

and 40 G for the nitric oxide derivatives. Nonsaturated signals were 

obtained with power inputs of 100 pW (semi-met derivatives) and 40 yW 

(nitric oxide derivatives). Scan times were typically 200 sec with the 

time constant set at 0.10 or 0.20 sec. 

Power saturation curves were obtained prior to quantitation of the 

signals. The variation of the signal intensity as a function of the 

power input is described by Eq. 2.1. 

log(S/P^/^) = a - b/2 log(P^y2 + P) (2.1) 

Here, S represents the normalized signal intensity and p is the power 

expressed in mW (160-162). The signal intensity is the measured height 

from peak to trough at a single g-value (Fig. 2.1). This intensity, 

measured for a series of spectra recorded with a range of powers, is 

normalized and then divided by /P. The half-saturation point, P^^^ is 

then obtained by plotting log(S/P^/2) versus log P. When the signal is 

not saturated (i.e., P < P^/^), Eq. 2.1 takes the form of a line with 

zero slope. The signal saturates when the input power exceeds the half-

saturation limit (i.e., P > P^^^) and, in this case, Eq. 2.1 plots as a 

line whose slope is -b/2. The intersection of these two lines yields 

the value for P^^^. To determine P^^^, the points in the saturated re

gion were fit by least-squares analysis to the best line. Points lying 
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Figure 2.1. EPR spectrum for an S = 1/2 center having rhombic symretry 
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in the nonsaturating region were averaged. Finally, the point of inter

section of these two lines, was calculated. 

For relaxation by an Orbach process (163), Eq. 2.2 describes the 

temperature dependence of the saturation behavior of an EPR signal. 

In = In A - ( A /k)(l/T) (2.2) 

The value of A is a measure of the energy separation between the ground 

state and the first excited state. For a binuclear center, this energy 

difference is a function of both the zero-field splitting energy, D, and 

the antiferromagnetic exchange coupling energy, J. Experimentally, the 

value of A was determined from the slope of a plot of In P^^^ vs. 1/T. 

Signals to be quantitated were recorded with nonsaturating powers. 

Quantitation was achieved by comparing the signal intensity to that of a 

CuSO^-5 HgO standard of similar concentration recorded with identical 

instrumental settings. Equation 2.3 was used for this purpose. 

Here, x represents values for the sample and s represents values for the 

standard. N is the molar concentration, G is the receiver gain, P is 

the input power expressed in Watts, M is the modulation amplitude in 

Gauss, W is the sweep width in Gauss used to calculate the integrated 

area, A is the integrated area (generated by the EPR spectrometer's 
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computer), h is the measured height of the integral, and IS is a scaling 

factor representing the number of times that the data was divided by two 

in order for the computer to calculate the integrated area. The g^ term 

(164) accounts for the difference in the weighted-average g-value of the 

sample compared to the standard and it is determined according to Eq. 

2.4. 

9p = 2/3ri/3(g^2 + 9^^ + + 1/9(9, + 9, + 9%) (2.4) 

Typically, each signal was integrated 3-5 times and the average value 

was reported. Reproducibility of the integrated areas was within 10-15% 

for most samples. 

3. 57Fe-Mossbauer spectra 

57Fe-Mdssbauer spectra were collected in the laboratory of Profes

sor Peter Debrunner in the Department of Physics at the University of 

Illinois in Champaign-Urbana. A constant acceleration spectrometer 

equipped with a variable temperature cryostat was used. Velocities are 

reported relative to Fe metal at 300 K. Due to the low abundance of 

s^Fe in the samples, scans were accumulated for several days at either 

100 K or 4,0 K. A small magnetic field (320 G) was routinely applied. 

Spectra were recorded of deoxyNO prepared both as crystalline sus

pensions and as frozen solutions. Either oxyHr or deoxyHr was used as 

the starting material for preparing the samples of deoxyNO, Samples 

were drawn up into a gas-tight syringe and transferred to cylindrical 

nylon cups (1/2" or 5/8" diameter), frozen immediately in liquid nitro
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gen and shipped either on dry ice or in a biological shipper at liquid 

nitrogen temperature. 

For deoxyHr, crystalline samples were used to obtain the sype-

Mossbauer spectra, A concentrated frozen solution was used to obtain 

the Mossbauer spectrum of deoxyp-NG. The sample was prepared as de

scribed in section U.C.3, then concentrated using an Amicon cell 

equipped with a PM-30 membrane. 

4. Resonance Raman spectra 

Resonance Raman spectra were obtained at the Oregon Graduate Center 

in Beaverton, Oregon. The instrument used was a computer-interfaced 

Jarrell-Ash spectrometer. A Spectra-Physics 164-05 argon ion laser was 

used to produce monochromatic red light (647.1 nm). The scattered light 

was detected on an RCA C31034 photomultiplier tube and processed in an 

ORTEC Model 9302 amplifier/discriminator. 180° back-scattering geometry 

was used. 

Spectra were collected at 77 K, unless stated otherwise. To main

tain this temperature, the samples were kept in a liquid nitrogen cold-

finger having a transparent window (10). The incident light (70-120 mW) 

was focused through a slit width of 0.25 mm upon samples (50 yl) in open 

ended capillary tubes (1.5-1.8 x 90 mm) sealed with either Apiezon-N 

grease or Dow-Corning sealant. An excitation frequency of 647.1 nm was 

chosen because of the high degree of sample fluorescence at shorter 

wavelengths and because this frequency is within an absorption band of 

the samples. Multiple scans were collected at a rate of 2 cm"i/s. Sul

fate was used as an internal frequency marker [v(SrO) = 448 cm"i]. 
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The temperature dependence of the resonance Raman spectrum of 

deoxyNO in D^O was investigated. Spectra were accumulated at several 

temperatures between 77 K and 249 K. 

A curve-fitting procedure was used to determine the peak positions 

and areas in the resonance Raman spectra. Unless otherwise stated, the 

peaks were fit with widths at half-height of 18 cm"i using a 10% 

Gaussian/90% Lorentzian shape model. 

The integrity of a deoxyNO sample subjected to laser irradiation 

was tested by obtaining the EPR spectrum both before and after the sam

ple was exposed to intense monochromatic irradiation. For this experi

ment, an EPR tube containing the sample was immersed in a liquid nitro

gen bath. Red light (619.5 nm) from an argon ion laser was focused 

through a quartz window onto the sample for 65 min at a power output of 

70 mW. 

To determine theoretical isotopic shifts for the v (Fe-NO) stretch

ing vibration, the diatomic oscillator model was used (165). 

B. Preparation of Reagents and of Hemerythrin and Myoglobin in 
Their Various Oxidation Levels 

1. Preparation of nitric oxide 

Four methods were used in the delivery of nitric oxide into reac

tion mixtures: 

(i) Direct addition of purified NO(g). 

(ii) Addition of aliquots of a saturated aqueous stock solution of 

nitric oxide. 

(iii) Generation of NO by reduction of sodium nitrite. 
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(iv) In situ dissociation of NO from metal-containing nitrosy1 trans

fer agents. 

Nitric oxide (99.0% minimum purity) was obtained from Matheson Gas 

Products. This was passed through a 1.0 M sodium hydroxide solution to 

remove trace Impurities (NOg, and N^Og). Allquots of gas were withdrawn 

from above the OH" solution with a gas-tight syringe and injected into 

the reaction mixture. 

Saturated stock solutions of NO were prepared by bubbling the puri

fied gaseous NO through buffered aqueous solutions for at least 30 min

utes. The buffer had previously been made anaerobic by bubbling argon 

through it for a minimum of 30 minutes. Solutions were buffered using 

phosphate (pH 6-7), Tris-sulfate or Tris-perchlorate (pH 7.5-8.5), or 

acetate (pH 3-5). At 20®C, NO has a solubility of 1.9 mM (112). 

The third method was used when preparing iSN-enriched samples of 

NO. Sodium ^^N-nitrite from MSD Isotopes had a chemical purity of 91% 

and contained 99 atom-% Sodium dithionite, hydroxylamine sulfate, 

or an acidic solution of ferrous sulfate can be used to reduce nitrite. 

However, with these reductants, a mixture of NO and N^O results. Con

tamination with NgO was minimal with L-ascorbic acid and, thus, this 

reducing agent was used most frequently. 

In a typical experiment, 3 ml of a 0.1 M anaerobic solution of 

L-ascorbic acid in 50 trM phosphate (pH 6.5) was transferred with a gas-

tight syringe to a degassed vial containing a measured amount of solid 

sodium nitrite (21 mg). Nitrite was employed as the limiting reagent 

and the amount used was such that the solubility limit of NO would be 
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exceeded. The gas above the solution was used, without purification, 

immediately after adding the ascorbate solution in order to keep the 

production of contaminating gases at a minimum. 

With the fourth method, the nitrosyl transfer agents used were 

CofdmgHjgNO'MeOH and CCo(NHg)gNO]Cl2* The dimethyl-glyoximate compound 

was provided by Mike Doyle. The pentammine reagent was prepared accord

ing to the method of Moeller and King (166). Black crystals of the 

product were obtained in a 12.2% yield. The reactions of these com

pounds that result in release of NO are described in section III.D.l. 

2. Assay of aqueous solutions of NO 

To ascertain the stability of the saturated NO solutions, the stock 

solution was reacted with an acidic (pH 3-6.5) solution of Fe2+(EDTA) 

after various decomposition periods. Fe2+(EDTA) was prepared by dis

solving FeSO^-7 HgO or FeCl2*4 H^O, and Na^CEDTA) (1 mol Fe10 mol 

EDTA) in degassed buffer under argon. Stock solutions of nitric oxide 

were prepared as described above. To assay the solution, aliquots of 

the Fe2*(EDTA) and NO(aq) solutions were combined to give a final solu

tion that was equimolar in iron and NO. Samples were frozen immediately 

for observation by EPR. The incubation time of the NO(aq) solution was 

varied from less than one minute to approximately one hour. 

Control experiments were performed in which Fe2+(EDTA) was reacted 

separately with gaseous NO and with sodium nitrite. By one method, 

gaseous NO was injected directly into an anaerobic solution of 

Fe2'*'(EDTA) (5.0 mM). In the second method, NO(g) was injected into 

anaerobic phosphate buffer (50 irM, pH 6.5). An aliquot of this solution 
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was mixed with an aliquot of a 5.0 nW solution of Fe2+(EDTA) such that 

equimolap amounts of NO and Fe2+ were present and that the concentration 

of NO was less than 1,9 nW (the aqueous solubility limit for NO), The 

reaction of nitrite with Fe2+(EDTA) was initiated by diluting an anaero

bic stock solution of 5,0 nW Fe2+(EDTA) with an anaerobic stock solution 

of 50 nW sodium nitrite, A two-fold molar excess of nitrite over Fe2+ 

was employed. The products of both reactions were characterized by 

their optical and EPR spectra, 

3. Isolation and purification of hemerythrin 

The procedure used in the isolation and purification of cellular Hr 

was adapted from the original procedure of Klotz et al, (167), Live 

worms of the species Phascolopsis gouldii were obtained from Marine 

Biological Laboratories in Woods Hole, Massachusetts. Three hundred 

worms were slit lengthwise and the coelomic fluid was collected in a 

porcelain evaporating dish, kept cooled on ice. From this point on, the 

preparations were carried out in a cold box refrigerated at 4®C, After 

settling overnight, the coelomic fluid was filtered through cheesecloth. 

The sediment was rinsed with artificial sea water (aquarium salts equil

ibrated in deionized water). Next, the filtrate was centrifuged and the 

fatty layer was removed with a Pasteur pipette. This step was repeated 

several times, each time resuspending the cells in sea water, until the 

fatty layer was no longer visible. 

To isolate Hr, the cells were lysed overnight in 2.5 times their 

volume of deionized water. The cell debris was removed by two one-hour 

centrifugations at 15,000 rpm. Dialysis against several changes of a 
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15% ethanoT/HgO mixture produced burgundy-colored crystals of oxyHr 

which were stored in glass containers at 4*C. With the more recent 

preparations, the crystals were centrifuged, the mother liquor was dis

carded and the crystals were frozen and stored in liquid until 

needed. Storage in liquid nitrogen did not alter the reactivity of Hr, 

although it does impede the auto-oxidation process. 

OxyHr isolated from Themi ste dyscritum was provided as a 1.68 nW 

solution by Professor Joann Sanders-Loehr at the Oregon Graduate Center 

in Reaverton, Oregon. 

4. Preparation of hemerythrin in its various oxidation levels 

a. De oxyHr Solutions of de oxyHr were prepared from oxyHr by 

scavenging 0^ with sodium dithionite (BOH Laboratories, 85% minimum 

purity). Crystals of oxyHr were dissolved in buffer, usually at pH 7.5, 

to a final concentration near 1-2 mM. These solutions were dialyzed 

against 5-15 nW S^O^Z" in deaerated buffer. OxyHr is reduced to de oxyHr 

within an hour under these conditions. However, because oxyHr solutions 

are rarely free of metHr, dialysis was allowed to proceed overnight to 

assure complete reduction of the slower reacting metHr. Occasionally, 

the solution retained a pale yellow color, which even prolonged dialysis 

against dithionite at room temperature would not completely remove. 

Excess dithionite was removed by anaerobic dialysis against several 

changes of buffer. Once deoxygenated, the dialysis bags of de oxyHr 

could be stored at 4®C for several weeks in rigorously deaerated buffer. 

When concentrations of de oxyHr in excess of 2 mM were desired, the 

ionic strength of the buffer solution was increased to 0.3 M by adding 
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Na^SO^ or HgSO^ prior to adjustment of the pH. Higher ionic strength 

enhances the solubility of both oxyHr and deoxyHr, 

After removing the excess dithionite, crystals of deoxyHr could be 

prepared by dialyzing the deoxyHr solution (>2 nW and containing 0,3 M 

50^2-) against deionized water. This lowering of the ionic strength of 

the solution usually lead to formation of white needle-like crystals of 

deoxyHr. Sometimes lowering the pH facilitated crystallization, owing 

to the decreased solubility of deoxyHr below pH 7. Best results were 

obtained when dialysis was allowed to proceed without stirring of the 

dialysate. 

Solutions of deoxyHr were transferred anaerobically from the dialy

sis bag into 2-dram glass vials using the following procedure. The 

glass vial was placed in a 50 ml 24/40 Schlenk-type flask. The flask, 

sealed with a rubber septum, was then alternately degassed and flushed 

with argon several times. The septum was removed and, with a steady 

stream of argon flowing in from the sidearm, the dialysis bag was cut 

open and drained into the glass vial. The vial was then quickly capped 

with a septum and placed under argon on the vacuum line. 

The concentration of deoxyHr was determined spectrophotometrically 

by air oxidizing an aliquot of the stock solution. The optical spectrum 

of oxyHr has 6330 = 6800 M-lcm'i, Gggg = 5450 M"icm"i, and egoQ = 2200 

M-icm-i (43), The concentrations determined from all three wavelengths 

were usually within 5% of each other and the average value was used. 

b. OxyHr OxyHr was either used as isolated or prepared by 

oxygenating solutions of deoxyHr. 
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c. MetHr MetHr was prepared according to a procedure adapted 

from that of Keresztes-Nagy and Klotz (168). A slight molar excess of 

potassium ferricyanide was added to a buffered solution of oxyHr. Reac

tion was allowed to proceed at room temperature for several hours. 

Excess ferricyanide and ferrocyanide produced during the reaction were 

removed by dialysis against several changes of buffer at 4®C. 

Concentrations of metHr solutions were determined spectrophotomet-

rically from the absorption spectrum of metN^" (eggs ~ 6750 M"icm"i, 

^380 = 4300 M-icm-i, and = 3700 M-icm-i) (43). A 10-fold or 

greater molar excess of recrystallized sodium azide (Eastman Kodak) was 

added to metHr either as a solid or from a concentrated stock solution. 

Approximately 15 minutes (several hours when ClO^" was present) were 

allowed for the reaction with azide to be completed. 

d. (Semi-met)% (Semi-met)^ was prepared by the one-electron 

reduction of metHr with sodium dithionite. First, a stock solution of 

sodium dithionite was prepared by dissolving a weighed amount of NagS^O^^ 

in argon-saturated buffer. MetHr was made anaerobic by several cycles 

of evacuating and flushing with argon. After the dithionite was stand

ardized (as described below), one reducing equivalent was added to 

metHr, producing (semi-met)p within 1-2 minutes. Because of its insta

bility with respect to disproportionation, (semi-met)^ was used within 5 

minutes after preparation. 

To standardize the dithionite solution, a limiting amount of dith

ionite was reacted with Fe(CN)g3'. From the difference in the absorb-

ance at 419 nm = 1030 M"icm"i for ferricyanide (84)] before and 
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after addition of dithionite, the concentration of the dithionite was 

determined. Stock solutions of sodium dithionite ranged in concentra

tion from 50-100 tiM and 20,0 tiM for potassium ferri cyanide. 

e. (Semi-met)Q (Semi-met)Q was prepared by the one-electron 

oxidation of deoxyHr with Fe(CN)g3". Stock solutions of Fe(CN)g3- were 

prepared from a measured amount of solid potassium ferricyanide dis

solved in argon-saturated buffer and concentrations were determined 

either by weight or from the absorbance at 419 nm. One equivalent of 

ferricyanide was added via gas-tight syringe to deoxyHr of known concen

tration. Production of (semi-met)q was complete within 3-5 minutes and 

solutions of (semi-met)g were used within 5 minutes of preparation. 

5. Preparation of myoglobin in its various oxidation levels 

a. MetMb A 1.0 nM solution of myoglobin was made by dissolving 

crystalline myoglobin from sperm whale skeletal muscles (Sigma Chemi

cals) in 50 nW phosphate buffer (pH 7) containing 0.15 M sulfate [molec

ular weight = 17,800 D (169)]. Since the crystalline sample is a mix

ture of oxyMb and metMb, the oxyMb was converted to metMb by adding a 

slight stoichiometric excess of potassium ferricyanide to the buffered 

solution. The oxidation was allowed to proceed for 3-4 hrs at room tem

perature. Dialysis against several changes of buffer at 4®C removed the 

ferrocyanide and the un reacted ferricyanide from the Mb solution. 

The concentrations of metMb were determined spectrophotometrically 

using ~ mM-icm-i, = 9,470 M"icm"i, and Cggg = 3,555 

M-icm-i (169). Alternatively, addition of a 10-fold or greater excess 
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of solid sodium cyanide yields Mb+CN" within several minutes, which has 

6^23 ~ 109.7 mM"^cm"^ and = 10.7 nW"lcm"i (169). 

b. DeoxyMb DeoxyMb was prepared from metMb by reduction with 

sodium dithionlte. Sodium dithionite was standardized as described 

above. An aliquot of a stock solution of metMb was mixed with a 1-5 

fold molar excess of sodium dithionite immediately before it was used. 

Concentrations of deoxyMb were determined from the absorbance readings 

at 434 nm (e = 115 mM'^cm"!) and 556 nm (e = 11.8 n#1~icm~i) (169). 

c. NitrosylMb MbNO was prepared from deoxyMb by the addition 

of either limited amounts of gaseous NO or aliquots of a saturated solu

tion of NO buffered at pH 7 with 50 riM phosphate. With a 1-2 fold molar 

excess of NO over Mb, quantitative production of MbNO occurs within less 

than 1 min. However, when larger quantities of NO are added, oxidation 

to metMb competes with the binding of NO to deoxyMb. Sample concentra

tions were determined using nW"icm~i, gg^g = 11.3 nW'icm'i, 

and Ggyg = 10.1 mM"icm"i (131). 

C. Preparation of Nitric Oxide and Nitrite Derivatives of Hemerythrin 

1. Preparation of deoxyNO 

The best preparations of deoxyNO were achieved by the direct addi

tion of gaseous NO to solutions of deoxyHr, to solutions of oxyHr, or to 

crystalline suspensions of deoxyHr. 

For most experiments, gaseous nitric oxide was added directly with 

a gas-tight syringe, in several aliquots and with rigorous shaking, to 

deoxyHr (1-2 nW) in 50 mM phosphate at pH 6.5. Gas volumes were esti

mated using the Ideal gas equation and usually the mole ratio of NO to 
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Hr was between 1.5 and 5,0 (0.1-0.5 ml NO/1.0 ml Hr solution). Complete 

formation of deoxyNO was achieved within 5 minutes when the reaction was 

performed at room temperature. 

DeoxyNO was also prepared from o%yHr in 50 nW phosphate. Prior to 

adding NO, the oxyHr solutions were alternately evacuated and flushed 

with argon to reduce the amount of free oxygen in the solution. During 

this procedure, only partial deoxygenation of oxyHr occurs. Nitric 

oxide was then added as described above. This method was convenient for 

preparing concentrated samples of deoxyNO, since oxyHr is more soluble 

than deoxyHr. 

Crystalline samples of deoxyNO were prepared under argon from a 

crystalline slurry of deoxyHr (prepared as described above) in 50 mM 

phosphate (pH 6.5). One to two ml of gaseous NO was bubbled into one ml 

of the crystalline slurry. The slurry was then incubated for 5 to 10 

minutes at room temperature before being frozen. 

In addition, the following methods could be used to prepare deoxyNO 

from deoxyHr: 

(i) Addition of an aliquot of an aqueous stock solution of NO. 

(ii) Transfer of NO from either [Co(NHg)gNO]Cl^ or CofdmgHjgNO to 

deoxyHr. 

(iii) Reaction with NO+BF^". 

The reaction of deoxyHr with an aqueous solution containing NO was 

conducted with a slight molar excess of NO over Hr. An aliquot of the 

saturated stock solution of NO was mixed with a solution of deoxyHr in 

phosphate buffer (pH 6.5). After 1-2 minutes of mixing, EPR samples 
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were frozen. Samples were prepared after Incubating the stock solution 

of NO for 1, 3, 7, 11, and 20 minutes. 

DeoxyHr was combined under argon with either [CofNHgjgNOncig or 

CofdmgHjgNO'MeOH in phosphate buffer (pH 7.5). With the dimethylglyoxi-

mate compound, reactions were conducted with a 1,5-fold or a 3.0 fold 

molar excess of the nitrosylating agent which was added as an aliquot of 

a concentrated (5.3 nW) stock solution to a diluted solution of deoxyHr 

(34 pM). Slow decomposition of the dimethylglyoximate compound in aque

ous solutions produces NO which then reacts with Hr. The pentaammine 

compound, however, decomposes rapidly in aqueous solutions. A cobalt-

containing precipitate and gaseous NO are produced. For this reason, 

deoxyHr was added to a weighed sample of the black solid. A 40-fold ex

cess of [Co(NH3)5N0]C12 over Hr was employed. However, since the solu

bility of the free NO that is released is minimal (1.9 mM), the ratio of 

dissolved NO to Hr was only 1.8. The precipitate was separated by cen-

trifugation and the optical spectrum of the supernatant was recorded. 

Using nitrosyl tetrafluoroborate, NO+BF^-, as a n i t r o s y l a t i n g  rea

gent, the reaction was carried out by the direct addition of protein to 

the solid reagent. A 40-50 fold molar excess of N0+ was employed. 

Reactions using protein isolated from Themiste dyscritum were con

ducted in 0.2 M Tris-sulfate at pH 8.0. 

2. Attempts to prepare a nitric oxide adduct of deoxyHr containing 
magnetically uncoupled iron siteT 

The first attempt made to produce a magnetically uncoupled iron 

site Involved the gradual addition of 25 yl aliquots of a 1.0 M solution 
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of sodium hydroxide to a stock solution of deoxyNO (1.66 rrM) in pH 6,5 

phosphate buffer until the pH of the solution was -10. The contents of 

the reaction mixture were examined by optical spectroscopy and EPR 

spectroscopy. 

The second method attempted to uncouple the iron site prior to 

adding NO. Nitric oxide was added as a tool for detecting the uncoupled 

sites. The reagents used in attempting to uncouple the iron site 

included: 

(i) Protein denaturing reagents. 

(ii) Anions that bind to the active site. 

(iii) Anions that bind to Hr at a site other than the active site, 

(iv) H+ or 0H-. 

To denature deoxyHr, either urea or guanidine hydrochloride were 

used. Experiments were performed at low (1.5 M) and high (6.0 M) dé

naturant concentrations. The deoxygenated protein was dialyzed over

night at 4®C in 1 liter of dénaturant in 50 irW phosphate (pH 6.5) con

taining 0.3 M sulfate. To test whether or not magnetically uncoupled 

sites had been formed, gaseous nitric oxide was added. Samples were 

frozen for observation by EPR spectroscopy before and after the addition 

of NO. 

Several additional experiments were conducted with the deoxyHr 

sample prepared in 6.0 M urea. The first of these involved the anaero

bic addition of azide as a solid to the deoxygenated form. In the sec

ond experiment, nitric oxide was added first, followed by the anaerobic 
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addition of azide. In a third experiment, oxygen was bubbled into a 

portion of the deoxygenated solution. 

Azide, cyanate, and fluoride are ligands known to promote the un

coupling of the irons within the deoxyHr site. One ml of deoxyHr in 50 

mM phosphate (pH 6.5) was added to the solid reagents (0.1 mmol). After 

a short incubation time (typically 30 minutes to 1 hour), NO(g) was 

added in a 5-10 fold molar excess over Mr. 

Using fluoride, the effect of incubation time was studied. For 

this experiment, a 45.8-fold excess of fluoride was used. The solution 

of deoxyF" was equilibrated for either 8, 43, or 202 minutes prior to 

the addition of NO, 

Azide was used to determine whether or not the production of mag

netically uncoupled sites is affected by the ratio of azide to nitric 

oxide. One-half ml of deoxyHr (2.92 trW) was added to either 77, 172, 

380, 574, or 763 ymol of solid sodium azide. After a 5 minute incuba

tion period, a 2.7-fold molar excess of nitric oxide was added to each 

solution of deoxyNg". Samples were frozen for observation by EPR spec

troscopy both before and after the addition of nitric oxide. 

An attempt was made to use sulfide to facilitate the uncoupling of 

the iron atoms. DeoxyHr was incubated at room temperature with a 23-

fold molar excess of sulfide for either 15, 75, or 277 minutes prior to 

addition of NO. Sodium sulfide (NagS'G H^O) was prepared as a 0.1 M 

stock solution in 0.5 M phosphate (pH 6.5). 

For comparison, the effects of anions that have not been shown to 

induce magnetic uncoupling of the iron site of deoxyHr were examined. 
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Included among these were NaCl, NaBr, NaCN, NaNCS, and Nal. The salt of 

the monovalent anion (0.1 M final concentration) was added to deoxyHr in 

50 nM phosphate buffer at pH 6,5. After a one-hour Incubation at room 

temperature, gaseous NO (2 to 5 fold excess over Hr) was injected with a 

gas-tight syringe. 

In a third experiment, anions that bind at a site other than the 

active site were used to attempt to magnetically uncouple the iron site 

of deoxyHr. The reagents studied were sodium salts of perchlorate, 

hexafluorophosphate, tetrafluoroborate, and tetraphenylborate. Samples 

were prepared by adding an appropriate volume of deoxyHr (50 mM phos

phate at pH 6.5) to make the solution 0.1 M in the anion. To each of 

these solutions, a 2-5 fold molar excess of NO(g) was added, and samples 

were frozen for observation by EPR spectroscopy. 

In a fourth experiment, the effects of pH on the preparation of 

deoxyNO was examined. Nitric oxide was added to deoxyHr prepared at pH 

6.0 (50 rrM Mes), pH 6.5 (phosphate), and pH 8.5 (Tris-sulfate). 

3. Preparation of deoxvF"N0 

To prepare deoxyF"NO, a solution of deoxyHr at pH 6.5 in phosphate 

buffer was added to a weighed amount of sodium fluoride to make the 

solution 0.1-1.0 M in fluoride. After incubating this solution at room 

temperature for one hour, gaseous NO was injected as it was when pre

paring deoxyNO. At room temperature, the reaction was complete within 5 

minutes as judged by the absence of further changes in the visible ab= 

sorbance. Samples could be concentrated under nitrogen using an Amicon 

cell equipped with a PM-30 membrane. 
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4. Preparation of semi-metNOg' 

Routine preparation of semi-metNO^" involved addition of a 20-fold 

or greater molar excess of sodium nitrite to an anaerobic solution of 

deo)vHr in phosphate buffer at pH 6.5. Nitrite was added either via 

gas-tight syringe as an aliquot from a concentrated anaerobic stock 

solution or the degassed protein stock solution was added to a measured 

amount of solid sodium nitrite in a degassed vial. The reaction was 

allowed to proceed for at least 5 hours, at which time the completeness 

of the reaction was checked by the anaerobic addition of sodium azide to 

an aliquot of the reaction mixture. Within 5 minutes, displacement of 

nitrite by azide occurs. From the extinction coefficient of semi-metN^" 

at 470 nm (e = 2400 M"icm'i) (71), a product yield was determined. 

Semi-metNOg- prepared in this fashion is stable for at least 24 hrs. 

Storage at 4®C for ~1 week, however, results in production of signifi

cant amounts of metNO^". 

Two other reactions that result in production of semi-metNO^" are: 

(1) the reaction of nitrite with (semi-met)^ 

(11) the reaction of nitrite with (semi-met)%. 

The preparation of (semi-met)g and (semi-met)^ was described in 

section II.R.4. An aliquot of an anaerobic solution of sodium nitrite 

was injected with a gas-tight syringe into stock solutions of either 

(seml-met)g or (semi-met)p such that nitrite was present in a 20- fold 

molar excess. Samples were withdrawn and frozen with liquid nitrogen 

for observation by EPR spectroscopy. 
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5. Preparation of (semi-metj^)NO 

The preparation of (semi-met)pNO was best accomplished by the di

rect addition of a 2 to 10 fold molar excess of NO(g) via gas-tight 

syringe to an anaerobic stock solution of (semi-met)^ in 50 nM phosphate 

(pH 6.5), Because of the inherent instability of (semi-met)p, NO was 

added within 1 minute after reducing metHr with dithionite (as described 

above). The solution was rapidly inverted to facilitate dissolution of 

NO, The reaction was considered complete after 5 minutes, since no 

further changes in the visible absorbance occurred. 

A second attempt at preparation of (semi-met)pNO involved the re

duction of metHr and trapping of the product with NO according to the 

method used by Brudvig et al. (170) with oxidized cytochrome oxidase. A 

4.7-fold molar excess of NO was injected into an anaerobic solution of 

metHr and incubated for 10 minutes. Then, a 67-fold molar excess of 

sodium azide was added and the reaction was followed at room temperature 

for three hours. 

The third preparative method, which involved the oxidative decompo

sition of deoxyNO, was used to prepare samples for resonance Raman spec

troscopy. A stock solution of deoxyNO was allowed to auto-oxidize over

night at room temperature under argon. Addition of a 20-fold molar 

excess of sodium nitrite decreases the decomposition time to 10-15 min

utes but increases the production of semi-metNO^". 

6. Preparation of (semi-mat)qNO 

(Semi-met)Q was prepared as described in section II.B.4. Three to 

five minutes after its preparation, a 5 to 10-fold molar excess of N0(g) 
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was injected. The reaction was usually performed at room temperature in 

50 irM phosphate (pH 6,5) containing 0.1 M sodium perchlorate. The pres

ence of 0.1 M ClO^" slows down the decomposition of (semi-met)g. Five 

minutes after the addition of NO, no further absorbance changes 

occurred. 

7. Preparation of metNOg" 

MetNOj" was prepared either by auto-oxidation of oxyHr with a 20-

fold or greater excess of sodium nitrite or by addition of a measured 

excess of solid sodium nitrite to a stock solution of metHr. The latter 

method was used most frequently. 

8. Attempts to prepare metNO 

Four attempts were made to prepare a nitrosyl adduct of metHr: 

(i) Direct addition of NO 

(ii) Transfer of NO from Co(dmgH)^NO or CCo(NHg)gNOnci^ to metHr 

(iii) Reduction of metNO^' with ascorbate 

(iv) Oxidation of (semi-met)qNO with potassium ferricyanide. 

NO, prepared as an aqueous stock solution or as a gas, was added to 

an anaerobic solution of metHr in either a stoichiometric amount or as 

much as a ten-fold molar excess. 

The second method Involved the release of NO from either 

Co(NHg)5N02+ or Co(dmgH)2N0. Reactions were conducted with either a 1:1 

ratio of nitrosyl transfer agent to metHr or with the nitrosyl transfer 

agent in 10 to 100 fold molar excess over metHr. 

For the third method, metNO^" was prepared by adding an anaerobic 

solution of metHr to a 20-fold or greater molar excess of sodium ni-
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trite. After incubating the solution at room temperature for a minimum 

of 30 minutes, the stock solution of metNO^" was added in aliquots to a 

measured amount of L-ascorbic acid such that the reducing agent was 

present in excess over protein but not nitrite. 

With the fourth method, a 5 to 10 fold molar excess of ferricyanide 

stock solution was added from a stock solution to (semi-met)qNO, Sam

ples, frozen periodically over the course of three hours, were frozen 

for observation by EPR spectroscopy, as described in section II.A. 

D. Isotopic Enrichment of Samples 

1. i5N_enriched samples 

iSN-enriched samples of the nitrite derivatives were prepared using 

NaiSNO^. 

iSN-labeled nitric oxide was prepared from NaiSNOg by reduction 

with L-ascorbic acid (reaction 2.7) as described below. The gas evolved 

was drawn into a gas-tight syringe and added to the solution of protein. 

^^NOg" + L-Asc + ^"'NO + dehydroascorbate (2.7) 

2. i8o_enriched samples 

Incorporation of i®0 into the iron site was achieved at the Oregon 

Graduate Center by dissolving crystals of deoxyHr in H^^^O (80). Ex

change takes place according to reaction 2.8, which takes several days 

at room temperature. 
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H H 

A Fe^ Fe + HgO (2.8) + 

A sample in which i®0 was present in the bound nitrosyl group but 

not in the bridge position was prepared by adding NO to oxyHr in 

Exchange with the bridging oxygen does not occur to an appreciable ex

tent as long as the solutions of deoxy or oxyHr are used within several 

hours after the crystalline protein is dissolved in Hgiso. Trace 

amounts of Og lead to production of NO^. This, after being hydrolyzed, 

catalyzes the exchange of between NO and Hgi^O (171) according to 

reactions 2.9 and 2,10. 

This sample of deoxyNi®0 prepared in HgisO was chemically oxidized 

to metHr by the aerobic addition of an excess of KgFe(CN)g, Azide was 

then added and the resonance Raman spectrum was checked to verify that 

i®0 was not incorporated into the y-oxo bridge. 

3. Preparation of samples in DgO 

Deuterium substitution into deoxy NO was achieved by replacing the 

solvent HgO with D^O prior to the addition of nitric oxide. A starting 

solution of oxyHr in phosphate buffered H^O was concentrated in an 

NO + Og t NOg (2.9) 

NO + Hg^^O t N^®0 + HgO (NOg catalyzed) (2 .10)  
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Amicon cell equipped with a PM-30 membrane and rediluted with buffered 

DgO. This process was repeated three or four times until the solvent 

was greater than 95% D^O. A second sample of deoxyNO was prepared in 

DgO using crystalline deoxyHr as the starting material. After centri-

fuging the crystalline slurry and discarding the supernatant solution, 

the crystals were dissolved in buffered D^O containing 0.3 M Na^SO^, 

The sample was equilibrated for one hour prior to reaction with nitric 

oxide. 

For deoxyF"NO, replacement of solvent H^O with D^O was also per

formed before nitric oxide was added to the protein. Crystals of 

deoxyHr were dissolved in unbuffered D^O and equilibrated for 20 hours. 

Fluoride and nitric oxide were then added as described in section 

U.C.3. 

For the more stable derivatives, semi-metNO^" and metNO^", the 

deuterium exchange was performed after the desired product had been 

prepared. The stock solution (in H^O) was concentrated in an Ami con 

cell (PM-30 membrane) and diluted with unbuffered 0,0. This procedure 

was repeated 3 or 4 times until the solvent was greater than 95% D^O. 

E. Reactivity Studies with the Nitric Oxide and 
Nitrite Derivatives of Hemerythrin 

1. Oxidation of deoxyHr by nitrite 

Kinetic studies of the oxidation of deoxyHr by sodium nitrite were 

performed at Hope College in Holland, Michigan and the data were ana

lyzed at Iowa State. Reactions were initiated by injection of aliquots 

of a concentrated anaerobic solution of sodium nitrite (50 iiM phosphate 
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buffer) into 40-120 yM deoxyHr at 25,0®C, Pseudo-first-order reaction 

conditions were maintained by using nitrite concentrations 10 to 100 

times in excess over the protein concentration. 

Changes in the absorbance at 380 nm as a function of time were 

measured using a Pye Unicam SP8-200 spectrophotometer. Contributions to 

the absorbance from both reactants are minimal at this wavelength. To 

determine the rate constants, the data were fit by computer to two expo

nential processes using an iterative nonlinear least squares program, 

NLLSQ. For most fits, the value of the absorbance at infinite time was 

held fixed at the experimental value while the two first-order rate 

constants and their pre-exponential factors were allowed to vary. The 

reported rate constants are the averages of 2-6 replicate runs. 

The effect of variation of the pH was studied within the range of 

6.5 to 7.5 using phosphate buffered media. For a few of the higher pH 

runs. Tris-sulfate was used. 

To follow the reaction by EPR spectroscopy, sodium nitrite (20-50 

fold molar excess over protein) was added from a concentrated stock 

solution to deoxyHr (>1.0 nW) in 50 trM phosphate (pH 6.5 or 7.5). Ali-

quots were transferred with a gas-tight syringe to EPR tubes, which were 

then immediately frozen with liquid nitrogen. 

The reaction of sodium nitrite with deoxyHr in the presence of 

sodium azide was monitored by optical spectroscopy. The sample (~0.20 

mM in Hr) was prepared in phosphate buffer (pH 6.5) with a 1:20:50 ratio 

of Hr to nitrite to azide. DeoxyHr was incubated with azide for 5 min

utes before nitrite was added. 
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2. Oxidation of oxyhemerythrin with nitrite 

OxyHr was reacted with sodium nitrite in 50 nW phosphate at pH 6.5. 

Prior to the addition of a 21-fold molar excess of nitrite to a solution 

of oxyHr, excess dissolved oxygen was removed by repeatedly evacuating 

the sample and flushing it with argon. Aliquots were withdrawn with a 

gas-tight syringe periodically over the course of three hours and after 

allowing the reaction to proceed overnight. These aliquots were trans

ferred to EPR tubes, and frozen with liquid nitrogen for observation by 

ERR spectroscopy. 

3. Intracellular reactions with nitrite 

Oxygenated erythrocytes were suspended in sea water (pH 7.2) con

taining 50 irM sodium nitrite and stirred at 0°C. After centrifugation, 

samples of the packed cells were transferred to EPR tubes, and frozen in 

a liquid nitrogen bath. The EPR samples were prepared after reaction 

times of either 45, 196, or 377 minutes. 

Oeoxygenated erythrocytes were prepared by bubbling a slow stream 

of argon through a suspension of cells in sea water for 45 minuteS: 

After centrifugation and removal of the supernatant with a gas-tight 

syringe, the cells (~0.50 ml) were stirred in 5.0 ml of sea water con

taining 50 mM sodium nitrite (pH 7.2). Samples were transferred to EPR 

tubes and frozen in a liquid nitrogen bath after 40, 193, and 375 

minutes. 

4. Auto-oxidation of oxyhemerythrin in the presence of azide 

The optical changes accompanying the auto-oxidation of oxyHr in the 

presence of azide were monitored in order that a comparison could be 
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made to the auto-oxidation of deoxyNO. OxyHr (0.063 mM) was reacted 

with a 74-fold excess of sodium azide at room temperature in phosphate 

(pH 7.5) in air. Spectra were recorded at 30 minute intervals for 4 

hours. 

Since it has been proposed that deoxyN^" is an intermediate of the 

auto-oxidation when azide is present, the reaction of deoxyN^" with 

oxygen was also monitored by optical spectroscopy. To prepare deoxyN^", 

a solution of deoxyHr (0.86 mM) in 50 nW phosphate buffer (pH 6.5) was 

incubated with an 1800-fold molar excess of sodium azide at room temper

ature for two hours. After diluting the protein to 0.17 mM, oxygen was 

bubbled into the sample with a Pasteur pipette. Optical spectra were 

recorded at 15 minute intervals and a final spectrum was recorded after 

the reaction had proceeded overnight. 

5. Reactivity of deoxyNO 

a. Stability of deoxyNO The stability of deoxyNO was examined 

by EPR spectroscopy. A stock solution of deoxyNO (1-2 mM) was prepared 

as described above- Aliquots were withdrawn and frozen in liquid nitro-

^n immediately after preparation and intermittently after incubation 

for up to 24 hours at room temperature. To the final sample, a lO-fold 

or greater molar excess of sodium azide was added and both the EPR and 

optical spectra of the product were observed. 

These stability experiments were performed under the following 

conditions: 

(i) 50 rtW phosphate at pH 6.5. 

(ii) 50 nW phosphate at pH 6.5, 0.1 M ClO^". 
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(iii) 50 irM phosphate at pH 6.5, 1.0 M ClO^". 

Samples containing perch!orate were prepared by adding an appropri

ate volume of deoxyHr to a weighed amount of solid sodium perchlorate 

such that the perchlorate was either 0.1 M or 1.0 M. After an hour-long 

incubation period, nitric oxide was added as described above. Samples 

for EPR spectroscopy were prepared after various decomposition times. 

b. Reactions with oxidants The reaction of deoxyNO with oxygen 

was performed by bubbling air through a Pasteur pipette into a stock 

solution of deoxyNO for 1-3 minutes. OxyHr was identified as the prod

uct from its optical spectrum. 

The reactions with sodium nitrite was initiated by dissolving a 

weighed amount of solid sodium nitrite in a solution of deoxyNO (0.88 

mM) in 50 tiM phosphate (pH 6.5) such that nitrite was present in a 52-

fold molar excess over the protein. This experiment, performed at room 

temperature and pH 6.5, was monitored by EPR spectroscopy for nearly 

three hours by freezing aliquots of the reaction mixture at several 

points during the time course of the reaction. 

Oxidation by ferricyanide was carried out by adding the oxidant to 

a stock solution of deoxyNO such that the mole ratio of oxidant to pro

tein was 1:1. Portions were withdrawn and EPR samples were prepared 

over the course of two hours, at which time the reaction appeared com

plete. At this point, the optical spectrum of the product was checked 

both in the presence and in the absence of a 29-fold molar excess of 

sodium azide. 
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c. Reactions with anions Azide, cyanate, fluoride, chloride, 

bromide, iodide, thiocyanate, sulfide, and cyanide were used for these 

experiments. Sodium azide and sodium cyanide were recrystallized from 

ethanol/water before being used. With the exception of sulfide, all the 

reactions were carried out by adding a portion of the solution of 

deoxyNO via gas-tight syringe to a measured amount of the sodium salt of 

the anion such that the concentration of the anion was 0.1 M, 0.5 M, or 

1.0 M. Sulfide was added from a concentrated stock solution (0.1 M) 

prepared in 0.5 M phosphate (pH 6.5). Samples were prepared for obser

vation by either optical or EPR spectroscopy immediately following mix

ing and ~30 minutes after mixing. 

d. Reaction with dithionite A stock solution of sodium 

dithionite was prepared and standardized as described in section II.B.4. 

An aliquot of this solution, containing 3.6 reducing equivalents, was 

added to the solution of deoxyNO In 50 irM phosphate (pH 6.5) and the 

reaction allowed to proceed for 1 1/2 hours. The progress of the reac

tion was followed by freezing aliquots for EPR spectroscopy. The opti

cal spectrum of the final product was recorded in the presence and ab

sence of oxygen. 

6. Reactivity of deoxyF'NO 

Both ligand substitution reactions and oxygen-reactivity were in

vestigated. These were conducted similarly to the deoxyNO reactions 

described above. 
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7. Reactivity of Semi-metNOg" 

Unless stated otherwise, all reactions were conducted in 50 mM 

phosphate at pH 6.5 and a 20-fold molar excess of nitrite over Hr was 

present in all solutions. Samples for optical and EPR spectroscopies 

were prepared as previously described. 

a. Redox reactions For oxidation by ferricyanide, one mole of 

ferricyanide was added per mole of semi-metNO^' and the reaction was 

monitored by optical and EPR spectroscopies. 

Reactions with ascorbate and dithionite were also investigated. 

Dithionite was added from a standardized aqueous stock solution in a 

4-fold molar excess over semi-metNOg". For the ascorbate reduction, a 

10-fold molar excess of reductant was used. Visible spectra were used 

to characterize the products and EPR spectroscopy was used to follow the 

time course of the reactions. 

b. Ligand substitution experiments Ligand substitution experi

ments employed 0.1 M anion. Samples were frozen for observation by EPR 

after either a 15-20 min reaction period or after the reaction had pro

ceeded for 4 hrs at room temperature. Reactions were initiated by in

jecting Hr under argon into a vial containing a measured amount of the 

sodium, salt of the anion, 

8. Reactivity of semi-metNO 

All reactions were performed in 50 irW phosphate buffer at pH 6,5, 

a. Oxidation by ferricyanide Ferricyanide was added from a 

stock solution in a 2.5 to 3.0-fold molar excess over the protein. 

Excess ferricyanide was kept to a minimum so that the absorbance changes 
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between 300 and 400 nm that are characteristic of oxidation of Hr would 

not be obscured by absorbances from the oxidant. The final product was 

identified from the EPR and optical spectra of the product obtained 

after addition of sodium azide. 

b. Reduction by ascorbate Semi-metNO was added under argon to 

solid L-ascorbic acid with the latter present in a 40 to 50-fold molar 

excess. Samples were withdrawn and immediately frozen for analysis by 

EPR spectroscopy. 

c. Reduction by dithionite A 4.5-fold molar excess of dithio-

nite, standardized against Fe(CN)g3", was added to Hr under argon. The 

progress of the reaction was monitored by EPR spectroscopy. After three 

hours, the optical spectrum of the product was recorded. After oxygen

ating this sample, its optical spectrum was again recorded. 

d. Reaction with sulfide A portion of an aqueous stock solu

tion of sodium sulfide (buffered in 0.5 M phosphate to pH 6.5) was di

luted into a sample of semi-metNO in a 5 to 20-fold molar excess. Sam

ples were frozen for EPR measurement before and immediately after the 

addition of sulfide. 

e. Ligand substitution reactions Azide was added either from a 

concentrated stock solution or directly as a solid in a 20-fold or 

greater molar excess over semi-metNO. Optical spectra were recorded and 

samples for EPR were frozen both immediately after addition and 5 hours 

or more after azide was added. 

For cyanate, fluoride, cyanide and thiocyanate, a 50 to 100-fold 

molar excess of ligand was added to solutions of semi-metNO. 
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III. RESULTS AND DISCUSSION 

A. Oxidation of Hemerythrin by Nitrite 

1. Kinetics of the reaction of deoxyhemerythrin with nitrite 

In anaerobic phosphate buffer, excess sodium nitrite added to 

deoxyHr generates a brown-colored product within minutes. Over the 

course of several hours, this product converts to an amber-colored de

rivative that is stable at 4®C for several days. Figure 3.1 displays 

the changes in absorbance for such a reaction. From semi-log plots of 

the absorbance changes as a function of time (Fig. 3.2), the biphasic 

nature of the reaction is clearly seen. The absorbance changes were 

computer fit using a nonlinear least squares program, NLLSQ, to a bi-

phasic reaction in which both phases exhibit first order behavior. In 

Fig. 3.3, it is seen that the absorbance values determined from such an 

analysis are in agreement with the experimental values. 

Tables 3.1 and 3.2 present the concentration dependence for the two 

phases. The rate of the rapid first phase shows first order concentra

tion dependences on Hr, nitrite, and H+ (also plotted in Fig. 3.4), 

while the slower phase is dependent only upon the concentration of Hr. 

By analogy to the nitrite oxidation of Hb (123), the first order depend

ence upon H+ is interpreted as an acid/base equilibration between MONO 

and NO^" [pK^ is 2.94 at 25®C, I = 0.5 M (116)1. The two phases are 

most readily discerned below pH 7. 

When the progress of the reaction is followed by EPR spectroscopy 

(Fig. 3.5), only a single product is observed. This species exhibits a 

rhombic signal having g-values at 1.93, 1.87 and 1.66. Build-up of the 
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Figure 3.1. Spectral time course for the oxidation of deoxyHr with excess nitrite 

0.128 m Hr; 2.65 # NaNO,; 50 irW phosphate, pH 6.5; numbers refer to time in min
utes after the addition of NaNOg 
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Figure 3.2. Semi-log plot of the absorbance changes at 380 nm as a 
function of time for the oxidation of 0.0682 rtM deoxvHr 
with 6.91 mM NaNOg in 50 mM phosphate (pH 7.05) 
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Figure 3.3. Comparison of the absorbance changes at 380 nm calculated 
from an NLLSQ fit with the experimental absorbance changes 

0.0682 nW Hr; 6.91 itM NaNO.; 50 nW phosphate, pH 7.05; 
25.0®C; open circles are the experimental values; filled 
circles are calculated from an NLLSQ fit where k^uc = 7.79 
X 10-3 s-i and k'obs = 4.99 x 10-4 g-i. Calculate! A = 
0.453; observed = 0.446 " 
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Table 3.1. Rate constants for the first 
deoxyHr by nitrite® 

phase of the oxidation of 

[Hr] 

(mM) 

[NO,-] 

(mM) 
pH kobs 

(s-i) 
kobs/CNOz"] 
(M-ls-l) 

0.0618 1.50 6.58 3.18 2.12 

0.0618 3.08 6.58 6.50 2.11 

0.0618 6.18 6.58 12.92 2.09 

0.0682 1.73 7.05 0.910 0.526 

0.0682 3.46 7.05 1.81 0.523 

0.0682 6.91 7.05 3.60 0.521 

0.0697 3.48 7.48 0.588 0.169 

0.0697 6.97 7.48 1.164 0.167 

0.0727 3.62 7.74 0.340 0.0930 

0.0727 7.25 7.74 0.683 0.0942 

^25.0°C; 50 itM phosphate; pH 6.5; rate constants are average val
ues for two kinetic determinations (±0.06); NLLSQ fit. 
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Table 3.2. Rate constants for the 
deoxyHr by nitrite® 

second phase of the oxidation of 

[Hr] 

(mM) 

[NO,-] 

(mM) 

pH 
(s-i) 

0.0618 1.50 6.58 0.635 

0.0782 3.83 6.58 0.651 

0.0618 6.18 6.58 0.548 

0.0795 1.95 6.83 0.640 

0.0795 3.90 6.83 0.602 

0.0491 2.45 7.00 0.534 

0.0491 4.91 7.00 0.655 

0.0682 3.46 7.05 0.552 

0.0682 6.91 7.05 0.632 

0.0697 6.97 7.48 0.554 

®25.0®C; 50 irM phosphate; pH 6.5; rate constants determined from 
2-4 kinetic runs; average ±0.05; NLLSQ fit. 
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Figure 3.4. pH dependence of the second-order rate constant for the 
initial fast phase of the oxidation of deoxyHr by excess 
nitrite 

[NaNOgj/CHr] = 10-100; 50 nM phosphate; 25.0*C; plotted 
values are the average of 2-6 kinetic determinations and 
have a maximum range of ±6%; slope = -1.17 
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Figure 3.5. Time course for the oxidation of deoxyHr by excess nitrite 
followed by EPR spectroscopy 

Spectral parameters: temperature, 4.2 K; frequency, 9.57 
GHz; power, 100 jiW; modulation, 16 G; time constant, 0.1 s; 
gain, 3.2 x 10^; double integration of the spectrum ob
tained at 187 min yields 1.2 spins/Hr; 1.3 rrM Hr; 24 mM 
NaNOg; 50 mM phosphate, pH 6.5 
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signal coincides with the slow absorbance changes occurring during the 

second phase of the reaction. Double integration of this signal after a 

~3-4 hour reaction period (Table 3.3) accounts for >95% of the protein. 

Thus, the product of the first phase is not detectable by EPR spectros

copy, while the final product is paramagnetic. 

An EPR-silent intermediate could result from either a one-electron 

oxidation (shown in reaction 3.1) or a two-electron oxidation (shown in 

reaction 3.2). 

deoxy + HONG + semi-metNO + OH" (3.1) 

deoxy + HONO met + NO' + OH" (3.2) 

In order to determine the oxidation state of the product, nitrite 

was added to a solution of deoxyHr containing sodium azide (Fig. 3.6). 

The rate of binding of azide to both metHr (Table 1,17) and semi-metHr 

(Table 1.19) exceeds the rates measured for the second phase of the 

nitrite oxidation. Thus, azide should trap any metHr or semi-metHr 

formed during the nitrite oxidation reaction. In addition, the optical 

spectrum of semi-metNg" is easily distinguished from that of metN^". 

Even early in the reaction, metN^" is not formed. Rather, semi-metN^" 

builds up at a rate that is similar to that of the second phase of the 

nitrite oxidation. Thus, the product of the first phase is at the semi-

met oxidation level. 
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Table 3.3. Quantitation by double integration of the EPR spectra of 
the product of nitrite oxidation® 

[Hr] [NO,-] Time % pmag 

(mM) (mM) (min) 

0.797 13.7 148 110.ob 

1.30 24.1 187 125.ob 

1.52 30.4 240 98.2 

1.52 30.4 24 hrs 106 

1.03 1.03 75 69.4C 

1.90 1.90 60 80.6 

0.874 15.6 120 33.6b.d 

1.57 32.2 38 23.9b,d 

®pH 7.5; 50 nM phosphate; % pmag = [sp1ns]/[Hr] x 100. 

''pH 6.5. 

^124.1 nfl sodium azide added after 75 min. 

•^OxyHr, deaerated prior to nitrite addition. 
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Figure 3.6. Spectral time course of the oxidation of deoxyHr by excess nitrite in the presence 
of NaNj 

0.0968 nW Hr; 1.94 nW NaNOg: 40 nW NaN,; 50 nW phosphate, pH 7.5; numbers refer to 
time in minutes after the addition of NaNO^ 
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Furthermore, semi -met NO has been independently prepared by addition 

of NO to dithionite-generated (semi-met)^ (see section III.C). Its 

optical spectrum is strikingly similar to the spectra generated during 

the early stages of the nitrite reaction and the EPR signal of (semi-

met)p disappears in the presence of NO. The EPR- silent, brown-colored 

product of the first phase of the nitrite oxidation of deoxyHr is, thus, 

identified as (semi-met)%NO. 

In the second phase of the nitrite oxidation of deoxyHr, a paramag

netic derivative is produced (Fig. 3.5). The g-values and general shape 

of this spectrum are similar but not identical to those of other known 

Hr derivatives. In particular, they are different from those of (semi-

met)Q (Fig. 1.14A), the intermediate resulting from outer sphere oxida

tions of deoxyHr, Neither are they identical to those of (semi-met)^ 

(Fig. 1.14A), In fact, signals attributable to either (semi-met)g or 

(semi-met)p are never observed during the course of the oxidation of 

deoxyHr by excess nitrite. 

Two products, both of which are expected to be paramagnetic, that 

might conceivably result from this reaction are semi-metNO^" and metNO. 

The first of these could result from the following reaction: 

semi-metNO + NOg" + semi-metNOg" + NO (3.3) 

On the other hand, the reaction that could lead to a metNO derivative 

is: 
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semi-metNO + MONO + metNO + NO + OH' (3.4) 

To distinguish these two alternatives, several attempts (section 

III.E) were made to prepare a metNO derivative. All were unsuccessful. 

Secondly, and more convincingly, sodium azide was added at the 

completion of the oxidation reaction. Within less than 5 minutes, the 

optical spectrum characteristic of semi-metN^" (as opposed to that of 

metNg") develops (Fig. 3.7). In addition, an EPR sample frozen after 

addition of azide to the paramagnetic product has g-values at 1.91, 

1.83, and 1.51. These are very close to the g-values previously re

ported for semi-metNg" [1.90, 1.81, and 1.49 (77)]. Thus, the ultimate 

product of the nitrite oxidation of deoxyHr is a semi-met derivative. 

As previously mentioned, the g-values of the EPR signal of this 

semi-met derivative differ from those of other Hr derivatives. As Table 

3.3 shows, at pH 7.5, this product is stable for at least 24 hours. 

Ligand-binding of monovalent anions, such as azide, is known to stabi

lize the semi-met oxidation level of Hr (78)= ThuS; it Is likely that 

the stability of the product of the nitrite oxidation of deoxyHr derives 

from binding of a ligand to the semi-met site. Since the most abundant 

anionic ligand present in the reaction mixture is nitrite, the product 

is most likely the nitrite adduct of semi-metHr, i.e., semi -metNO 2". 

To confirm that semi-metNOg" was the product of the oxidation by 

nitrite, excess sodium nitrite was reacted with (semi-met)g and with 

(semi-met)^. EPR samples frozen within minutes after mixing (Fig. 3.8) 

showed the EPR signals characteristic of semi-metNOg". 



www.manaraa.com

146 

0.9 

0.7 

g 
CB 
x> 
o 0.5 
A < 

0.3 

0.1 

700 500 600 400 

Wavelength (nm) 

Figure 3,7. Optical spectra before (A) and after (B) the addition of 
excess NaN, at 3 1/2 hours after mixing deoxyHr with 
nitrite 

0,239 irM Hr; [NO.'l/CHr] = 96,9; azide added in excess as a 
solid; 50 irM phosphate, pH 6.5; 0.3 M sulfate 
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Figure 3.8, EPR spectra obtained after addition of excess NaNO to 
(semi-met)Q (A) and (semi-met)fj (B) 

Spectral parameters; temperature, 4.2 K; frequency, 9.57 
GHz; power, 100 pW; modulation, 16 G; gain, 8.0 x 10%; time 
constant, 0,2 s ; 50 mM phosphate, pH 6.5 
A. 0,986 nW Hr; 0,966 rrM ferricyanide; 22,2 nW nitrite; 6 

minutes after adding nitrite 
8, 1,00 rrM Hr; 0,966 mM dithionite; 17,8 nW nitrite; 4 

minutes after adding nitrite 
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The appearance of semi-metNj" when azide is added to the final 

product of the nitrite oxidation reaction, thus, occurs via displacement 

of nitrite by azide (reaction 3.5), 

semi-metNOg" + N^" + semi-metN^" + NOg" (3,5) 

MetHr has a much higher affinity for azide than for nitrite, and so it 

is not surprising that semi-metHr should exhibit similar affinities. 

The paramagnetic product was further characterized by resonance 

Raman spectroscopy. Vibrational bands are observed at 433 cm"i and 422 

cm'i. No other bands were observed using an excitation of 647.1 nm. 

Table 3.4, which presents the effects of isotopic substitutions on these 

vibrations, shows that both vibrations are affected by substitution of 

i^NOg- with iSNOg-. By analogy to the assignments made for deoxyNO (see 

section 3.D), Vj is attributed to v(Fe-NO) and ^ is assigned as 

6 (Fe-N-0 ). 

Observation of v(Fe-NO) indicates that nitrite is ligated to iron 

via nitrogen forming a nitro complex rather than via oxygen to form a 

nitrito complex. The absence of an Fe-0 stretching band argues against 

the occurrence of nitro-nitrito isomerism (reaction 3.6), 

I 
NOj Î Fe'^ ^Fe—ONO (3.6) 

nitrito 

V 

nitro 
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Table 3,4, Isotopic substitution effects on the resonance Raman modes 
of semi-metNOg-* 

Isotope Vj Vg 
(cm"i) (cm"i) 

l^NOg- 433 422 

iSNOg- 428 416 

DgOb 432 439 

®77 K; 647,1 nm excitation; 100 nW; 0,25 mm slit width; 2 
cmTi/min, 

bl20 niW, 
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In DgO, Vg is shifted upward from its position in H^O by 17 cm"i, 

whereas the frequency of Vj is not altered. Both the direction and 

the magnitude of the shift contrast with the effects observed with 

deoxyNO and deoxyF"NO (section III.O). Upward shifts in D2O of 4 cm"i 

and 26 cm"i have been observed for the Vg(Fe-O-Fe) modes of oxyHr and 

cis- metOH", respectively (172). These shifts have been interpreted as 

effects due to hydrogen-bonding between the ligand and the y-oxo bridge. 

By analogy to these derivatives, the structure shown in Fig. 3.9 is 

proposed for semi-metNO^". 

Further examination of the second phase raises a question about the 

pathway for converting semi-metNO to semi-metNOg". Does this conversion 

occur in a concerted manner (reaction 3.7) 

semi-metNO + NOg" + semi-metNOg" + NO (3.7) 

or is the rate dependent upon the dissociation of nitric oxide (reac

tions 3.8 and 3.9)? 

semi-metNO + (semi-met)^ + NO (rate-determining) (3,8) 

(semi-met )fj + NOg" > semi-metNOg" (3.9) 

One experimental result favoring the dissociation of NO as the rate 

limiting step of the second phase is that the reaction between (semi-

met)p and nitrite occurs within the time: of mixing. This reaction. 
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Figure 3.9. Proposed structure for semi-metNO^" 
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being much faster than the rate of the second phase, could occur subse

quent to the dissociation of NO, 

Secondly, when azide is present in excess over nitrite (Fig. 3.6), 

semi-metNg" is obtained as a product. The rate of formation of semi-

metNg- (9.5 x IQ-s s"! for 0.0705 rtM Hr, 1.37 iiM NO^", 23.6 rtW N^", pH 

7.5) is nearly identical to that for the formation of semi-metNO^- in 

the second phase. If the conversion to semi-metNO^" occurs in a con

certed fashion (reaction 3.7), one would expect the rates for the two 

ligands to be quite different. The invariance of the rates suggests 

that dissociation of NO from semi-metNO is the rate limiting step of the 

second phase with the subsequent binding of nitrite being more rapid. 

Similarly, the displacement of NO from (semi-met)pNO prepared from 

dithionite-generated (semi-met)j^ by azide requires several hours for 

completion (see section III.C). Reactions 3.10 and 3.11 depict a possi

ble route leading to formation of semi-metN^". 

semi-metNO + (semi-met)j, + NO (3.10) 

(semi-met)^ + Ng" -*• semi-metN^" (3.11) 

Results of an experiment conducted at pH 7.5 with a 1:1 molar ratio 

of nitrite to deoxyHr indicate that dissociation of NO leads to produc

tion of (semi-met)j^ rather than (semi-net)Q (Fig. 3.10). At this pH, 

the first and second phases occur on the same time scale. When a stoi

chiometric amount of nitrite (with respect to diireric iron) is added to 
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Figure 3.10. Time course for the 1:1 reaction of deoxyHr with NaNO 
followed by EPR spectroscopy ^ 

Spectral parameters: temperature, 4.2 K; frequency, 9.57 
GHz; power, 100 yW; modulation, 16 G; gain, 1.5 x 105 (A 
and B) and 6.3 x 10*» (C); time constant, 0.2 s; 1.90 mM 
Hr; 1.90 mM NaNO,; 50 nM phosphate, pH 7.5; the sample for 
spectrum C contains 1.42 nW Hr, 1.42 nM NaNO,, and 123 mM 
NaNg ^ 
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deoxyHr, less than quantitative formation of semi-metNO^" is expected. 

In addition, the low concentration of nitrite is expected to allow semi-

metHr to accumulate in the solution. Therefore, a mixture of semi-

metHr, semi-metNO, and semi-metNOg" should result. By EPR spectroscopy, 

only semi-met and semi-metNO^- will be detected. Thus, the paramagnetic 

component of the sample should not account for all of the Hr. The re

sults shown in Table 3.3 show that ~75% of the protein is detectable by 

EPR. The EPR spectra obtained from this experiment are shown in Fig. 

3,10. A signal, attributable to (semi-met)^, appears at g = 1.96 along 

with the semi-metNOg" signal. This result is consistent with production 

of (semi-met),^ followed by the binding of nitrite. 

Based on all of these observations, the mechanism shown in Scheme 

3.1 is proposed for the oxidation of deoxyHr by nitrite. 

Scheme 3.1: 

Phase 1; H"^ + NOg" t HONO 

deoxy + HONO + semi-metNO + 0H~ 

Phase 2: semi-metNO (semi-met+ NO (rate determining) 

(semi-met)p + NO^" + semi-metNOg" 

2. Reaction of oxyhemerythrin with nitrite 

Bradic et al. (7) reported that when a solution of Hr is saturated 

with Og, oxyHr is quantitatively oxidized to metNO^" (reaction 3.12). 

oxy + NOg" + 2H^ + metNOg" + HgOg (3.12) 
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During the course of this work, it has been found that when a solution 

of oxyHr is degassed to remove dissolved 0^ prior to the addition of 

nitrite, as much as 35% conversion to semi-metNO^" is observed (Table 

3.3 and Fig. 3.11). Since degassing does not completely remove the 

bound o)wgen, the suppression of the yield of semi-metNO^" is probably 

due to competition between auto-oxidation of oxyHr to metNO^" (reaction 

3.12) and oxidation of deoxyHr to semi-metNOg" (Scheme 3.1). A similar 

result was reported for the oxidation of oxyHr to metHr by ferricyanide 

(Scheme 1.3), where competition occurs between direct oxidation of oxyHr 

to metHr and oxidation via deoxyHr, 

3. Intracellular reactions with nitrite 

Nitrite is able to penetrate the cell membrane and oxidize Hr in-

tracellularly. Figure 3.12 shows that production of semi-metNO^" can 

occur within Og-depleted cells. Similar results are obtained when ni

trite is added to oxygenated cells. In contrast to the extracellular 

reaction, semi-metNOg" produced intracellularly can undergo further 

redox transformations. This is evidenced by the slow decrease in the 

intensity of the EPR signal for nitri te-treated cells that occurs over 

the course of 24 hours. 

B. Assay of Aqueous Solutions of Nitric Oxide 

Prior to examining the reactions between gaseous nitric oxide and 

aqueous protein-containing solutions, the stability of nitric oxide in 

aqueous solutions was investigated. In Fig. 3.13, the EPR spectra of 

assay mixtures containing Fe2+(EDTA) and either gaseous NO (A), a 2-fold 
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Figure 3,11. Time course for the reaction of oxyHr with excess NaNO 
_ followed by EPR spectroscopy 

Spectral parameters: temperature, 4.2 K; frequency, 9.57 
GHz; power, 100 pW; modulation, 16 G; gain, 5 x 10%; time 
constant, 0.2 s; 0.874 oxyHr; 15.6 NaNO ; 50 mM 
phosphate, pH 6.5 
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Figure 3.12. Time course for the intracellular oxidation by nitrite of 
Og-depleted erythrocytes from Phascolopsis goudlii 

Spectral conditions: temperature, 4.2 K; frequency, 9.57 
GHz; power, 100 yW; modulation, 16 G; gain, 8 x 10%; time 
constant, 0.2 s; 50.4 nW NaNO ; sea water adjusted to pH 
7.2; equilibration conducted at 0°C 
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Figure 3.13. EPR spectra of assay mixtures containing Fe2+(EDTA) and 
either gaseous NO (A), a 2-fold excess of NaNO (B), or a 
saturated aqueous solution of NO (C) 

Spectral parameters: temperature, 4.2 K; frequency, 9.57 
GHz (A and B), 9.42 GHz (C); power, 100 yW; modulation, 16 
G; gain. 6.3 x 103 (A), 2.5 x 10»» (B), 1 x lOf (C); time 
constant, 0.2 s 
A. 5.57 nM Fe2+; 49.7 irM EDTA: [N0]/[Fe2+] = 4.20; 50 mM 

phosphate, pH 6.5; 0.3 M sulfate 
B. 2.02 mM Fe2+; 23.2 nW EDTA: 4.35 nW NaNO ; 50 mM 

phosphate, pH 6.5 
C. 1.38 nW Fe2+; 12.4 nW EDTA; 1.42 mM NO; 50 nW phos

phate, pH 6.5 
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excess of sodium nitrite (B), or a saturated aqueous solution of NO (C) 

are shown. 

Rich et al. (125) have shown that a nitric oxide adduct having 

g-values of 4.1, 3.95, and 2.0 forms when nitrite is added to a solution 

containing Fe3+(EDTA) and dithionite. This spectrum is typical of mono-

meric S = 3/2 {FeNO}? compounds. The identical spectrum is obtained 

when gaseous NO is injected into a solution of Fe2+(EDTA) (Fig. 3.13A). 

Figure 3.14 depicts the optical spectrum obtained from such a solu

tion. A shoulder occurs at 340 nm with peaks at 430 nm and 640 nm. 

Estimates of the extinction coefficients at each of these wavelengths 

are tabulated in Table 3.5. 

Oxidation of Fe2*(EDTA) with nitrite leads to a mixture containing 

approximately equal amounts of high spin Fe3+(EDTA) which has its prin

cipal g-value at 4.3, and this NO adduct (Fig. 3.13B): 

2Fe2+(EDTA) + MONO + Fe^"^(EDTA) + Fe^'^(EDTA)NO + OH" .(3.13) 

The optical changes accompanying the reaction are shown in Fig. 3.15. 

In contrast to the binding of nitric oxide to Fe2+(EDTA), the reaction 

of nitrite with Fe^+fEDTA) is not complete within the time of mixing. 

Thus, nitric oxide is generated during the nitrite oxidation of 

Fe2+(EDTA) and is trapped as Fe2+(EDTA)N0. 

When NO, that was prepared as a saturated stock solution, was added 

to the Fe2+(EDTA) assay mixture (Fig. 3.13C), signals attributable to 

the NO adduct were invariably accompanied by features at g = 4.3. The 
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Fe*+(edta)NO 

Fe2+(edta) 

400 500 600 700 
Wavelength (nm) 

optical spectra of Fe2+(EDTA) and Fe2+(EDTA)N0 

1.40 nfl Fe2+; 12.4 nW EDTA; [NOl/FFeZ+l = 4.20; 50 nW phosphate, pH 6.5; 0.3 M 

sulfate 
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Table 3.5, Estimates of the extinction coefficients for FeZ+fEDTAjNOf 

[Fe2+] 
(mM) 

CEDTA] 
(tnM) 

[N0]/[Fe2+] 
340 nm 

e (M-lcm-1) 
430 nm 640 nm 

1.21 12.5 4.80 1100 763 14lb 

1.49 3.90 — - 572 lOlC 

1.40 4.20 891 650 107 

1.38 12.4 1.03 — 522 68^ 

1.33 15.2 0.99 900 564 

average = 960 610 100 

±96 ±85 ±24 

®50 rtW phosphate; pH 6.5; 0.3 M NagSO^. 

biSNO. 

COgO. 

^No sulfate present. 
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Figure 3.15. Spectral time course for the oxidation of Fe2+(EDTA) with sodium nitrite 

2.03 n« Fe2+; 23.3 nW EDTA: 4.08 mM NaNO^; 50 nW phosphate, pH 6.5 
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presence of signals due to oxidized iron suggests that oxidizing equiva

lents, probably in the form of sodium nitrite, are generated when pre

paring the stock solutions of NO. For this reason, preparation of NO 

derivatives by the direct addition of gaseous NO is preferred. This 

result suggests that examining the reactions of nitrite may assist in 

interpreting results of reactions with nitric oxide. 

C. Preparation and Characterization of NO Adducts of 
(Semi-met)o and (Semi-met)^ 

Disproportionation leading to a mixture of deoxyHr and metHr has 

been reported to occur with semi-metHr in anaerobic solutions (reaction 

3.14) (71). 

2 semi -metHr ->• deoxyHr + metHr (3.14) 

Under aerobic conditions, the observed products are oxyHr (resulting 

from the binding af oxygen to deoxyHr) and metHr. This result implies 

that oxygen reacts only indirectly with semi-metHr. In contrast, the 

mechanism proposed for the oxidation of deoxyHr by nitrite invokes the 

formation of an EPR-silent nitric oxide adduct of semi-metHr as an in

termediate. This suggests that nitric oxide should react directly with 

the binuclear iron center of semi-metHr to produce an EPR-silent deriva

tive. To test this proposal, the reactions of nitric oxide with (semi-

met)Q and (semi-met)p were investigated. 
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1, Preparation and characterization of (semi-met)pNO 

Addition of a 1 to 10-fold molar excess of nitric oxide to an 

anaerobic solution of (semi-met)p produces a dark brown-colored adduct. 

The optical spectrum of this product (Fig. 3,16) has peaks at 330 and 

380 nm and a shoulder at 510 nm. Table 3,6 shows the extinction coeffi

cients calculated for several preparations of (semi-met)pNO, 

The values for the extinction coefficients at 330 nm and 380 nm are 

typical of those for semi-met adducts, being ~50% of the metHr values 

(Table 1.4). However, the appearance of two peaks in this range is 

unique for semi-met adducts [e.g., compare the spectra of semi-metN^-

and (semi-met)pNO in Fig, 3,16], In addition, the feature near 600 nm 

that occurs for the S = 3/2 {FeN0}7 unit of deoxyNO, deoxyF"N0, and 

Fe2*(EDTA)N0 is absent (see section III.D), 

The EPR spectrum of (semi-met)^ has g-values at 1.95, 1,87, and 

1,67 (77), A sample frozen five minutes after a 4,5-fold molar excess 

of NO(g) was added to (semi-met)^ (Fig, 3,17B) accounts for only 14% of 

the Mr, and the paramagnetic component resembles that of deoxyNO (see 

section III.D) rather than (semi-met)p. The sample of (semi-met)^ fro

zen prior to the addition of NO accounted for 89% of the Hr, Thus, 

addition of NO to (semi-met)^ results in the disappearance of the (semi-

met )% EPR signal. 

Kinetic measurements of the rate of reduction of metHr with excess 

dithionite have shown that (semi-met)^ is unstable, being ultimately 

reduced to deoxyHr (102-104), To ascertain that the loss of the EPR 

signal is Indeed the result of a reaction of NO with (semi-met)„ and not 
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Figure 3.16. Optical spectra of (semi-met)» (A), (semi-met)nNO (B), and semi-metN " (C) in 50 mM 
phosphate (pH 6.5) 

A. 0.240 nW Hr; 0.119 nW dithionite 
B. 0.240 nM Hr; 0.119 n« dithionite; 1.08 nM NO 
C. 0.215 nW Hr; 4.15 mM azide; 4 3/4 hrs after adding azide to sample B 
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Table 3.6, Extinction coefficients for (semi-met)pNO* 

[Hr] [SgO^Z-] [NO]/[Hr] e (M-icm-i) 

(mM) (irtM) 330 nm 380 nm 510 nm 

0.240 0.238 4.54 4870 3520 1120 

0.190 0.188 2.61 4980 3400 1140 

0.198 0.209 5.80 5040 3490 1280 

average = 4960 3470 1180 

±70 ±51 ±71 

®pH 6.5; 50 mM phosphate 
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Figure 3.17. EPR spectra showing the disappearance of the EPR signal upon addition of NO to 
(semi-met)p 

Spectral parameters: temperature, 4.2 K; frequency, 9.57 GHz; power, 100 yW; 
modulation, 16 G; gain, 4 x 10^; time constant, 0.2 s 
A. 1.44 n« Hr; 1.43 nW dithionite; 50 mM phosphate, pH 6.5; 5 minutes after addi

tion of dithionite 
B. NO added 7 minutes after adding dithionite to metHr; [NO]/[Hr] = 4,55 
C. N," (22-fold excess over Hr) added to the remainder of sample B at 20 minutes 

and aliquot frozen at 5.5 hrs; [Hrl^Qta] = 1.27 mM 
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the result of this inherent instability, aliquots of a (semi-met),^ stock 

solution were withdrawn and EPR samples were frozen at various times 

after the preparation of (semi-met)^. In order to minimize the decompo

sition, only one reducing equivalent of dithionite was used to prepare 

(semi-met)j^. The results of this experiment are shown in Fig. 3.18 and 

the double integrations of these signals are summarized in Table 3.7. 

After 36 minutes, 24% of the Hr remains as (semi-met)^ when NO is 

absent from the solution. When NO is present, only 14% of the Hr is in 

a paramagnetic form five minutes after the preparation of (semi-met)^. 

It is clear that the EPR signal for (semi-met),^ disappears more rapidly 

when NO is added to the reaction mixture. If one is to obtain quantita

tive formation of (semi-met)pNO, one must add NO within minutes after 

preparing (semi-met)p. 

There are three possible reactions that could lead to the disap

pearance of the EPR signal (reactions 3.15 to 3.17). 

Disproportionation of (semi-met)^: 

2(semi-met)p deoxyHr + metHr (3.15) 

Binding of NO to (semi-met)^: 

(semi-met )p + NO (semi-met )|^ NO (3.16) 

Oxidation of (semi-met)% to metHr by NO: 
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Figure 3.18. Time course for the disappearance of the EPR signal of 
(semi-met)^ prepared with one equivalent of dithionite 

Spectral parameters; temperature, 4.2 K; frequency, 9.57 
GHz; power, 100 pW; modulation, 16 G ; gain, 4 x 104; time 
constant. 0.2 s; 1.44 tiM Hr; 0.713 nW dithionite; 50 nfl 
phosphate, pH 6.5 
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Table 3.7. Double integration of the EPR signals 
observed during the decomposition of 
(semi-met 

Time (min)^ % pmag 

5 89 

19 80 

36 24 

pmag = [spinsD/THr] x 100%; [Hr] = 1.44 mM; 
[dithionite] = 0.713 mM; pH 6.5; 50 irM phosphate. 

^Measured relative to the time at which 
dithionite was added to metHr. 
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. (semi-met)|^ + NO + met + NO'fNgO) (3.17) 

The first of these, the disproportionation of (semi-met)^, should 

produce a mixture of deoxyHr and metHr. In the presence of NO, deoxyHr 

would be converted to deoxyNO. Thus, if disproportionation were occur

ring, equimolar amounts of deoxyNO and metHr should be obtained. Detec

tion of only 14% deoxyNO indicates that reaction 3.15 is not occurring 

to any appreciable extent. It is more likely that the presence of 14% 

deoxyNO resulted from the presence of deoxyHr in the original (semi-

met)^ sample, rather than from the reduction of (semi-met)p by NO. 

Binding of NO to the paramagnetic mixed valence derivative, (semi-

met)p (reaction 3.16) or oxidation of the iron site by NO (reaction 

3.17) could also result in an EPR-silent product. To differentiate 

between these two possibilities, sodium azide was added to a portion of 

the EPR-silent reaction mixture. The optical spectrum obtained from the 

sample containing NO and azide exhibits a peak at 470 nm (Fig. 3.16C), 

showing that the product is semi-metNg" rather than metNg-. Further

more, the EPR spectrum obtained for the azide-containing sample (frozen 

five hours after the addition of azide) exhibits g-values at 1.92, 1.83, 

and 1.56 (Fig. 3.17C). These parameters are similar to those reported 

previously for semi-metNg" (77). Quantitation of the EPR signal for 

this sample by double integration accounts for 84% of the Hr. Since 89% 

of the Hr was originally present as (semi-met)^, the nearly quantitative 

production of semi-metN^" indicates that NO hinds to (semi-met)^ (reac

tion 3.16) without oxidizing or reducing (semi-met)^. 
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Table 3.8 enumerates the spin-coupling schemes that could explain 

the absence of an EPR signal when NO binds to semi-metHr. It is assumed 

that nitric oxide binds to only one of the irons of the binuclear site, 

and that only the iron to which NO binds may change its spin state. The 

integer ground states, = 1 and = 2, usually do not exhibit EPR 

signals owing to large zero-field splittings and rapid spin relaxation. 

Of the possible coupling schemes, case 3 is preferred. Nitric 

oxide does not react with metHr (section III.E), indicating that NO 

prefers to bind to Fe(II). On this basis, case 2 and case 4 are deemed 

less likely. In addition, one would expect the FeNO moiety to be a 

better electron acceptor than the Fe(II) site. Thus, an 

[Fe(III),{FeNO}?] center is more probable than an [Fe(II),(FeN0}6] cen

ter. In the two remaining schemes, case 3 and case 5, NO is coordinated 

to the Fe(II) site. By analogy to deoxyNO (section III.D), binding of 

NO to the Fe(II) site results in an S = 3/2 spin state rather than an S 

= 1/2 spin state (section III.D). Thus, model 3 in which an S = 5/2 

Fe(III) site is antiferromagnetically coupled to an S = 3/2 {FeNO}7 site 

is the most likely explanation for the absence of an EPR signal for 

(semi-met)pNO. 

2. Preparation and characterization of (semi-met)QNO 

The EPR spectrum of (semi-met)q is axial with g-values at 1.94 and 

1.71 (77). If one freezes an EPR sample within 5 minutes after adding 

one equivalent of ferricyanide to deoxyHr, quantitative oxidation to 

(semi-met)^ is observed. However, from the EPR spectrum obtained for a 

sample frozen ~30 min after the reaction was initiated, it is found 
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Table 3.8. Possible spin-coupling schemes for (semi-met)pNOB 

Case Site A Site B ^eff 

1 semi-met, S = 1/2 NO, S = 1/2 0 

2 Fe(II), S = 2 {FeN0}6, S = 2 0 

3 Fe(III), S = 5/2 {FeN0}7, S = 3/2 1 

4 Fe(II), S = 2 {FeND}6, S = 0 2 

5 Fe(III), S = 5/2 {FeN0}7. S = 1/2 2 

was determined by assuming antiferromagnetic rather than 
ferromagnetic coupling between the two sites. 
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that only 18% of the Hr remains in a paramagnetic state. Figure 3,19 

shows the time course for the disappearance of the EPR signal of (semi-

met)g and Table 3.9 summarizes the results of the double integration of 

these signals. 

Changes in the optical spectrum of a (semi-met)g solution accompany 

the disappearance of the EPR signal (Fig. 3.20). An isosbestic point is 

observed at 410 nm. The final spectrum, obtained after three hours, 

resembles that of the low pH form of metHr. When sodium azide was added 

anaerobically to this solution after allowing the reaction to proceed 

overnight, it was found that 80% of the Hr had been converted to metNg". 

Similarly, when oxygen was added instead of azide, the development of a 

peak at 500 nm verified the presence of deoxyHr. Thus, the decrease of 

the (semi-met)g EPR signal results from the disproportionation of (semi-

met)g (reaction 3.14). 

Addition of a 4 to 5-fold molar excess of NO(g) to an anaerobic 

solution of (semi-met)Q (within 3-5 minutes after its preparation) leads 

to subtle changes in the optical spectrum. Within 1-2 minutes, the pale 

yellow (semi-met)g solution turns a golden-brown color. The optical 

spectrum resulting ~5 minutes after the addition of NO (Fig. 3.21) ex

hibits a broad feature at 620 nm and a shoulder near 350 nm. 

For comparison. Fig. 3.21 also shows the optical spectrum of (semi-

met)pNO. Distinct differences in the optical spectra indicate that the 

adduct of (semi-met)g is not the same as that formed with (semi-met)^. 

The feature at 620 nm in the spectrum of (semi-met)QNO is not observed 

for (semi-met)pNO. On the other hand, this feature is observed in the 
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gure 3.19. Time course for the disappearance of the EPR signal of 
(semi-met)o prepared with one equivalent of ferricyanide 

Spectral parameters: temperature 4.2 K; frequency, 9.57 
GHz; power, 100 yW; modulation, 16 6; gain, 4 x lO**; time 
constant, 0.2 s; 1.04 trM Hr; 1.05 rtW ferricyanide; 50 mM 
phosphate, pH 6.5 
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Table 3.9. Double integration of the EPR signals 
observed during the decomposition of 
(semi-met)o® 

Time (min)^ % pmagC 

4 108 

10 87.7 

29 17.9 

®50 mM phosphate; pH 6.5; [Hr] = 1.04 mM; 
[ferricyanide] = 1.05 mM. 

^Measured relative to the time at which 
ferri cyanide was added to deoxyHr. 

H pmag = [spins]/[Hr] x 100. 
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Figure 3.20. Spectral time course for the decomposition of (semi-met)o prepared with one equiva
lent of ferri cyani lie 

0.116 nM Hr; 0.110 tiM ferricyanide; 50 nW phosphate, pH 6.5; 0.1 M perchlorate; 
spectra recorded at 10 minute intervals; last three spectra are at 30 minutes 
intervals 
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Figure 3.21. Optical spectra for (semi-met)qNO and (semi-met)[^NO 

0.125 nW Hr; 50 nW phosphate, pH 6.5; [NOl/FHrl = 8.54 for (semi-met)QNO and 4.55 
for (semi-met)|^N0; sample of (semi-met)QNO contains 0.3 M sulfate 
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optical spectra of deo^yNO and deoxyF~NO (section III.D). Thus, the 

coordination geometry of the FeNO moiety in (semi-metigNO may be more 

"deoxy-like" than in (semi-met)pNO. 

Like the reaction between (semi-met)p and NO, the addition of NO to 

(semi-met)Q leads to loss of the EPR signal for semi-metHr (Fig. 3.22). 

Figure 3.22 shows that the EPR signal associated with (semi-met)q disap

pears more quickly when NO is present. 

Table 3.10 summarizes the results of the double integrations of the 

EPR signals before and after the addition of NO. These results demon

strate that the reaction between NO and (seml-met)Q is nearly 

quantitative. 

The EPR-silent nature of this adduct also is not the result of 

oxidation or reduction since a semi-metN^" EPR signal appears when azide 

is added in a 50-fold molar excess. 

3. Resonance Raman spectra of semi-iretNO 

Semi-metNO may also be prepared by the spontaneous auto-oxidation 

of deoxyNO. This method, discussed in section III.F. was used to pre

pare the samples of semi-metNO from which resonance Raman spectra were 

obtained. 

As with most of the other nitric oxide derivatives, two vibrational 

bands are observed (Table 3.11). For semi-metNO, these appear at 431 

cm"i and 423 cm'i. By analogy to the assignments made for deoxyNO (sec

tion Ill.n), the band at higher energy is assigned as u(Fe-NO) and the 

low energy band is assigned as 6(Fe-N-0), providing direct evidence that 

for semi-metNO, nitric oxide is bound to the binuclsar center. 
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gure 3.22. EPR spectra showing the disappearance of the EPR signal 
for (semi-met)o upon addition of NO 

Spectral parameters: temperature, 4.2 K; frequency, 9.42 
GHz; power, 100 yW; modulation, 16 G; gain, 4 x 104; time 
constant, 0.2 s; 1.77 nW Hr; 1.74 nW ferricyanide; [NO]/ 
[HrJ = 4.7; 50 irM phosphate, pH 6.5; 0.3 M sulfate; sam
ples frozen 3 minutes after adding ferricyanide (A) and 2 
minutes after adding NO (B) 
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Table 3.10. Double integration of the EPR signals before and after the 
addition of nitric oxide to (senii-met)Q® 

[Hr] [ferricyanide] [NO]/[Hr] [spins] (mM) 
(mM) (mM) before after 

1.77 1.74 4.68 1.01 0.02 

1.28 1.21 8.09 1.30 0.145^ 

1.41 1.25 8.54 0.658 0.066^ 

®pH 6.5; 50 nW phosphate. 

^0.1 M perchlorate. 

Co.3 M sulfate. 
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Table 3.11. Resonance Raman vibrational data for semi-metNO® 

Isotope Vj Vg 
(cm"i) (cmTi) 

l^NiGQb 431 423 

ISNIGQC 423 416 

®647,1 nm; 77 K; 0.25 mm slit width; 2 cm"i/s scan rate. 

•'80 iTiM. 

<120 mW. 
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D. Preparation and Characterization of NO Adducts of 
DeoxyHr and DeoxyF"Hr 

1. Preparation of deoxyNO 

The reaction of deoxyHr with NO is of particular interest owing to 

the function of NO as an analog for the physiological substrate, 0^. 

Unlike 0^, it is expected that NO will formally accept no more than one 

electron from the binuclear center, thereby, mimicking the hypothesized 

superoxide intermediate. 

Gradual addition of a 1.5 to 5.0-fold molar excess of gaseous ni

tric oxide to an anaerobic solution of either oxyHr or deoxyHr results 

in formation of a pine-green-colored adduct, deoxyNO (Fig. 3.23). 

The same product is obtained, although the yields are somewhat 

less, when NO is added from an aqueous stock solution. The amount of 

deoxyNO produced by this method decreases as the incubation time of the 

stock solution of NO is increased prior to adding deoxyHr (Fig. 3.24). 

A third method for producing deoxyNO is to generate NO by the in 

situ decomposition of nitrosyl transfer agents: [Co(NHg)gN02+] or 

Co(dmgH)2N0. The pentaammine complex decomposes upon being dissolved in 

aqueous solutions according to reaction 3.18. 

Co(NH3)gN02+ + Co2+ + g^Hg + NO (3.18) 

The dimethylglyoximate compound, on the other hand, is stable in aqueous 

solutions. It was proposed (173) that the release of NO is promoted by 

the coordination of the Co-containing by-product to basic groups of the 
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Figure 3,23. Optical spectrum of deoxyNO 

0.54 nfl Hr; [NOl/rHrl -4.0; 50 rtW phosphate, pH 6.5 
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Figure 3.24, Preparation of deoxyNO using an aqueous stock solution of 
NO; EPR spectra resulting after varying the length of time 
for which the NO solution is incubated prior to adding 
deoxyHr 

Spectral parameters: temperature, 4.2 K; frequency, 9.57 
GHz; power, 100 pM; modulation, 16 G; gain, 1 x 105; time 
constant, 0.2 s; 0.712 nW Hr; 0.724 rrM NO; 50 mm phos
phate, pH 6.5 
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protein according to reactions 3.19-3,21 

CofdmgHjgNO t CofdmgHjg + NO (3.19) 

CofdmgHjg + B + CofdmgHjgB B = His, Lys, Cys (3.20) 

Co(dmgH)2N0 + L + Co(dmgH)(L)NO L = Cys (3.21) 

The fourth method utilized (NO)BF^ as a source of NO, Nitric oxide 

was rapidly released upon addition of NO"*" to the pH 6,5 buffered protein 

solution. The color of the solution changed from colorless to pine-

green, indicating binding of NO to deoxyHr. Unfortunately, the protein 

rapidly became gelatinous, making further characterization impossible. 

Finally, when nitric oxide prepared from the one-electron reduction 

of sodium nitrite is added to deoxyHr, one obtains good yields of 

deoxyNO. While ascorbate, dithionite, hydroxylamine sulfate, or an 

acidic solution of ferrous sulfate all reduce nitrite to nitric oxide, 

further reduction (to N^O) occurs to an appreciable extent for all but 

ascorbate. This method, using ascorbate as the reductant, was employed 

when preparing i^NO from Na^^NO^. 

Overall, the best method found for preparing deoxyNO is the direct 

addition of gaseous nitric oxide to deoxyHr. At room temperature, the 

rate of reaction appears to be limited by the rate of dissolution of 

nitric oxide. For this reason and because of the instability of NO in 

aqueous solutions, nitric oxide is added gradually to the protein. 
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The reaction of deoxyHr with NO is not restricted to the species 

Phascolopsis gouldii. Figure 3.25 shows EPR spectra characteristic of 

deoxyNO obtained by addition of NO to either oxyHr (A) or deoxyHr (B) 

from Themiste dyscritum. 

2. Characterization of deoxyNO 

Four techniques were used to characterize this novel derivative: 

optical, EPR, Mossbauer, and resonance Raman spectroscopies. 

The visible spectrum (Fig. 3.23) of deoxyNO has a moderately in

tense peak at 408 nm, a broad, weak feature at 600 nm, and a shoulder at 

500 nm. Calculated extinction coefficients are shown in Table 3.12. 

Unlike oxidized Hr derivatives (Table 1.4 and Fig. 1.10), the spec

trum for deoxyNO lacks the characteristic bands between 300 and 400 nm. 

Features in. this region are indicative of 02- + Fe3+ charge transfer 

transitions of the w-oxo bridge. Therefore, deoxyNO does not appear to 

contain an Fe(III)-O-Fe(III) moiety. 

The electronic spectrum of deoxyNO shows a remarkable resemblance 

to the optical spectrum of Fe2+(EDTA)N0 (Fig. 3,14), Apparently, the 

two compounds have similar electronic environments. The similarity of 

the optical spectrum of deoxyNO to that of Fe2+(EDTA)N0, a mononuclear 

compound, suggests that nitric oxide is coordinated to only one iron of 

the binuclear pair of deoxyNO. In addition, the optical transitions do 

not arise form Fe-Og^^ LMCT transitions, since no such bridge is present 

in Fe2+(EDTA)N0. 

In the 57Fe-Mossbauer spectrum of deoxyNO (Fig, 3.26B), occurrence 

of two distinct quadrupole doublets having nearly equal areas also shows 
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Figure 3.25. Preparation of deoxyNO with Hr from Themiste dyscritum 

Spectra parameters: temperature, 4.2 K; frequency, 9.43 
GHz; power, 40 yW; modulation, 40 G; gain, 2.5 x 10%; time 
constant, 0.2 s; 1.53 itM Hr; [NO]/[Hr] = 2.61; 0.2 M Tris-
sulfate, pH 8 
A. deoxyHr 
8. deoxyNO prepared from deoxyHr 
C. deoxyNO prepared from oxyHr 
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Table 3.12. Extinction coefficients for deoxyNO® 

[Hr] 
(mM) 

[NO]/[Hr] 
408 nm 

e (M-icm-i) 
500 nm 600 nm 

0.534 3.2 949 562 407 

0.537 3.6 958 572 411 

0.203 4.5 1182 729 502 

0.286 8.0 1164 731 514 

0.233 4.9 1365 846 558b 

0.182 1.4 1071 661 461 

0.315 3.5 1292 813 578 

0.362 2.0 1238 776 533C 

average = 1150 710 500 

±140 ±100 ±60 

®pH 6.5; 50 rrM phosphate; room temperature. 

^0.1 M perchl orate. 

^0.1 M nitrate. 
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Figure 3,26, s^Fe-Mossbauer spectra for deoxyHr (A) and deoxyNO (B) 

Spectral parameters: zero applied field, 4.2 K 
A, crystalline suspension of deoxyHr 
B, solution of deoxyNO in 50 nW phosphate buffers at pH 

6.5 
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that nitric oxide interacts predominantly with only one iron of the 

binuclear pair. The outermost doublet exhibits an isomer shift ( 6) of 

1.23 mm/s and quadrupole splitting (aE^) of 2.64 mm/s at 100 K. These 

values are typical of high spin (S = 2) ferrous centers and are near the 

values for deoxyHr shown in Fig. 3.26A (g = 1.19 mm/s; aE^ = 2.81 mm/s). 

Parameters for the innermost doublet (5 = 0.68 mm/s and aE^ = 0.65 mm/s) 

are unlike those for low-spin {FeNO}? but similar to those for monomeric 

S = 3/2 {FeN0}7 (Table 1.22). Thus, NO appears to be bound as a termi

nal rather than bridging ligand in deoxyNO and coordination of NO does 

not cause high to low spin conversion of either iron. 

Assuming that NO is not bridging, there are three possible formal

isms for the oxidation states of the iron and NO within the {FeNO}? S = 

3/2 unit: Fe+NO+, Fe^+NO, Fe^+NO". To distinguish N0+ from NO", the 

N-0 stretching frequency is often used. Unfortunately, v(N-O) was not 

observed by either resonance Raman spectroscopy or FTIR for deoxyNO (or 

deoxyF"NO), Steric restrictions at the iron site are likely to favor a 

bent Fe-NO geometry as is the case for the FeO^ moiety of oxyHr (82) and 

bent {FeNO}? moieties are formulated as Fe3+NO-. 

At 4.2 K, all four components of the Mossbauer spectrum broaden 

(Fig. 3.27). Under similar conditions, the deoxyHr Mossbauer signal is 

not broadened (5). Thus, both sites contribute to the paramagnetic 

center. These results are consistent with a model in which high spin S 

= 2 Fe2+ is antiferromagnetically coupled to the S = 3/2 {FeNO}? site, 

leading to an = 1/2 ground state. 
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s^Fe-Mbssbauer spectra for a crystalline slurry of deoxyNO 
obtained in zero applied field (A) and in a 320 G parallel 
applied field (B) 

Spectral parameters: 4.2 K. In spectrum A, the greater 
intensity of the outermost peaks relative to the innermost 
doublet and, in spectrum B, the sharp doublet (0.5 mm/s 
and 2.5 mm/s) result from the presence of deoxyHr in the 
sample 
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The low temperature Mossbauer data suggest that nitric oxide, in 

providing an additional electron, converts the EPR-silent deo)(y into a 

paramagnetic state. This paramagnetism is verified by EPR spectroscopy. 

The X-band EPR signal obtained from frozen samples of deoxyNO is axial 

with g-values of 2.77 ± 0.02 and 1.84 ± 0.01 (Fig. 3.28 and Table 3.13). 

This signal is unique in two respects. First of all, the observed 

g-values are not like those observed for monomeric {FeN0}7 S = 3/2 units 

which have g-values at ~4.0 (g ) and ~2.0 (g ) nor do they resemble 

low-spin, S = 1/2 units which have signals with 2.1 > g , g , g > 1.8 
X y z 

(Table 1.21). Secondly, the signal is unusually broad both in compari

son with monomeric {FeNO}^ compounds and with other EPR-active Hr de

rivatives. Both of these features may be attributable to the proximity 

of a second paramagnetic center and support the idea that a ferrous site 

is antiferromagnetically coupled to the S = 3/2 {FeN0}7 site. Since, at 

most, only one of the active site irons is formally oxidized, antiferro

magnetic coupling of the irons occurs prior to formal oxidation of the 

second iron atom. 

Double integration of the EPR signal for deoxyNO against CuSO^ 

yields 0.913 ± 0.08 spins/2Fe (Table 3.13). Thus, conversion to the 

EPR-active center is quantitative. 

The saturation behavior of the EPR signal for deoxyNO is also dif

ferent from that of other Hr derivatives. At 4.2 K, the deoxyNO EPR 

signal saturates at lower powers than either (semi-met)Q or (semi-met)p 

(Fig. 3.29). 
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Figure 3.28. EPR spectrum for deoxyNO at 4.2 K 

Spectral parameters: temperature, 4.2 K; frequency, 9.42 
GHz; power, 40 pW; modulation, 40 G; gain. 2.5 x 104; time 
constant, 0.2 s; 3.40 mM oxyHr; [NO]/[Hr] = 10.0; 50 nM 
phosphate, pH 6.5 
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Table 3.13. Double integrations of the EPR signal for deoxyNO® 

[Hr] [N01/[Hr] 9, 9i %pmag 

1.88 3.6 2.791 1.828 82.0 

2.11 3.15 2.763 1.849 90.8b 

0.88 4.5 2.770 1.840 92.0 

0.79 1.42 2.739 1.846 89.5 

1.35 98.0 2.786 1.829 84.0^ 

9.30 6.69 2.754 1.837 lOld 

1.57 2.0 2.781 1.837 100® 

average = 2.77 1.84 91.3 

±0.017 ±0.008 ±6.7 

pmag = [spins]/[Hr] x 100%; pH 6.5; 50 nM phosphate, 

bo.59 M CN". 

^Sample prepared from oxyHr; NO prepared from reduction of nitrite 
with ascorbate. 

^0.3 M sulfate. 

®0.1 M nitrate. 



www.manaraa.com

Figure 3,29. Power saturation of the EPR signals obtained at 4.2 K for 
deoxyNO (A), (semi-met)d (B), (semi-met)m (C), and 
deoxyF-NO (D) 

Spectral parameters: frequency, 9.57 GHz (B and C) or 
9.42 GHz (A and D); modulation 40 6 (A and D) or 16 G (B 
and C); time constant, 0.2 s 
A, 4.65 irM Hr; [NO]/[Hr] = 5.1; 50 itM phosphate, pH 6.5; 

0.3 M sulfate 
B. 8.24 irM Hr; 4,39 mm dithionite; 50 nM phosphate, pH 

6.5 
Co 1.90 nW Hr; 1,66 iiM ferri cyanide; 50 nW Tris-

perchlorate, pH 8.0 
D. 2.72 itM Hr; 127 nf1 NaF; [N0]/[Hr] = 4.8; 50 nW phos

phate, pH 6.5; 0.3 M sulfate 
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From the slope of a plot of the haIf-saturation power as a function 

of temperature"^, the energy separation (A) between the = 1/2 

ground state and the lowest energy excited state can be determined (Fig. 

3.30). For deoxyNO, the value of A was found to be 70.3 ± 4.4 cm"i 

(Table 3.14). 

For binuclear compounds, the magnitude of A is a function of both 

the zero-field splitting energy (D) and the anti ferromagnetic coupling 

energy (J). If either D » J or D « J, the variable temperature data 

may be used to derive the values of D and J. Attempts to simulate the 

EPR spectra indicate that D ~ 0.32 J for deoxyNO and a straightforward 

separation of the values of D and J cannot be made. However, one calcu

lation assuming isotropic exchange between the S = 3/2 and S' = 1/2 

sites and including zero-field splittings for both sites (D = 17 cm"i 

and D' = -3.75 cm"^; E = 2 cm-i and E' = -1.25 cm"i) produced an = 

1/2 ground state with g-values (1.838, 1.845, 2.762) close to the ob

served values. From this calculation, the antiferromagnetic exchange 

coupling constant is predicted to be 20 cm-i. 

Occasionally, a weak EPR signal is observed near g = 4.0 in prepa

rations of deoxyNO. Such signals are observed for monomeric S = 3/2 

{FeN0}7 compounds (Table 1.21). In deoxyNO, therefore, this signal 

could arise from a form of Hr in which the coupling between the S = 2 

ferrous site and the S = 3/2 {FeNO}^ site has been eliminated, perhaps 

by the breakage of an Fe-Og^g bond (Fig, 3.31), 

Strong evidence that nitric oxide coordinates directly to iron 

comes from resonance Raman spectroscopy. The spectrum of deoxyNO col-
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Figure 3.30. Temperature dependence of the half-saturation power for 
deoxyNO 

Spectral parameters: frequency, 9.42 GHz; modulation, 40 
G; time constant, 0.2 s; 4.65 mM Hr; [NO]/[Hr] = 5.1; 50 
wM phosphate, pH 6.5; 0.3 M sulfate; g = 1.84 
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Table 3,14. Experimental determinations of a for deoxyNO® 

Y Y 
(cm-i) (cm"i) 

g = 1.84 

66.5 -0.997 76.4 -0.988 

83.0 -0.997 68.3 -0.999 

g = 2.78 

71.5 -0.996 64.5 -0.968 

85.0 -0.992 72.1 -0.995 

average = 76.5 ± 7.7 average = 70.3 ± 4.4 

®pH 6.5; 50 nM phosphate; correlation coefficient (7); a was 
determined using Eq. 2.2. 

^The best lines were drawn through each saturation plot by visual 
inspection. 

^Data in the nonsaturating region was averaged and data in the 
saturating region of the curves was fit by least-squares analysis to 
the best line. 
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Figure 3.31. Proposed structure for an NO derivative having an uncou
pled active site 
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Figure 3.32. Resonance Raman spectra for deoxyNO prepared with i^NiGQ 
(A), 15N160 (B), 14N180 (C), and in 0^0 (D) 

Spectral parameters: excitation wavelength, 647.1 nm; 
temperature, 90 K; power, 70-80 mW; scan rate, 2 cm"i/s; 
slit width, 8 cm"i 
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lected at 90 K with an excitation frequency of 647.1 nm is shown in Fig. 

3,32, The only salient feature of the spectrum not assignable to either 

solvent or internal reference bands is a broad mode centered at 433 

cm-i. Vibrational modes for N-0 stretches, expected to occur between 

1500 and 1900 cm'i (71), were searched for intensively but not detected. 

Also absent were features assignable to oxyHr, the starting material, 

which verifies the completeness of the binding of NO. 

At half-height, the 433 cm"i hand has a width of approximately 25 

cm-i. The width of this signal and the appearance of a shoulder on the 

low energy side of the peak, a feature that is most pronounced in the 

deuterated solvent, suggest that this feature has more than one compo

nent, Curve-fitting analysis showed two components (433 cm"i and 421 

cm-i) in a 3.3:1,0 area ratio. 

Table 3.15 and Fig, 3,32 display the effects of isotopic substitu

tion on the two frequencies. Downward shifts are observed with either 

15N0 or Ni®0 for both modes. The shift with ISNO indicates that the 

vibrations are affiliated with the exogenous ligand rather than with 

vibrations involving the metal-11 gating amino acids. The two bands are 

affected differently by DgO; the 421 cm~i band is shifted downward by 11 

cm-i while the 433 cmri band does not shift. 

The positions of and suggest assignments as v(Fe-NO), ô(Fe-

N-0), or Vg(Fe-OH-Fe). The range where v(Fe-NO) and 6(Fe-N-0) have been 

observed extends from -720 cm'i to ~290 cm'i (Table 1.23) (142,146). 

Symmetric bridging mode vibrations for oxidized Hr derivatives appear 
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Table 3.15, Resonance Raman data for deoxyNO at 90 K using 647,1 nm 
excitation® 

Isotope *2 Intensity Ratio 
(cm-i) (cm-i) 

itNieo 433 421 3.3:1.0 

15^160 426 415 2.6:1.0b 

ii+Niso 427 414 4,8:1.0C 

427 415 1.4:1.0d 

14N160 in D^O 433 410 5.0:1.0® 

®0.25 mm slit width; scan rate of 2 cmTi/s; 50 irW phosphate, pH 
6.5; 0.3 M sulfate; 10% Gaussian/90% Lorentzian fit; width at half 
height of 18 cm"i. 

^80% Gaussian/20% Lorentzian fit; width at half height of 20 cm"i, 

ci8o_bridged in Hgiso. 

diGQ-bridged in H^i^O. 

®30% Gaussian/70% Lorentzian fit; width at half height of 15 cm"i. 
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between 486 and 516 cm"i (Table 1.9) and it is expected that VgCFe(II)-

OH-Fe(II)] would appear at a somewhat lower frequency. 

To test whether or not the assignment as Vg(Fe-OH-Fe) was correct, 

samples were prepared in H^iGO from both iGQ-bridged deoxyHr (sample I) 

and 180-bridged deoxyHr (sample II). The frequencies for and Vg are 

identical to each other (Figs. 3.33A and 3.33B and Table 3.15). To 

assure that ISQ had not been incorporated into the bridge during prepa

ration of sample I, a portion of the sample was chemically oxidized with 

Fe(CN)g3~ and treated with sodium azide. The resonance Raman spectrum 

of the resulting metNg" had Vg(Fe-O-Fe) at 508 cm~i (Fig. 3.33C). Pub

lished values are 507 cm"i for i®0-bridged metN^" and 494 cm'i for the 

i80-bridged derivative (80), In addition, both bands are shifted when 

deoxyNO is prepared with is^ieo indicating the involvement of NO in both 

vibrations. All of these results show that the peaks in the resonance 

Raman spectrum of deoxyNO are not due to a symmetric Fe-OH-Fe bridging 

mode. 

With adducts of metmyoHr from Themiste zostericola, it was observed 

that incorporation of ^®0 into the oxo bridge is induced by subjecting 

samples to irradiation (174). This process is presumed to involve 

cleavage of the Fe-O^^Q bond. To show that such a photochemical trans

formation had not occurred with deoxyNO, the EPR spectrum of a portion 

of the deoxyNO sample was re-examined after being irradiated at 77 K for 

65 min (X^^ = 619.5 nm, 70 itM). The spectrum was found to be identical 

to that prior to laser irradiation (Fig. 3.34). Furthermore, there was 
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Figure 3,33. Resonance Raman spectra in H.iGQ for i^O-bridged deoxyNO 
(A), 180- bridged deoxyNO (Bj, and for metN " prepared 
from i®0- bridged deoxyNO (C) 

Spectral conditions: temperature, 77 K; excitation wave
leng th ,  647 ,9 nm (A and B) and 514 .5  nm (C);  scan ra te ,  2 
Cm"-^5 (A and B)  and  1 crn  - / s  (C / î  s l i t  w id th ,  8 cm -  (A 
and B) and 4 cm'i (C) 
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Figure 3.34. EPR spectra before and after irradiation (614.5 nm) of 
deoxyNO 

Spectral conditions: temperature, 4.2 K; frequency, 9.42 
GHz; power 40 yW; modulation,, 40 G; gain, 1.25 x 104; time 
constant, 0.2 s; 4.65 nW Hr; [NO]/[Hr] = 5.09; 50 nW phos
phate, pH 6.5; 0.3 M sulfate; irradiation at 77 K for 1 hr 
with 70 rrW power of light (614.5 nm) 
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no increase in the intensity of the g = 4 feature. Thus, the photochem

ical treatment of the sample did not alter the sample. 

Absence of resonance-enhancement of Fe-O-Fe bridging mode vibra

tions is in contrast to metHr derivatives but similar to deoxyHr and 

semi-metHrs. The Hr derivatives that exhibit resonance-enhanced bridg

ing modes also exhibit 02" + Fe^"*" LMCT bands between 300 and 400 nm. 

Since the optical spectrum of deoxyNO lacks any Fefllli-Og^^ bands, it 

is not surprising that resonance-enhancement of the bridging vibrations 

does not occur for deoxyNO. Thus, the optical bands arise from charge 

transfer between nitric oxide and iron rather than from charge transfer 

from either the hydroxo bridge or the endogenous ligands to iron. 

Preparation of deoxyNO in H^iBO shifts both vibrations relative to 

their positions in HgiGQ. Since i^O is not incorporated into the bridg

ing group, exchange must have occurred with the oxygen of the nitrosyl 

group. Indeed, Bonner has shown that in the presence of traces of 0^ 

(and hence NO^) facile exchange occurs between NO and H^^^O (171). It 

is likely that Og is initially present in the deoxyNO solutions since 

the samples were prepared by replacing 0^ from oxyHr with NO, 

Having shown that the two bands arise from vibrations of the Fe-N-O 

group, two assignments are possible. Either the two bands arise from 

v(Fe-NO) and 6(Fe-N-0) or else there are two conformations of the pro

tein that are detectable at 90 K. Some possible structures for these 

two forms are shown in Table 3.16. 

The occurrence of an equilibrium between two conformations has been 

suggested as an explanation for the temperature-dependent changes in the 
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Table 3.16, Possible structures leading to two Fe-NO stretching 
vibrations 

DgO shifted 0^0 unshifted 

Ci s t trans H h 

Deprotonation of _ 
the w-oxo bridge H X. ^ ^-0 

Uncoupling O 

H,0 molecule ^ 
H O  n  
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intensities of the Vg(Fe-O-Fe) bands in the resonance Raman spectra of 

metOH" (175). Structural changes analogous to those of either case 1 or 

case 4 have been proposed as an explanation for these changes. For this 

reason, the resonance Raman spectrum of deoxyNO prepared in D^O, which 

shows the clearest resolution of the two bands (Fig. 3.32D), was exam

ined at several temperatures. The results obtained between 90 K and 

249 K are summarized in Table 3.17. Within experimental error, there 

appears to be no temperature dependence. Although this does not elimi

nate the possibility that two forms of the protein may be present, it 

does show that if there are two species present, they are not in equi

librium between 90 K and 249 K. Consistent with the absence of two 

conformations for deoxyNO is the observation that the intensity ratio of 

the two frequencies is invariant, within experimental error, for three 

different preparations of deoxyNO in DgO. 

Assuming, then, that one vibration is a stretching mode and the 

other is a bending mode, one can attempt to assign and Vg. There are 

three ways in which one might differentiate between a stretching mode 

and a bending mode: 

(i) For substituted derivatives, stretching modes exhibit smaller 

shifts than bending modes (Table 1.23). 

(ii) The experimental frequency shift in 15^ for the stretching mode 

should compare favorably with the theoretical value calculated 

from the diatomic oscillator model while that for the bending 

mode should not. 
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Table 3.17. Variable temperature resonance Raman data for deoxyNO in 
DgO* 

T 
(K) 

*1 
(cm-1) 

"2 
(cm-1) 

Intensity Ratio Peak Widths 
(cm-1) 

90 432 414 5.0 1.0 14, 14b 

90 433 410 7.0 1.0 18, I5C 

90 432 413 5.0 1.0 13, 14d 

104 432 414 6.0 1.0 13, 13d 

163 432 410 5.4 1.0 18, I5C 

249 427 414 6.0 1.0 16, 16^ 

^Prepared from oxyHr; slit width of 0,25 mm; 1 cm~i/s; 10% 
Gaussian/90% Lorentzian fit; excitation at 647.1 nm. 

^2 cm-i/s. 

^30% Gaussian/70% Lorentzian fit. 

^Prepared from deoxyHr. 
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(iii) If the NO Ugand is protonated or hydrogen-bonded, then different 

shift patterns should occur in D^O for the stretching and bending 

vibrations. 

Stretching and bending vibrations have been observed for both 

{FeN0}6 and {FeN0}7 complexes (Table 1.23), For some compounds, the 

stretching mode appears at a higher frequency than the bending mode, 

while for other compounds the reverse ordering occurs. Quinby-Hunt and 

Feltham (142) observed that for i^N-substituted derivatives, the 

stretching modes shifted downward by a lesser amount than the bending 

modes (3 to 6 cm'i for the stretching modes vs. 9 to 15 cm"i for the 

bending modes). Thus, one way to distinguish the stretching mode from 

the bending mode might be from the magnitude of the shift for the ISN 

derivative. For deoxyNO, Vj^ and Vg shift downward by 7 and 6 cm"i, 

respectively. Thus, an unambiguous assignment of and Vg cannot be 

made for deoxyNO based on the magnitude of the iSN-isotope shift. 

A second way one might distinguish the stretching mode from the 

bending mode is by comparing the experimentally observed isotope shifts 

with those calculated from the diatomic oscillator model. If both 

and Vg are assumed to be stretching modes, the frequency shifts calcu

lated from the diatomic oscillator model for deoxyi^NiSQ are 424 cm"i 

and 412 cm"^ for Vj^ and v^, respectively. The experimental values 

(Table 3.15) are both higher in frequency. The corresponding numbers 

for deoxyiSNiGQ are 428 cm'^ (v^) and 416 cm"i (vg). Both of the ob

served vibrations appear at slightly lower frequencies. These calcula-
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tlons, thus, do not clearly distinguish which of the two modes is the 

stretching mode and which is the bending mode. 

Thirdly, the stretching and bending modes should be affected dif

ferently by deuterium substitution. Indeed, for deoxyNO, only the less 

intense Vg is shifted by deuterium substitution. If the oxygen atom of 

the NO ligand is either protonated or hydrogen-bonded, the bending mode 

should be affected by deuterium substitution to a greater extent than 

the stretching mode. This suggests that be assigned as v(Fe-NO) and 

V2 as 6(Fe-N-0), 

Finally, stretching vibrations are generally more intense than 

bending vibrations in resonance Raman spectra. The appearance of Vj and 

Vg in a ~3:1 ratio is consistent with the assignment of the higher fre

quency mode as the stretching vibration. 

On the basis of the latter two observations, the best interpreta

tion of the resonance Raman spectrum of deoxyNO, thus, assigns the two 

vibrations as v(Fe-NO) (433 cm"i) and ô(Fe-N-O) (421 cm"i). 

Two additional questions arise about the geometry of the Fe-NO 

site; 

(i) Is the geometry of the FeNO moiety linear (Fe+NO+) or bent 

(Fe3+N0-)? 

(ii) Is the NO ligand protonated or hydrogen-bonded? 

The M-NO stretching mode is sensitive to the geometry of the M-NO 

interaction (Table 1.23), Compounds having a bent M-NO geometry have 

their stretching frequencies below 500 cm"i [e.g., FefDASjgfNOjBr* and 

Fe(DAS)2(N0)(NCS)+ have v(Fe-NO) at 463 and 455 cm"!, respectively]» On 
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the other hand, for Fe(DMDTC)NO, a compound that has a linear M-NO ge

ometry, v(Fe-NO) occurs at 563 cm"i. Occurrence of v(Fe-NO) at 433 cm"i 

for deoxyNO, thus, supports a structural model in which the M-NO unit is 

bent. 

A second argument consistent with the MNO unit having a bent geome

try is the absence of a reaction between CO and deoxyHr (176). For CO 

compounds, only linear coordination has been observed. The inability of 

deoxyHr to bind CO suggests that steric hindrance at the active site 

disfavors a linear coordination mode. Steric hindrance at the active 

site has been documented by x-ray crystallography for metN^". Thus, for 

deoxyNO a bent coordination geometry (similar to that observed for 

oxyHr) is favored over a linear coordination geometry and an Fe3+N0-

formalism is appropriate. 

It is not possible to provide a definite answer to the second ques

tion. However, by analogy to the oxyHr structure, it is likely that the 

DgO shift arises from a hydrogen-bonding interaction. Because HNO-

ligated model compounds are rare, the hydrogen atom is likely to be more 

tightly bound to the oxo bridge than to the nitrosyl ligand. On the 

basis of these studies, the structure shown in Fig. 3.35 is proposed for 

deoxyNO. 

The resonance Raman spectra obtained for samples prepared by dis

solving crystalline deoxyHr in 0^0 give results identical to those pre

pared by diluting a concentrated solution of oxyHr with 0^0 (Table 

3.17). Scheme 3.2 shows a possible route for the incorporation of deu

terium from the solvent into deoxyNO. 
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Since deuterium incorporation took only several hours and incorpo

ration of solvent-derived into the y-hydroxo bridge of deoxyHr takes 

several days, different mechanisms must be involved for the two proc

esses. That is, rupture of an Fe-OQ^g bond is involved with 180-

incorporation into the u-hydroxo bridge but not in the incorporation of 

deuterium into the bridge. 

3. Preparation and characterization of deoxyP'NO 

Addition of nitric oxide to deoxyHr in the presence of fluoride 

leads to formation of a highly stable green-colored product (deoxyP'NO). 

In the optical spectrum (Fig. 3.36) of deoxyF"NO, there are broad peaks 

at 450 and 590 nm along with a shoulder at 340 nm. These compare with 

transitions at 500 nm, 600 nm, and 408 nm, respectively, for deoxyNO. 

All three transitions appear at higher energies for deoxyF'NO than for 

the corresponding transitions in deoxyNO. 

Estimates of the extinction coefficients for deoxyF"NO at 340 nm, 

450 nm, and 590 nm are displayed in Table 3.18. The magnitudes of the 

extinction coefficients exceed those for the corresponding transitions 

in deoxyNO. Nevertheless, the extinction coefficients are appreciably 

less than those for either semi-metHrs or metHrs. Accordingly, it is 

likely that the reaction of nitric oxide with deoxyF" results from bind

ing of nitric oxide without oxidation of the binuclear center. 

Addition of nitric oxide to deoxyF" is expected to produce a para

magnetic derivative. The EPR spectrum of this new adduct (deoxyF~N0) is 

axial with g^ = 2.58 ± 0.01 and g^ = 1.80 ± 0.01 (Fig. 3.37A) and ex

tends from 2500 to 5000 G. At 4.2 K, the deoxyF"N0 signal has a half-
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Figure 3.36. Optical spectra of deoxyNO, deoxyF'NO, and Fe2+(EDTA)N0 in 50 itW phosphate buffer 
at pH 6.5 
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Table 3.18. Estimated extinction coefficients for deoxyF~NO® 

[Hr] 
(mM) 

[F-]/[Hr] [NO]/[Hr] 
340 nm 

e (M-lcm-1) 
450 nm 590 nm 

0.283 45.8 12.7 2590 1150 73lb 

0.283 45.8 12.7 2710 1160 710C 

0.190 628 2.34 3290 1430 900 

0.254 62.3 3.10 2520 1220 768 

0.453 46.7 4.83 2390 967 596 

average = 2700 1190 760 

±350 ±166 ±110 

®50 nM phosphate; pH 6.5, 

biSNO. 

^~24 hrs after preparation of deoxyF~NO; sample stored at 4°C un
der argon. 
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Figure 3,37. EPR spectra for deoxyNO at 37 dB (A), deoxyF~NO at 37 dB 
(B), and deoxyF'NO at 15 dB (C) in 50 mM phosphate buffer 
at pH 6.5 

Spectral conditions: temperature, 4.2 K; frequency, 9.42 
- GHz; modulation, 40 G; gain, 5 x lO*» (A), 8 x 10*» (B), or 

8 X 103 (c); time constant, 0.2 s 
A. 1.40 mM Hr; 2.01 mM NO 
B. 3.11 mM Hr; 142 nW F"; [NO]/[Hr] = 9.5; 0.3 M sulfate 
C. 3.25 nM Hr; 644 mM NaF; [NOl/CHrl = 4.6; 0.3 M 

sulfate 
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saturation power of 12 dB (Fig. 3,29). The g-values and the shape of 

this signal are similar to those of deoxyNO, which suggests that 

deoxyF'NO also contains a high-spin ferrous center that is antiferromag-

netically coupled to an S = 3/2 {FeN0}7 site, 

A sharp radical signal with its main g-value at 2.03 is observed 

when low microwave power (37 dB) is used to record the EPR spectrum 

(Fig. 3.37B). In contrast to the signal for deoxyF"NO, the g = 2.03 

signal is easily saturated (P^/g ^ 35 dB) and at higher powers (15 dB), 

the g = 2.03 signal is not observed (Fig. 3.37C). Both the sharpness of 

the signal and the readiness with which it is saturated suggest that the 

g = 2.03 signal is not a metal-derived signal. 

The STpe-Mossbauer spectrum for deoxyF'NO (Fig. 3.38) confirms that 

each subunit contains one high-spin Fe2+ (S = 2) site (g = 1.23 mm/s; 

AEq = 3.04 mm/s) and one S = 3/2 {FeN0}7 site (fi = 0.75 mm/s; = 1.02 

mm/s). The ratio of the area of the ?e^* signal to the area of the S = 

3/2 {FeN0}7 doublet is 1.12, indicating that there are only two types of 

iron present. Because of the paramagnetic nature of deoxyF'NO and be

cause the two iron sites are antiferromagnetically coupled to each 

other, both doublets are broadened in the low temperature (4.2 K) 

Mossbauer spectrum (Fig. 3.39). 

Table 3.19 shows the double-integrations of the deoxyF"NO signal. 

The best results account for no more than 50% of the total protein. 

Because the saturation properties for the EPR signal of deoxyF'NO are 

quite different from the saturation properties of the standard, CuSO^, 
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Figure 3.38. sTpe-Mossbauer spectrum for deoxyF-NO in zero field at 100 K 

9.75 nW Hr; 644 nM fluoride; [NO]/[Hr] = 4.61; 50 nW phosphate, pH 
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Figure 3.39. 57Fe-Mossbauer spectra at 4,2 K for deoxyF~NO in a 320 G 
parallel (A) or perpendicular (B) applied field 

9.75 nW Hr; 644 mM fluoride; [NOD/CHr] = 4.61; 50 nM phos
phate, pH 6,5 
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Table 3.19. Double integrations of the EPR signal for deoxyF"! NOa 

[Hr] 
(mM) 

[F-]/[Hr] [NO]/[Hr] Timeb 
(min) 

% pmag 9, 9l 

3.11 45.8 9.50 8 46.6 2.580 1.801 

3.11 45.8 9.50 43 48.7 2.594 1.799 

3.11 45.8 12.7 202 37.9 2.578 1.796C 

3.25 198 4.61 38 39.1 2.572 1.822 

average = 2.58 1.80 

±0.008 ±0.010 

®pH 6.5; 50 tiW phosphate; 0.3 M sulfate; % ptnag = [spin]/[Hrl x 
100%. 

^Measured relative to the time at which fluoride was added to 
deoxyHr. 

ciSNO. 
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the quantitations obtained from the double integration of the EPR signal 

are not very reliable. 

Despite the results from the double integrations, several observa

tions indicate that the formation of deoxyF"NO is near quantitative. 

First of all, the extinction coefficients calculated assuming complete 

formation of deoxyF"NO are similar in magnitude to those for deoxyNO. 

If the reaction were not complete, one would expect the extinction coef

ficients to be significantly less than those for deoxyNO. Secondly, 

only one metal-centered species is observed by EPR spectroscopy. Any 

other components in these solutions must be both colorless and EPR si

lent. Both deoxyHr and deoxyF" satisfy these criteria. However, the 

Mossbauer spectrum shows only the two components expected for deoxyF"NO, 

and the ratio of the areas of the two doublets is very nearly 1.0. 

Clearly, there is only one species present in the deoxyF'NO sample and 

the binding of NO to deoxyF" is near quantitative. 

To further verify the completeness with which NO binds to deoxyF", 

attempts were made to increase the yield by varying the fluoride incuba

tion time, the reaction time, or the amounts of either F" or NO. The 

binding of fluoride to deoxyHr is rapid and, thus, increasing the incu

bation time prior to NO addition did not enhance the yields of deoxyF"NO 

(Table 3.19). Neither increasing the fluoride concentration from a 

45-fold excess to a 200-fold excess nor increasing the amount of NO lead 

to greater yields of deoxyF"NO (Table 3.19). Furthermore, a sample 

frozen nearly 24 hrs after adding NO accounts for as much Hr as that 
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frozen several minutes after NO was added (Table 3.18), indicating that 

the presence of fluoride has increased the stability of the NO adduct. 

DeoxyF"NO was also characterized by resonance Raman spectroscopy 

(Fig. 3.40). Only one peak (v = 420 cm"i) is observed when the reso

nance Raman spectrum is obtained with 647.1 nm light. Neither vibra

tions for Fe-F-Fe, which should appear near 700 cm'i, nor N-0 stretching 

modes are resonance enhanced. 

The results of isotope substitution experiments are summarized in 

Table 3.20. The frequency shift with ISNO indicates that the band at 

420 cmri involves the nitric oxide ligand and, by analogy to deoxyNO, 

nitric oxide is apparently coordinated terminally to one iron of the 

binuclear pair. Since stretching modes are generally more intense than 

bending modes, assignment of the band as Vg(Fe-NO) is preferred to as

signment as 6(Fe-N-0). 

The presence of fluoride clearly produces a nitric oxide adduct of 

deoxyHr that is different from the adduct formed in the absence of fluo

ride. Because the optical, EPR, Mossbauer, and resonance Raman spectra 

for deoxyF"NO differ from the corresponding spectra of deoxyNO, fluoride 

must be coordinated at or near the binuclear center. Two possible 

structures are shown in Fig. 3.41. While structure II in which there is 

a hydrogen-bonding interaction between hydrogen fluoride and the hydroxo 

bridge cannot be disregarded, structure I, which proposes that a p-

fluoro bridge has replaced the y-hydroxo bridge, is favored. 

Two major differences between the EPR spectra of deoxyNO and 

deoxyF"NO support the proposed p-fluoro bridged structure. First of 
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Figure 3.40. Resonance Raman spectra of deoxyNO (A) and deoxyF"NO (B) 
prepared with I'+Ni^O 

Spectral conditions: temperature, 77 K; excitation wave
length, 647.1 nm; scan rate, 2 cm"i/s; power, 100 nW; slit 
width, 8 cm"i 
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Table 3.20, Resonance Raman data for deoxyF"NO at 
90 K using 647.1 nm excitation® 

Isotope Frequency 
(cm-i) 

14N0 420b 

ISNO 416C 

DgO 42ld 

®50 itM phosphate; 0.3 M sulfate; pH 6.5; 2 
cm-i/s; 100 tnW; 3.11 nfl Hr; 142 nW F". 

b[NO]/[Hr] = 9.50. 

C[NO]/[Hr] = 12.7. 

^5.52 m Hr; 534 mM F"; [NO]/[Hr] = 14.3. 
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Figure 3.41. Possible structures of deoxyF"NO 
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all, the EPR signal for deoxyF"NO is significantly broadened relative to 

that of deoxyNO and secondly, the signal for deoxyF"NO is much more 

difficult to saturate (P^/g " 35 dB and 12 dB for deoxyNO and deoxyF'NO, 

respectively). Broadening could result from interaction of the iron 

center with a isp nucleus (I = 1/2). The ease with which the deoxyNO 

signal saturates compared to deoxyF~NO indicates that the energy separa

tion between the ground state and the lowest-lying excited state is 

smaller for deoxyF"NO than for deoxyNO, This could result if the anti-

ferromagnetic exchange coupling is weaker in deoxyF"NO than in deoxyNO, 

which is consistent with replacement of the hydroxo bridge of deoxyNO 

with a u-fluoro bridge for deoxyF"NO. 

FegFg * ^HgO provides a precedent for the occurrence of an Fe2*-F-

Fe3+ unit. X-ray crystallography (177) shows that the Infinite array 

contains chains of fluoride bridged ferric ions [d(Fe3+-F) = 1.94 A; 

LFe^^-F-Fe^"'' = 145.7°] that are linked to ferrous ions via fluoride 

bridges [d(Fe2+-F) = 2.05 A; LFe2*-F-Fe3+ = 136°]. These Fe-F distances 

do not differ significantly from those of Fe-0_ In metN," (Table 1.1). 

Thus, it should be possible for there to be a y-fluoro bridge in 

deoxyF"NO. 

Magnetic susceptibility measurements for the discrete binuclear 

complexes having a monofluoro bridge, C(TA)^M^F](BF^)^ (M = Cu, Co), 

provide a gauge for determining the strength of the coupling through a 

p-floro bridge (178), For the copper(II) and cobalt(II) complexes, 

antiferromagnetic coupling constants (-J) of 200 and 70 cm"i, respec

tively, were reported (178), In both compounds» the MFM units are es-
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sentlally linear (LCu-F-CU = 178®). For deoxyF"NO, the Fe-F-Fe angle is 

likely to be significantly less than 180®. If one assumes an Fe-Fe 

separation that is comparable to that of metN^" (3.30 A) and uses the 

Fe^^-F and Fe^*-F bond distances for Fe^Fg • EH^O, one obtains a value 

of 111® for the Fe^+.p-Fe^"*" angle. This decrease in the Fe-F-Fe angle 

is expected to result in significantly weaker coupling between the 

irons. 

One further result that suggests that the iron atoms are bridged by 

fluoride in deoxyF"NO is the absence of a shift in the position of v(Fe-

NO) when deoxyF"NO is prepared in D^O (Table 3.20). To verify that the 

lack of a shift in OgO did not arise from failure of deuterium to ex

change with the hydroxo bridge, the deoxyHr crystals were equilibrated 

in DgO for 24 hours before they were used to prepare the deoxyF~NO sam

ple. Since identical resonance Raman spectra were obtained for deoxyNO 

prepared from deoxy in D^O (1 hr incubation time) and for deoxyNO pre

pared from oxy crystals dissolved in DgO, 1 hr is a sufficient time for 

the deuterium exchange reaction to be completed. Thus, the absence of a 

DgO affect on the frequency of v(Fe-NO) is consistent with replacement 

of the y-hydroxo bridge of deoxyNO with a y-fluoro bridge for deoxyF"NO, 

That fluoride and nitric oxide occupy different coordination sites 

is supported by the observation that the best route for preparation of 

deoxyF-NO involves addition of fluoride before the addition of NO. 

Addition of 0,1 M F" to deoxyNO partially bleaches the color of the 

solution (Fig. 3.42A). Similarly, the intensity of the EPR signal for 

deoxyNO is diminished and replaced by that for deoxyF"NO (Fig. 3.428). 
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Figure 3.42. Optical (A) and EPR (B) spectra for the addition of excess 
NaF to deoxyNO 

Spectral parameters: temperature, 4.2 K; frequency, 9.42 
GHz; power, 40 yW; modulation. 40 G; gain, 5 x 10*+; time 
constant, 0.2 s 
A. 0.375 nM Hr; 28.5 nW NaF; [NO]/[Hr] = 4.4; 50 nW phos

phate, pH 7.0; 0.15 M sulfate 
B. 1.40 tiW Hr; 495 nM F"; [NO]/[Hr] = 1.44; 50 irM phos

phate, pH 6.5 
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Thus, the solution is a mixture of deo^yF" and deoxyF"NO, This result 

implies that fluoride may replace NO at its terminal site when OH" is 

bridging. Based on these observations, a possible mechanism for forma 

tion of deoxyF"NO is shown in Scheme 3.3. 

Scheme 3,3: 

According to Scheme 3.3, fluoride ion effectively labilizes the hy-

hydroxo bridge toward substitution. The strong tendency for the iron 

atoms to retain a bridging group favors formation of a y-fluoro bridge. 

Nevertheless, one is lead to wonder whether or not a magnetically uncou

pled derivative lacking a bridging group might be prepared using 

fluoride. 

E. Attempts to Prepare a Nitric Oxide Adduct of Methemerythrin 

The fully oxidized form of Hr, metHr, is unreactive toward molecu

lar oxygen. Although nitric oxide adducts of iron (I I) are more common 

than adducts with iron(III), the latter are not unknown. It is possible 

that the reaction of NO with semi-metHr occurs with the ferric site of 

the binuclear center. If this is the case, preparation of a nitric 

oxide adduct of metHr should be possible. Four approaches were used in 

attempting to prepare metNO. 

(i) Direct addition of nitric oxide to an anaerobic solution of 

metHr. 
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(il) Transfer of nitric oxide in situ from either Co(NHg)gN02+ or 

CofdmgHjgNO to metHr. 

(iii) Reduction of the bound nitrite ligand of metNO^- without reduc

tion of the metal site. 

(iv) Oxidation of the metal center of semi-metNO without oxidation of 

the coordinated ligand. 

In 50 irM phosphate (pH 6.5), no changes in the optical spectrum of 

metHr are observed upon addition of a 4,7-fold molar excess of nitric 

oxide to an anaerobic solution of metHr (Fig. 3.43A). After a 10 minute 

incubation period, a 67-fold molar excess of sodium azide was added. 

The optical spectrum that results (Fig. 3.43B) is that of metN^". Quan

titation of this spectrum shows that 89% of the protein is at the met 

oxidation level. 

It was reported by Brudvig et al. (170) that a one-electron reduc

tion of cytochrome oxidase occurs when both NO and Ng" are added to the 

fully oxidized state of the protein (reaction 3.11). 

Fe(III)Cu(II) + NO + N3" > Fe(II)NO Cu(II) + NgO + Ng (3.22) 

If an analogous reaction occurs with metHr, the Hr-containing product 

should be an EPR-silent NO adduct of semi-metHr (reaction 3,23). 

FedlDg + NO + N3' + Fe(II)NO Fe(III) + N^O + Ng (3.23) 
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Figure 3.43. Optical spectra before (A) and after (B) the addition of excess azide to metHr 
incubated in NO for 5 min 

0.133 nM Hr; 0.624 nM NO; 8.85 nW azide; 50 nW phosphate, pH 6.5 
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The EPR spectra obtained for samples frozen before and after addi

tion of azide provide even more convincing evidence that there is no 

direct reaction between metHr and NO either before or after addition of 

azide. One would expect to observe an EPR signal for metNO, since the 

latter should possess an odd number of electrons. As Fig. 3,44 shows, 

no such signal is produced. 

Either Co(NHg)5N02+ or Co(dmgH)gNO were used in an attempt to 

transfer NO to metHr. When CofdmgH^gNO is added to an anaerobic solu

tion of metHr (50 rrM phosphate at pH 7.5), no optical changes occur. 

Immediately upon addition of Co(NHg)gN02+ to 50 mM phosphate buffer 

(pH 7.5), vigorous bubbling is observed and a lilac precipitate forms. 

The colorless supernatant, which contains dissolved NO, does not react 

with an anaerobic solution of metHr. Furthermore, if metHr is added di

rectly to the solid reagent, no reaction is observed when equimolar 

amounts of Hr and NO are present. With a 61-fold molar excess of 

Co(NHg)gN02+, the protein solution turns a deep brown color. Only a 

broad signal arising from Co(II) is observed by EPR spectroscopy. Since 

the brown-colored product is not EPR-active, it is probably semi-metNO 

rather than metNO. Reactions 3.24 to 3.26 show one route that could 

lead to production of semi-metNO. 

CoCNHgigNoZ* 4. Co2+ + 5NH3 + NO (3.24) 

met + Co 
2+ 

+ semi-met + Co 
3+ 

(3.25) 
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gure 3.44. EPR spectra for the addition of excess NO to metHr 

Spectral parameters: temperature, 4.2 K; frequency, 9.57 
GHz; power, 100 yW; modulation, 16 G; gain, 8 x 104; time 
constant, 0.2 s; times measured relative to the addition 
of azide; samples were incubated with NO for 5 min before 
adding azide; 1.46 nW Hr; [NO]/[Hr] 4.7; 97.4 n#i azide; 50 
mM phosphate, pH 6.5; the zero time spectrum was obtained 
before the addition of azide 



www.manaraa.com

241 

semi-met + NO + semi-metNO (3,26) 

The third preparative method was an attempt to preferentially re

duce the coordinated nitrite ligand without altering the oxidation state 

of the metal site (reaction 3,27). 

metNOg" + Asc" + metNO + dehydroasc" (3.27) 

Ascorbate, while it reacts with free nitrite to produce NO, will not 

reduce metHr when present in a 20-fold molar excess at pH 6,5. No reac

tion occurs when ascorbate is added to an anaerobic solution of metNO^" 

([met]:[ascorbate]:[nitrite] = 1:10:20). 

The fourth approach was an attempt to prepare metNO by oxidizing 

semi-metNO (reaction 3.28). 

semi-metNO + Fe(CN)g^" + metNO + Fe(CN)g^" (3.28) 

Since semi-metNO and Fe(CNg)'*" are not detectable by EPR spectroscopy 

and metNO is expected to give rise to an EPR signal, EPR spectroscopy 

was used to determine whether a reaction occurred. Figure 3.45 shows 

the time course for the reaction of (semi-met)QNO with ferricyanide. 

New EPR signals are not observed. Thus, once again, there is no evi

dence that a metNO derivative can be prepared. 
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Figure 3.45. EPR spectra for the reaction between (semi-met)qNO and 
ferricyanide 

Spectral parameters; temperature, 4.2 K; frequency, 9.42 
GHz; power, 100 yW; modulation, 16 G; gain, 4 x 10%; time 
constant, 0.2 s; 1.58 nM Hr; 4.60 nW ferricyanide; [NO]/ 
[Hr] = 4,7; 50 nW phosphate, pH 6.5; 0.2 M sulfate; signal 

~ at g = 2.72 belongs to ferricyanide 
A. (semi-met )q 
B. spectrum immediately after addition of NO to 

(semi-met)Q 
C. 2 minutes after addition of ferricyanide to (semi-

met)oNO 
D. 360 minutes after addition of ferricyanide to (semi-

met )qN0 
E. addition of NaN^ (s) to a portion of the sample used 

to obtain spectrum D 
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F. Reactions of DeoxyNO 

Based on their proposed structural similarity, oxyHr and deoxyNO 

might be expected to exhibit similar reactivity patterns. By comparing 

the reactions of oxyHr and deoxyNO, an assessment can be made of the 

relevance of deoxyNO as an analog for the proposed superoxide intermedi

ate of oxygenation. The reactions studied address four questions: 

1. Is nitric oxide binding reversible? 

2. Is deoxyNO stable with respect to auto-oxidation? 

3. Is the bridge labile to substitution? 

4. Is it possible to disrupt the magnetic coupling between the 

irons in deoxyNO? 

1. Reversibility of NO binding 

The physical characterization of deoxyNO is consistent with an 

Fe(II)Fe(III)NO~ oxidation state formalism for deoxyNO. The reaction of 

deoxyHr with NO, like that with oxygen, may be viewed as an oxidative 

addition reaction (reaction 3.29). 

Fe(II)Fe(II) + NO Î Fe(II)Fe(III)NO" (3.29) 

If NO binding results in the irreversible oxidation of one of the irons 

of the binuclear pair, then the reactivity of deoxyNO should parallel 

that of semi-metHr (Scheme 3.4A). This is the net reaction that should 

occur if deoxyNO undergoes an auto-oxidation process. However, if ni

tric oxide binds reversibly to the iron site, then the reactivity of 

deoxyNO should parallel that of deoxyHr (Scheme 3.48). 
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Scheme 3,4A: Irreversible oxidation 

Fe(II)Fe(III)NO' Fe(II)Fe(III) + NO' 

Scheme 3.4B; Reversible oxidation 

Fe(II)Fe(III)NO' t Fe(II)Fe(II) + NO 

Five experiments were used to demonstrate that the binding of NO to 

deoxyHr is a reversible process: 

(i) The reaction of deoxyNO with dithionite. 

(ii) The reaction of deoxyNO with oxygen. 

(iii) Oxidation of deoxyNO with ferricyanide. 

(iv) Oxidation of deoxyNO with nitrite. 

(v) The reaction of deoxyNO with monovalent anions. 

The reaction of deoxyNO with sodium dithionite was used to show 

that NO can be removed from deoxyNO, After ~90 minutes, the green color 

of the solution of deoxyNO had almost completely disappeared (Fig. 

3.46). The resulting solution was pale yellow and reacted with oxygen 

to produce oxyHr, the major product was identified as deoxyHr (Fig. 

3.46C). Loss of the EPR signal of deoxyNO (Fig. 3,47) parallels the 

bleaching of the green color from the solution. The reaction between 

nitric oxide and dithionite occurs with a rate constant of 1.4 x 103 

M-is"i (20°C, pH 7.0, 50 nW phosphate) (153), Thus, this reaction can 

be viewed as a method for trapping NO rather than as a redox reaction 

between dithionite and the binuclear site. 



www.manaraa.com

2.0 

0.7 

1.5 

o 
S 0.5 
xi 
o 
a 
< 

1.0 

0.3 

0.5 

0.1 

700 600 500 400 
Waveienoth (nm) 

Figure 3.46. Optical spectra for the reaction of deoxyNO with sodium dithionite 

0.535 itM Hr; 0.217 nM dithionite; [NO]/[Hr] = 3.6; 50 tiM phosphate, pH 6.5; spectra 
recorded before addition of dithionite (A), 54 min after adding dithionite (B), 
and after bubbling oxygen into the solution for sample B (C) 
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gure 3.47. EPR spectra for the reaction between deoxyNO and sodium 
dithiomte 

Spectral conditions: temperature. 4.2 K; frequency. 9.56 
GHz; power, 40 yW; modulation, 40 6; gain, 4 x 10%; time 
constant, 0^ s; 1.76 nM Hr; 3.18 fiM dithionite; [NO]/[Hr] 
= 3.64; 50 mM phosphate, pH 6.5 ^ 
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For the latter four experiments, the reagents used undergo well-

characterized reactions with deoxyHr. These further confirm that the 

binding of NO is a reversible process. 

When oxygen is bubbled into a solution of deoxyNO, an 89% yield 

(based on quantitation of the optical spectrum) of oxyHr is obtained. 

This reaction also is consistent with dissociation of NO, the reversible 

pathway, rather than NO" (reaction 3.30). 

DeoxyNO Î Oeoxy T Oxy (3.30) 

DeoxyNO and Fe(CN)g'^"" were reacted in a 1:1 mole ratio for 2 1/2 

hours, after which time the composition of the solution was analyzed by 

addition of a 29.4-fold excess of sodium azide. The shape of the opti

cal spectrum indicates formation of rretN^" in a 63% yield. If deoxyNO 

were reacting by dissociation of NO" (Scheme 3.4A), the yield of metNg" 

should have been much higher since only one equivalent of ferricyanide 

would be needed for quantitative oxidation of semi-metHr to metHr. On 

the other hand, decomposition by loss of NO produces deoxyHr (Scheme 

3.48) and, therefore, a 50% yield of metHr is expected. The 63% yield 

is, therefore, consistent with the decomposition occurring predominantly 

according to Scheme 3,4B. 

When the reaction of ferricyanide with deoxyNO is followed by EPR 

spectroscopy (Fig. 3,48), the EPR signal of deoxyNO is no longer ob= 

served after a 47 minute reaction period. Only a small amount of semi-
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Figure 3.48. EPR spectra for the reaction of deoxyNO with one equiva
lent of ferricyanide 

Spectral parameters: temperature, 4.2 K; frequency, 9.57 
GHz; power, 40 yM; modulation, 40 G; gain, 8 x 10%; time 
constant, 0.2 s; 1.11 nW Hr; 1.10 trM ferricyanide; [NO]/ 
[Hr] = 5.92; 50 nfi phosphate. pH 6.5 
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metNj" is observed in an EPR sample frozen 77 minutes after the addition 

of sodium azide. Thus, the oxidation product is metN^", 

Within 20 minutes after the addition of a 50-fold molar excess of 

NaNOg to deoxyNO, the solution becomes a dark brown color. At this 

time, less than 10% of the protein is in a paramagnetic state (Fig. 

3,49). These observations suggest that the immediate product of the 

oxidation of deoxyNO by nitrite is semi-metNO. This reaction is fol

lowed by the slow generation of an EPR signal that is identical to that 

of semi- metNOg" (Fig. 3.49). Thus, the reaction of deoxyNO with ni

trite parallels the reaction of deoxyHr with nitrite, suggesting that 

deoxyHr is an intermediate in the reaction between deoxyNO and nitrite. 

Nitrite is the only monovalent iron-ligating anion that has been 

found to promote the auto-oxidation of deoxyNO, The ligands that were 

used fall Into two groups based upon their reactivity with deoxyNO, 

Azide, cyanate, and fluoride (0,1 M for ~2,0 tiM Hr), anions known to 

bind to deoxyHr, bleach the color of deoxyNO within minutes after being 

mixed (Fig. 3.50). Contained in the second group are anions that 

neither hinder formation of deoxyNO nor react with deoxyNO. Included in 

this group are CI", Br", I", SCN", and CN". Figure 3.51 shows the EPR 

spectra obtained for ligands representative of both groups. 

Within the first group of ligands, azide is unique in that in addi

tion to bleaching the deoxyNO color, the product exhibits an EPR signal 

with g-value at 12,3. Such a signal was previously observed for 

deoxyNg" (6). Thus, In the case of azide, cyanate, and fluoride, the 

colorless products are ligand adducts of deoxyHr. As suggested by Raem 
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Figure 3.49. Time course for the decomposition of deoxyNO with and 
without excess nitrite 

A. deoxyNO: 0,79 nW Hr; [NO]/[Hr] = 1,4; 50 nW phos
phate, pH 6,5 

B. deoxyNO + NO^": 0.88 irW Hr; [NO]/[Hr] = 4.5; 45.6 mM 
nitrite; 50 mM phosphate, pH 6.5 
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Figure 3,50. Optical spectra for the reaction of deoxyNO with excess azide (—) or cyanate 
(...) 

0.487 itM Hr; 114 irM NaNg or 114 nW KOCN; 50 nW phosphate; pH 6.5; spectra were 
recorded within 5 minutes after the addition of Hr to either NaNg or KOCN 
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Figure 3.51. EPR spectra for the reaction of deoxyNO with monovalent 
anions 

Spectral parameters: temperature, 4.1 K; frequency, 9.57 
GHz; power, 40 uW (A, B, and D) and 100 yW (C); modula
tion, 40 G; gain, 8 x lO*»; time constant, 0.2 s; 2.11 mM 
Hr; [N0]/rHr] = 3.1; 50 mM phosphate, pH 6.5 



www.manaraa.com

254 

and Solomon (6), the structure of these adducts likely contains hydrox

ide bound to only one iron rather than as a bridging group (I). 

H H 

/V 
Fe _ ^ Fe -—» Fe _Fe 

o" L 

Fe Fe 

DeoxyNO Deoxy DeoxyL- L" = Ng", OCN", F' 

I 

The reaction of deoxyN^' (prepared from deoxyHr with an 1800-fold 

excess of sodium azide) with oxygen is shown in Fig, 3.52, This reac

tion produces metNj" without the development of an isosbestic point as 

was observed during the reaction of oxyHr with azide (Fig, 3.53), 

When nitric oxide is added to a solution of deoxyN^", oxidation 

does not occur to a significant extent (Fig, 3.54). The weak signal 

near 3500 G arises from a small amount of semi-metN^". Since the inten

sity of the EPR signal for deoxyis not significantly altered, NO 

does not appear to react with deoxyN^". 

Thus, like oxygen-binding, the binding of nitric oxide is a revers

ible reaction. 

2, Affinity constant for the binding of NO to deoxyHr 

The affinity constant for the binding of NO to deoxyHr was esti

mated by equilibrium measurements in which various ratios of azide and 

nitric oxide were added to deoxyHr, The equilibrium between deoxyN^-

and deoxyNO (reaction 3,31) 
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Figure 3.52. Optical time course for the reaction of deoxyN^- with oxygen 

0.173 m Hr; [Ng-]/[Hr] = 1780; 50 nW phosphate, pH 6.5; spectra recorded at 15 min 
intervals; last S|Dectrum after 21 hours 
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Figure 3.53, Optical time course for the reaction of oxyHr with sodium 
azi de 

0.0629 riW Hr; 4.68 nW azide; 50 nW phosphate, pH 7,5; 
spectra at 15 min intervals; isosbestic point at 525 nm 
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Figure 3.54. EPR spectra before and after addition of NO to deoxyN^" 

Spectral parameters: temperature, 4.1 K; frequency, 9.42 GHz; power, 40 pW; modu
lation, 40 G; gain, 1 x lO**; time constant, 0.2 s; 2.92 irM Mr; 0.76 M azide; [NO]/ 
[Hrl = 2.7; 50 nW phosphate, pH 6.5; 0.3 M sulfate 
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deoxyNg" + NO t deoxyNO + Ng (3.31) 

may be expressed as the sum of reactions 3.32 and 3.33 

deoxy + NO t deoxyNO (3.32) 

deoxyNg" t deoxy + Ng (3.33) 

The equilibrium constant for the binding of azide to deoxyHr at pH 7.7 

was reported to be 70 by Reem and Solomon (6) and 6700 M"! at pH 

6.0 (179). By interpolation, the equilibrium constant for the binding 

of azide to deoxyHr at pH 6.5 was determined to be 2120 M"i. Using this 

value for _ in Eq. 3.34, the value for the equilibrium constant for 

reaction 3.32 was calculated (see Appendix A), 

The results, summarized in Table 3.21, indicate that = 5.5 x 105 

M"i at pH 6.5. Thus, the affinity of deoxyHr for NO is only ~4 times 

greater than the affinity of deoxyHr for oxygen. 

3. Stability of deoxyNO 

At 25°C and pH 7, oxyHr is auto-oxidized to metHr with a half-life 

of 18.5 hrs in 0.3 M Cl" (19). This rate of auto-oxidation is enhanced 

when other monovalent anions are present. Figure 3.53 shows the optical 

^HrNO 

CDNO]CN "] 
— K 

[DN^-ICNO] ON." 
(3.34) 

O 
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Table 3.21. Equilibrium constants for the binding of nitric oxide to 
deoxyHr® 

([Ng-l/CNO]) [Hr] TNg-] [NO] 10-5 K^pNo 
(pM) (mM) (yM) (M-l) 

1280 84.3 212 165 6.2 

257 84.3 42.4 165 7.1 

128 88.2 22.2 173 5.4 

38.5 91.1 6.87 178 3^ 

average = 5.5 ± 1.4 

®50 nW phosphate; pH 6.5; 0.3 M sulfate 
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spectra obtained when a 74-fold molar excess of sodium azide Is added to 

a deaerated sample of oxyHr. Appearance of an Isosbestic point at 530 

nm signifies that two colored species are interconverting without the 

accumulation of significant amounts of colored intermediates. 

If deoxyNO undergoes such an auto-oxidation reaction, semi-metHr 

would be the expected product (Scheme 3.4A), At room temperature, over 

the course of several hours, the green color of deoxyNO is replaced by a 

golden-brown color (Fig. 3.55). Along with this change, the intensity 

of the deoxyNO EPR signal decreases (Fig. 3.49). The color of the solu

tion indicates that this EPR-silent species is not deoxyHr, but rather, 

the product was shown to be at the semi-met oxidation level from the EPR 

signal resulting from addition of an excess of sodium azide (Fig. 3.56). 

Quantitation by double Integration of the initial EPR signal accounts 

for 100.2% of the protein. After 20 hours, 9.6% remains in a paramag

netic form and after azide is added, 80.2% of the protein is present as 

semi-metNg". The lack of an EPR signal at 20 hours indicates that the 

product is a nitric oxide adduct of semi-metHr (section III.C). 

The instability of deoxyNO may arise from the generation of nitrite 

In solutions of deoxyNO. The source of nitrite in the deoxyNO samples 

is believed to be the disproportionation of free NO (reaction 3.35), a 

reaction that Chalamet previously suggested occurs in aqueous solutions 

containing NO (114). Furthermore, N^O was detected by GC/MS in buffered 

stock solutions of NO both in the presence and absence of Hr (see Appen

dix B). 
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Figure 3.55. Optical spectra before (—) and after (—) the addition of NaN^ to deoxyNO that 
had auto-oxidized for 20 hrs 

0.563 irM Hr; [NOl/THr] = 4.6; 13.5 nW NO^"; 50 mM phosphate; pH 6.5; 0.2 M sulfate 
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gure 3.56. EPR spectra showing the oxidative decomposition of 
deoxyNO 

Spectral parameters: temperature, 4.2 K; frequency, 9,42 
GHz; power, 40 yW (A and B) and 100 yW (C); modulation, 40 
G (A and B) and 16 6 (C); gain, 1 x 104; time constant, 
0.2 s 
A. DeoxyNO: 1.57 mM Hr; 103 irM NO "; [NO]/[Hr] = 1.96; 

50 irM phosphate, pH 6.5 
B. Sample A after 20 hours 
Co Anaerobic addition of a few crystals of sodium azide 

to sample B 
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4N0 + HgO 4. ZHNOg + NgO (3.35) 

Thus, both the oxidative decomposition of deoxyNO and the enhancement of 

decomposition by the deliberate addition of NaNOg, are initiated by the 

dissociation of NO (Scheme 3.5). 

An additional factor that influences the stability of deoxyNO is pH. 

Figure 3,57 shows the EPR spectrum of deoxyNO at pHs 6.5, 8.5, and 10. 

When the pH of a solution of deoxyNO is raised to pH 10, the solution 

gradually becomes pale yellow. The EPR spectrum of the pale yellow so

lution contains only a radical signal (g = 2.03). Because of the sharp

ness of this signal, it is probably not associated with the iron site. 

At intermediate pHs, the EPR spectrum resembles a mixture of deoxyNO and 

semi-metNOg-. Clean preparation of deoxyNO occurs below pH 7.5. 

4. Attempts to prepare a magnetically uncoupled iron site 

The questions about the lability of the hydroxo bridge of deoxyHr 

and the stability of a magnetically uncoupled iron site are related in 

that both processes Involve breaking Fe-O^^^ bonds. It has been sug

gested that the lability of the bridging ligand might correlate with 

auto-oxidation; i.e., rupture of the oxo bridge might be a necessary 

step during auto-oxidation. Replacement of the hydroxo bridge with some 

other bridging species would clearly demonstrate that the hydroxo bridge 

is labile toward substitution. To stabilize a magnetically uncoupled 

site, one must prevent the reformation of the bridge. 

While the major product of the reaction between deoxyHr and NO is a 

derivative in which the irons are antiferromagnetically coupled, small 
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Figure 3,57, EPR spectra of deoxyNO prepared at pHs 6.5, 8.5, and 10 

Spectral parameters: temperature, 4.2 K; frequency, 9.57 
GHz (A) and 9.42 GHz (B, C, and D); power, 40 pM (A and B) 
and 200 yW (C); modulation, 40 G; gain, 4 x lO** (A), 1.25 
X 10*» (B), and 2 x lO'* (C); time constant, 0.2 s 
A. pH 6.5: 1.88 nM Hr; [NO]/[Hr] = 3.6; 50 nM phosphate 
B. pH 8.5: 2.17 nM Hr; [N0]/[Hr] = 1.2; 50 nM Tris-

sulfate 
C. pH 10: 1.66 nM Hr; [N0]/[Hr] = 3.9; 0.2 ml of 1 M 

NaOH added to deoxyHr (50 nM phosphate) 
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quantities of a species having g = 4 are frequently detected by EPR 

spectroscopy in solutions of deoxyNO (Fig. 3.34), This signal could 

result from a form of the iron site in deoxyHr that lacks a hydroxo 

bridge (Fig, 3,31), It is expected that the iron atoms could then be

have independently of each other. Thus, the high spin S = 2 iron should 

be EPR-silent while the iron atom having NO coordinated to it, being in 

the S = 3/2 spin state, should exhibit a rhombic EPR spectrum having g^ 

= 4,0 and g^ = 2,0 similar to that observed for Fe2*(EDTA)N0 (Fig. 

3,13A), Attempts to Increase the yield of the uncoupled form were, 

thus, undertaken. 

Two different approaches were used in attempting to produce a mag

netically uncoupled iron site. In the first of these, the starting 

material for the uncoupling experiments was deoxyNO, Frequently, y-oxo 

bridged ferric compounds have been observed to decompose to yield mono-

meric species under slightly acidic conditions (68), It was hoped that 

the hydroxo-bridged deoxyNO site would undergo an analogous reaction and 

that NO would not be released in the treatments The second approach 

attempted to cleave the hydroxo bridge before NO was added to the sam

ple, The reagents used for this approach included: 

(1) protein dénaturants (urea and guanidinium chloride), 

(11) sulfide. 

(ill) ligands known to uncouple the iron site (azide, fluoride, and 

cyanate), 

(iv) noncoordinating anions such as perch!orate, 

(v) either acid or base. 
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The first approach was motivated by the observation that dimeric 

u-oxo compounds convert to monomers at low pHs (68). Neither acidifica

tion of deoxyNO to pH 6.0 nor raising the pH to 10 by addition of ali-

quots of OH" produced significant amounts of the uncoupled species (Fig, 

3.57), At high pHs, where free NO is expected to be unstable, it ap

pears that even metal-coordinated NO is unstable. 

Among the reagents utilizing the second approach were the denatur

ing agents, urea, and guanldine hydrochloride. Here, it was hoped that 

the protein would be unfolded enough to rupture the hydroxo bridge with

out removing the metals. 

When NO is added to deoxyHr prepared in either 1,5 M GdmCl or 1.5 M 

urea, formation of deoxyNO is unhindered and very little of the uncou

pled derivative is detected (Fig. 3.58A), This is not surprising since 

Hr is not denatured under these conditions. 

When NO is added to deoxyHr prepared in 6.0 M urea, however, the 

solution turned a brilliant yellow color instead of the pine green color 

that is associated with deoxyNO. The EPR spectrum of this sample (Fig, 

3.58C) shows only a small amount of the deoxyNO signal, a very faint 

signal at g = 4.0, and an intense radical signal at g = 2.03. All of 

these signals are absent from the EPR spectrum of deoxyHr in 6.0 M urea 

(Fig. 3.58B). Addition of sodium azide to a portion of the yellow solu

tion decreases the g = 2.03 signal and reveals new signals at g = 4.43 

and 3,95 (Fig, 3,580), These new signals may be attributed to isolated 

high spin Fe^"*" and S = 3/2 {FeNO}?, respectively. One possible explana-



www.manaraa.com

Figure 3.58. Effect of urea on the preparation of deoxyNO 

Spectral parameters: temperature, 4.2 K; frequency, 9.42 
GHz; power, 40 yW; modulation, 40 6; gain, 5 x lO*» (A and 
B) and 2.5 x lO** (C and 0); time constant, 0.2 s; pH 6.5 
A. deoxy + NO in 1.5 M urea: 1.48 i# Hr; [NO]/[Hr] = 

3.1 
B. deoxyHr in 6 M urea 
C. Addition of 0.50 ml NO(g) to 2.0 ml deoxyHr in 6 M 

urea 
D. Anaerobic addition of solid sodium azide to an aliquot 

of sample C 
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tion for these observations is that the yellow solution contains a mag

netically uncoupled form of deoxyNO (Scheme 3.6). 

Scheme 3.6: 

V 
i *  X O ,  _ 24. 2  ̂ 3t̂ 3 

Fe Fe Ng" Fe Fe + Fe Fe 

g ~4 

The results from the reaction of deoxyHr with NO in 6 M urea sug

gest that a magnetically uncoupled site is conceivable and that using 

denaturing agents might be a viable approach toward stabilizing such a 

site. Unfortunately, removal of the dénaturant by dilution of the sam

ple caused the protein to precipitate, since denaturation of Hr is not a 

reversible process. 

For M-sulfidosemi-met and y-sulfidomet, it has been shown that 

sulfide replaces the oxo bridge (74). While it has been shown that 

sulfide interacts with deoxyHr (109), the nature of this interaction is 

not well-defined. It was hoped that this interaction would involve 

either replacement of the oxo bridge with sulfide or rupture of the 

bridge in a mode analogous to that occurring with the monovalent anions 

(azide, fluoride, and cyanate). 

Figure 3.59 shows the effect of sulfide on the binding of NO. When 

NO is added after incubating deoxyHr in sulfide for minutes, incomplete 

conversion to deoxyNO results. If deoxyHr is incubated in sulfide for 
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2.78 

1.83 

2.0 3.0 4.0 5.0 
H CkGauss) 

gure 3.59. Effect of the length of time for which deoxyHr is incu
bated in sulfide on the preparation of deoxyNO 

Spectral parameters: temperature, 7 K; frequency, 9.42 
GHz; power, 40 pW; modulation, 40 G; gain, 5 x 104; time 
constant, 0.2 s; 1.32 mM Hr; 30.8 nW sulfide; [NO]/[Hr] 
15; 50 rtM phosphate, pH 6.5; 0.3 M sulfate; incubation 
times: 15 min (A), 75 min (R), 277 min (C) 
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several hours before NO is added, a sharp radial signal at g = 2.03 is 

observed and increased amounts of deoxyNO are produced (Table 3,22). 

These results suggest that sulfide initially interacts with the iron 

site, preventing NO from binding. A slow conformational change can 

occur and this makes the sulfide more easily released such that deoxyNO 

can be formed (Scheme 3.7). 

Scheme 3.7: 

Since azide, cyanate, and fluoride were shown to form adducts with 

deoxyHr that apparently have the hydroxo bridge cleaved (6), it was 

anticipated that these anions might promote bridge substitutions. In a 

third experiment, NO was added in the presence of either azide, cyanate, 

or fluoride. As shown in section III.D, the presence of fluoride leads 

to production of a fluoride-bridged NO adduct. The other two anions in

hibit the production of deoxyNO, but do not enhance formation of the g = 

4.0 signal (Fig. 3.53). 

The presence of noncoordinating anions such as perchlorate, also 

does not lead to stabilization of the uncoupled adduct. Similarly, the 

anions that do not interact with deoxyHr (Cl~, Br', I", SCN-, and CN-) 

also do not produce the uncoupled NO adduct. 

Fe 
NO 
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Table 3.22. Double integration of the EPR signal 
for deoxyNO as a function of the 
incubation period for sulfide® 

Time (min)^ % pmagC 

15 28.0 

75 58.9 

277 -100.0 

*1.32 nfl Hr; 123 mM sulfide; pH 6. 
phosphate; 0.3 M sulfate. 

,5 ; 50 mM 

^Measured relative to the time of 
tion of sulfide to deoxyHr. 

the addi-

H pmag = [spins]/[Hr] x 100%. 
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G. Reactions of DeoxyF"NO 

The most significant difference between the reactivity of deoxyNO 

and that of deoxyF"NO is the enhanced stability of deoxyp-NO relative to 

deoxyNO. Table 3,19 shows that the amount of deoxyF"NO obtained immedi

ately after preparing deoxyF~NO Is nearly identical to the amount pres

ent 24 hours after its preparation. The maximum value of the rate con

stant for the dissociation of NO, assuming a minimal half-life of 24 

hours, is 8.0 x 10~® s"^, A solution of deoxyNO, on the other hand, 

would be nearly completely decomposed after the same period of time. 

Competition experiments in which NO was added to a solution con

taining various ratios of deoxyMb and deoxyF'Hr indicate that the affin

ity of deoxyF"Hr for NO Is similar in magnitude to the affinity of 

deoxyMb for NO [1.4 x lOii M-i (153)]. In these experiments, no more 

than a 2-fold molar excess of NO over Mb was added to mixtures of 

deoxyMb and deoxyF"Hr. As Increasing amounts of Hr were added, decreas

ing amounts of MbNO were formed. Absorbance readings at 420 nm and 434 

nm, measured within 1-3 minutes after adding NO, were used to calculate 

the concentrations of Mb ([Mb]), MbNO ([MbNO]), deoxyF'Hr ([DF~]), and 

deoxyp-NO ([Dp-NO]) following the procedure described in Appendix A. 

Since the rates for dissociation of NO from MbNO [1.2 x 10"^ (153)] 

and deoxyp-NO (<8.0 x 10-6 s-i) are small, the rate for the binding of 

NO to deoxyp-Hr (kQpQg) is proportional to the concentrations of Mb, 

MbNO, deoxyp-Hr, and deoxyP-NO (Eq. 3,36) and to the rate for the bind

ing of NO to Mb (kwbNo)' 
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CDF"NO][Mb](k„..o) 

'"FNO ' COF-][MbNoT 

The rate constants estimated using the published value for [1.7 x 

107 M'ls"! (153)] are summarized in Table 3.23. By combining the aver

age value for the rate of binding of NO to deoxyP-Hr (6.7 ± 4.2) x 105 

M-is"i with the estimated value for the rate of dissociation of NO (<8.0 

X 10-6 g-i), the equilibrium constant for the binding of NO to deoxyP-Hr 

is estimated to be at least 8.4 x lOio M'l. 

The reactivity of deoxyP'NO differs from the reactivity of deoxyNO 

in a second important way. Within a 24 hour period, there is no evi

dence suggesting that, in the absence of oj^gen, deoxyF"NO undergoes 

auto-oxidation and, even in the presence of oxygen, deoxyP"NO reacts 

only very slowly to produce metP" (Pig. 3.60). There is no indication 

of the formation of oxyHr during this process. 
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Table 3,23, Rate constants estimated for the binding of NO to deoxyF"® 

[Hr]/[Mb] [Hr] [Mb] [NO] [P-] 10-5 k 
(yM) (uM) (uM) (mM) (M-is'l) 

2.15 15.0 6.98 9,22 5,64 3,2 

4.31 29.8 6.91 9.13 11,2 14.7 

5.39 37.1 6.88 9.09 13,9 8.1 

6.47 44.3 6.85 9.05 16.6 8.7 

10.8 72.4 6.72 8.88 27.1 11.4 

15.4 120 7.77 17,7 13.4 5.8b 

15.3 224 14.6 33,2 25.1 5.0b 

15.4 120 7.77 17.7 13.4 2.4b 

23.0 175 7.59 17,3 19,6 0.98 

6.7 ± 4.2 

®50 mM phosphate; 0.15 M sulfate; pH 7.0. 

*^50 nW phosphate; 0.3 M sulfate; pH 6.5. 
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Figure 3.60. Optical changes accompanying the reaction of deoxyP-NO with oxygen 

0.190 nW Hr; [F"]/[Hr] = 628; [N0]/[Hr3 = 2.3; 50 nW phosphate, pH 6.5; spectra 
were recorded before addition of oxygen (A), ^60 min after adding oxygen (B), and 
after letting the reaction sit overnight (C) 
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IV. SUMMARY AND CONCLUSIONS 

A. Preparation, Characterization and Reactivity of the Nitric 
Oxide and Nitrite Derivatives of Hemerythrin 

Discovery has been presented of five new derivatives of Hr: 

deoxyNO, deoxyF"NO, (semi-met)QNO, (semi-met)pNO, and semi-metNO^"» 

Tables 4,1 and 4.2 summarize the physical properties of these 

derivatives. 

1. Adducts at the deoxy oxidation level 

The salient features of the structures of the NO adducts of deoxyHr 

and deoxyF" are: 

(i) Equal amounts of high spin ferrous and S = 3/2 {FeN0}7 are pres

ent and these are coupled antiferromagnetically to yield an ef

fective spin of 1/2. No evidence was found for temperature-

dependent spin-state changes. 

(ii) Nitric oxide coordinates end-on via nitrogen to one iron atom of 

the binuclear center, most probably with a bent geometry, 

(iii) In addition to the carboxylate bridges, there is a u-hydroxo 

bridge in deoxyNO and a p-fluoro bridge in deoxyp-NO. 

(iv) A hydrogen-bonding interaction, most likely between the NO ligand 

and a hydroxo bridge, occurs in deoxyNO. Such an interaction is 

absent in deoxyF'NO. Thus, hydrogen bonding is not absolutely 

necessary for stabilization of NO binding to reduced Mrs. 

(v) The appropriate formalism for the oxidation states of deoxyNO and 

deoxyF-NO is Fe(II)Fe(III)N0-. 
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Table 4.1. Physical properties of the nitric oxide adducts of deoxyHr 
and deoxyF" 

deoxyNO deoxyF "NO 

Optical Spectra 

X in nm 408 (1150) 340 (2700) 

(e in M-icm-i) 500 (710) 450 (1190) 

600 (500) 590 (750) 

EPR Spectra 

9|l 2.76 2.58 

h 
1.82 1.80 

Pl,2 («6) 35 12 

A (cm-1) 70.3 -

Mossbauer Spectra 

6(AEq) in tnm/s: 

S = 3/2 {FeN0}7 0.68 (0.65) 0.75 (1.02) 
S = 2 Fe+z 1.23 (2.64) 1.23 (3.04) 

Resonance Raman Spectra 

v(Fe-NO) (cm-i) 433 421 

6(Fe-N-0) (cm-i) 421 -

Binding Constant 

^HrNO 5.5 X 105 >8.4 X 1010 
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Table 4.2. Physical properties of the nitric oxide and nitrite adducts 
of semi-metHr 

(semi-met)oNO (semi-met)pNO semi-metNO^-

Optical Spectra 

X in nm 350 330 (4800) 330 

(e in M-lcm-l) 620 380 (3300) 380 

510 (1220) 510 

EPR Spectra 

g-values n.o.® n.o,® 1.93 

1.87 

1.66 

Resonance Raman Spectra 

v(Fe-NO) (cm-M 431 433 

g(Fe-N-O) (cm-M 423 422 

®n.o. = none observed. 
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The reactivity of deoxyNO parallels that of oxyHr. Like oxygen, 

nitric oxide binds reversibly to deoxyHr (KwrNO ~ * 10^ M-i). Also, 

like oxyHr, deoxyNO undergoes auto-oxidation. 

Four reactions demonstrate that nitric oxide binds reversibly to 

deoxyHr: 

(i) Reaction of deoxyNO with dithionite produces deoxyHr. 

(ii) Reaction of deoxyNO with oxygen produces oxyHr. 

(iii) Reaction of deoxyNO with azide or cyanate produces the ligand 

adduct of deoxyHr. 

(iv) Reaction of deoxyNO with nitrite initially produces semi-metNO 

and, more slowly, leads to build-up of semi-metNO^". 

Evidence suggesting that deoxyNO is auto-oxidized to semi-metNO 

includes: 

(i) Within 20 hrs, the color of the solution changes from green to 

golden-brown and the resulting optical spectrum resembles the 

optical spectrum of semi-metNO. 

(ii) After 20 hrs, only of the protein is observable by EPR spec

troscopy. Similarly, no EPR signal is observed for solutions of 

semi-metNO. 

(iii) Addition of azide after 20 hrs produces an optical spectrum and 

the EPR signal that are characteristic of semi-metN^". 

(iv) Addition of nitrite to deoxyNO promotes the color changes and the 

disappearance of the EPR signal. Ultimately. semi-mstNO^" is 

produced. 
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Based on these observations, a mechanism was proposed for the auto-

oxidation of deoxyNO (Scheme 3.5). According to this mechanism, disso

ciation of NO produces deoxyHr. Nitrite, produced from unligated NO, 

then oxidizes deoxyHr to semi-metNO. 

2. Adducts at the semi-met oxidation level 

The structures of the NO and nitrite adducts of the mixed-valence 

Mrs are less we 11-characterized. The following conclusions may be drawn 

about these derivatives: 

(i) The EPR-silent nature of the NO adducts most probably arises from 

an = 1 ground state obtained from a high spin ferric center 

that is antiferromagnetically coupled to an S = 3/2 {FeN0}7 cen

ter. Semi-metNO^" has an EPR-observable ground state (8=1/2) and 

is formally a nitrite adduct of Fe(II)Fe(III). 

(ii) Resonance Raman data indicate that the exogeneous ligand is coor

dinated at the binuclear site via an iron-nitrogen link. Thus, 

semi -met NO 2" is more clearly described as a nitro derivative than 

as a nitito derivative. Nitro-nitrito exchange was not observed, 

(iii) Hydrogen-bon din g interactions are observed for semi-metNO^". 

(iv) The oxidation states of the NO derivatives may be formally repre

sented as Fe(III)Fe(III)NO". The apparent stability of the semi-

metNO derivatives and the inability of NO to bind to metHr are 

consistent with this formalism. 

(v) In contrast to the binding of monovalent anions to semi-metHrs, 

different derivatives result from the binding of NO to (semi-

met)pand (semi-met)^. The differences between these derivatives 
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suggest that (semi-ret)gNO is more "deo^y-like" whereas (semi-

ret)pNO is more "ret-like". 

B, Comparisons to the Physiologically Occurring Reactions: 
Oxygenation and Auto-oxidation 

1. Oxygenation reaction 

The physical and chemical properties of the nitric oxide adducts of 

the fully reduced Mrs indicate that the binuclear center reversibly 

transfers one electron to the terminally-bound nitrosyl ligand. The 

formal representation of the oxidation states is, thus, Fe(II)Fe(III)NO~. 

The formal transfer of only one electron onto the NO ligand suggests 

that a first step of the oxygenation reaction could be the formation of 

a semi-retOg" intermediate. Apparently, this interrediate has not been 

detected because the transfer of the second electron to oxygen is too 

facile. 

Since the irons are coupled in deoxyNO, it is likely that the iron 

atoms are coupled prior to transfer of this second electron. Further

more, the coupling in the putative superoxide intermediate is likely to 

be mediated by a p-hydroxo bridge (rather than a y-oxo bridge). Trans

fer of the proton onto the bound dioxygen ligand sost probably occurs 

when the second electron is transferred onto oxygen. 

Transfer of one electron onto the NO ligand when NO binds to semi-

metHr leads to formal representation of the oxidation states for semi-

metNO as Fe^+Fe^+NO". Thus, the binding of NO to semi-metHr could pro

vide a model for the transfer of the second electron from the putative 

superoxide intermediate onto oxygen (reaction 4.1). 
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2. Auto-oxidation reaction 

Kinetic studies have shown that the oxidation of deoxyHr with ni

trite is a biphasic reaction. The product of the first phase is an 

EPR-silent nitrosyl adduct of semi-metHr, and the second phase involves 

rate-limiting loss of NO, followed by binding of NO^". The final prod

uct is the nitrite adduct of semi-metHr. 

Oxidation of deoxyHr by excess nitrite differs from oxidation by 

excess ferricyanide in three ways. First of all, the products of the 

two reactions differ. MetHr results from the oxidation by ferri cyanide, 

while semi-metNOg" results from the oxidation with nitrite. Secondly, 

the two oxidants react differently with semi-metHr. With ferri cyanide, 

further oxidation to metHr occurs, whereas with nitrite a ligand adduct 

is produced. Thirdly, the rate constant for the first phase of the 

nitrite reaction (k = 2.10 M'is'i at pH 6.58) is nearly 500 times slower 

than that for the first phase of oxidation by ferricyanide (k = 1.2 x 

103 M-is"! at pH 6.3). All of these observations suggest that the two 

reactions are occurring by different mechanisms. Since the active site 

cavity of Hr is inaccessible to reagents containing more than three 

nonhydrogen atoms, it is likely that ferricyanide does not react di

rectly with the binuclear center. Rather, oxidation with ferri cyanide 

occurs by an outer-sphere route. Nitrite, in contrast, is small enough 

to react directly with the binuclear center. 
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The reduction potential for the Fe(CN)g3"/'+" couple (0.43 V at pH 

8.0) is nearly identical to the reduction potential for the NO^'/NO 

couple (0,366 V at pH 7,0). Thus, the different behavior of the two 

oxidants with deoxyHr is not a function of differences in their reduc

tion potentials. A more likely explanation is that binding of nitrite 

to the iron center stabilizes semi-metHr. Figure 4.1 shows that the 

stability gained by the binding of nitrite to semi-metHr makes it more 

difficult to further oxidize the protein to metHr (or metNO^"). The 

reduction potential for the metNOg-Zsemi-metNOg" couple should be more 

positive than the reduction potential for the met/( semi-met )j^ couple. 

Auto-oxidation of oxyHr in the presence of nitrite was reported to 

occur by a uniphasic process with a rate constant of 0.31 M"is"i (pH 

6.3, 25®C) (2). The two mechanistic schemes that were proposed are 

shown in Scheme 1.1. The reaction of nitrite with deoxyHr occurs nearly 

10 times faster than the auto-oxidation of oxyHr by nitrite. Thus, it 

is possible that deoxyHr is an Intermediate in auto-oxidation (Scheme 

I.IA). Furthermore, both reactions exhibit a unimolecular dependence 

upon [H+]. 

Two mechanisms leading to the direct formation of (semi-met)pNO 

from the reaction between nitrous acid and deoxyHr are shown in Fig. 4.2 

(Schemes I and lib). According to the first of these, oxidation occurs 

without rupture of the hydroxo bridge. The second scheme, in which the 

hyroxo bridge is replace by a bridging nitrite ligand, provides a con

venient rationale for the oxidation of the iron to which NO is not 

bound. The recent isolation and characterization of a discrete binu-
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>0.11 V 
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semlmetNO^ 

0.31V 

deoxy 

4.1. Energy diagram for the oxidation of deoxyHr by ferricyanide (A) and by nitrous acid 
(B) 
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clear copper cluster (see section I.C) containing an unsymmetrically 

bridged nitrite ligand lends credence to this proposal. 

The results of resonance Raman studies with HgiGQ have shown that 

solvent-derived may be incorporated into the hydroxo bridge of 

deoxyHr. Furthermore, for azide, cyanide, and cyanate, is incorpo

rated into the oxo bridge during auto-oxidation. These results suggest 

that the hydroxo (or oxo) bridge is ruptured during auto-oxidation. The 

mechanism shown in Fig, 4.2 (Scheme Ila) suggests that auto-oxidation 

occurs by replacement of the hydroxo bridge with a dioxo bridge. Pro

duction of both semi-metNOg" and metNO^" from auto-oxidation in the 

presence of nitrite suggests that there are two competing reactions 

occurring and could reflect the relative stabilities of dioxo-bridged 

and NOg'-bridged derivatives of Hr. 

C. Comparisons to the Reactions of Nitrite and 
Nitric Oxide with Hemoglobin 

1. Binding of NO 

Most significant is the difference in the relative affinities that 

Hb (Mb) and Hr have for nitric oxide, oxygen, and carbon monoxide (Table 

4.3). While the oxygen affinities of all three proteins are similar, 

both NO and CO bind more strongly to Hb and Mb than to Hr. 

The difference in the CO affinities of Hb and Hr may be attributed, 

in part, to the ability of the heme cavity to accommodate a linear M-X-O 

geometry. The steric interference with linear coordination in Hb is 

offset by a slight change in the heme tilt (180). Apparently, the binu-

clear active site of Hr can not adjust to overcome the steric restraints 



www.manaraa.com

Scheme I 

u 
I HOMO 

O ^ 

Fe^ 

deoxy 

A/ 
H* O 

O H *  I \ 

1r\/ 
semi-met NO 

Scheme II 

Og OH-

8 3+ 

? 
Fe'̂ ^Fe" 

deoxy 

HONO OH 

A 
/ " l  

Fe Fe 

HgO HgOg 

met 

H O 
/ \ 

O. N 
Fe^ ^F^+ 

semi-met NO 

guns 4.2. Proposed mechanisms for the oxidation of deoxyHr by nitrous acid and for auto-
oxidation 



www.manaraa.com

290 

Table 4,3, Affinity constants (M"i) for the binding of XO (X = N, 0, C) 
to Hb®, Mb®, and Hr 

Hb Mb Hr 

NO 3.0 X 1010 1.4 X lOllb 5,5 x 105 

CO 2,0 X 107 2,9 X 107 not known 

Og 1,3 X 105 1.9 X 106 1.5 X 105C 

^Reference 169, 

''Reference 153, 

^Reference 58, 
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posed by linear coordination. Carbon monoxide, which prefers linear 

coordination, does not appear to bind to Hr. 

Bent coordination modes are possible for both oxygen and nitric 

oxide. Indeed, from x-ray crystallography angles of 115® and 145® were 

determined for MbOg (181) and HbNO (180), respectively. These bent 

geometries favor assignment of the formal oxidation states for MbO^ and 

HbNO as Fe^+Og- and Fe^+NO", respectively. Such formalisms are in ac

cord with the notion that there is significant polarization of the M-XO 

group. Foremost among the factors that may contribute to stabilizing 

such polar bonds is the proposed hydrogen-bonding of the ligand to ei

ther a solvent water molecule or a distal histidine residue (182). 

In contrast to Hb and Mb, Hr appears to have nearly equal affini

ties for NO and O^. As with Hb and Mb, both ligands are likely to adopt 

bent coordination geometries in Hr. The M-N-N^" angle determined by 

x-ray crystal!ographic studies with metNg" is 111® and the M-0-0 angle 

for oxyHr is likely to be similar to this. For Hr, the presence of a 

second iron atom at the active site leads to even more extreme polariza

tion of the Fe-Og group. Formally, the Fe-Og group is an Fe^'^'O^z- unit. 

As with Hb and Mb, hydrogen-bonding may play a vital role in stabilizing 

the Fe-Og link in oxyHr. Since crystallography indicates that there are 

no amino acid residues within hydrogen-bonding distance of the bound 

ligand, it was suggested that the hydroxo bridge is the source of 

hydrogen-bonding. Resonance Raman spectroscopy supports this 

hypothesis. 
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Since NO binds more strongly to deoxyF" (where fluoride rather than 

hydroxide bridges the iron atoms) than to deoxyHr, it appears that 

hydrogen-bonding is not the only factor involved in stabilizing the NO 

adducts of Hr. The stabilization arising from the presence of a y-

fluoro bridge could be due to the absence of hydrogen-bonding to the NO 

ligand or to differing steric effects near the binuclear cluster. 

The M-N-X angle observed for iretNg- is 111° (45,60), This angle 

is significantly less than the MNO angles adopted by bent monomeric 

iron-nitrosyl compounds (see section I.C and Table 1.23), Absence of 

hydrogen-bonding could allow the MNO angle to be nearer to 120°-140°, 

Hydrogen-bonding to the hydroxo bridge could be restraining the MNO 

angle in deoxyNO. By replacing the hydroxo bridge with a fluoro bridge, 

the MNO angle is less restrained, leading to a more stable derivative. 

Alternatively, replacement of the bridging hydroxide with fluoride 

will alter the geometry at the active site. Based on electron density 

difference maps with Hr, the binding of ligands to Hr results in minimal 

changes at the active site. In particular, there is very little change 

in the Fe—Fe separation. Assuming an Fe—Fe separation of 3.30 A 

(45,60) and using the Fe-F bond distances for the Fe-F-Fe bridges of 

Fe2F5.2H20 [d(Fe2+-F) = 2.05 A and d(Fe3+-F) = 1.94 A (177)], one ob

tains a value of 111® for the Fe^^-F-Fe^"*" angle. This is not signifi

cantly less than the Fe2+-0H-Fe2+ angle [113,2° (63)1 in Wieghardt's 

model compound, [(tacn)2(Fe2+)2(0H)(CHgC02)2](C10^).H20, suggesting that 

the geometric changes resulting from the replacement of hydroxide with 

fluoride contribute only minimally to the stability of the NO adducts<= 
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In addition to the steric factors, dynamic factors might also con

tribute to the stabilization of deoxyF"NO with respect to deoxyNO. It 

is possible that the protein backbone is more flexible in deoxyNO than 

in deoxyF'NO, If the protein backbone engulfing the active site is less 

flexible, one would expect the rate of dissociation of NO to be hin

dered. Similarly, a less flexible environment would be less accessible 

to incoming nucleophiles (e.g., nitrite) that might promote auto-

oxidation. 

2. Oxidation by nitrite 

The mechanism proposed for the oxidation of deoxyHb by nitrite is 

presented in Schemes 1.8 and 1.9. For both proteins, the one-electron 

oxidation occurs by an "inner sphere" mechanism. At pH 7.0, the reac

tion with Hb is approximately twice as fast as that with Hr (Table 4.4). 

The oxidation of Hb by nitrite differs from the oxidation of Hr by 

nitrite in two ways. First of all, the reaction with Hr results in 

quantitative oxidation of deoxyHr, while with Hb only 72% of the protein 

is oxidized. (The remaining 28% is HbNO.) The incomplete oxidation of 

Hb may be a reflection of the observation that NO binds more strongly 

(and probably more rapidly) to deoxyHb than to deoxyHr. Secondly, 

deoxyHb is oxidized by alkyl nitrites as well as nitrous acid. DeoxyHr, 

in contrast, is not oxidized directly by alkyl nitrites. Rather, 

deoxyHr reacts with the hydrolysis product (nitrous acid). This indi

cates that the active site cavity in Hr is more sterically hindered than 

that in Hb, making the active site of Hr inaccessible to the larger 

alkyl nitrites. 
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Table 4,4. Rate constants for reactions with nitrite® 

Reactant Products k {M"is~i) Reference 

deoxyHr semi-metNO 1.20 this work 

oxyHr metNO^" 0.31 7*^ 

deoxyHb metHb; HbNO 2.69 123 

metMb metMbNG^' 470 169 

®pH 7.0; 50 mM phosphate; 25®C. 

^pH 6.3. 
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In addition, nitrite reacts with the oxygenated forms of both pro

teins. For HbOg, the reaction with nitrite is auto-catalytic. Nitrogen 

dioxide and peroxide are the proposed products of the slow initiation 

step (reaction 4.2). 

HbOg + NOg" + Hb"^ + + NOg (4.2) 

Nitrite is, then, regenerated from the subsequent reaction of HbO^ with 

nitrogen dioxide and oxidative decomposition of the peroxynitrate inter

mediate (Fig. 4.3). For oxyHr, the mechanism of oxidation with nitrite 

is not nearly as complex. Under aerobic conditions, only a single prod

uct (metNOg") results. Kinetic studies have shown this to be a uni-

phasic reaction. It is only when free oxygen is removed from solution 

that build-up of semi-metNO^" is observed. 

D. Implications About Nitrite Metabolism 

While a vast supply of nitrogen exists in the atmosphere, most 

organisms are not able to metabolize dinitrogen= For these organisms* 

nitrate and ammonia are the more common sources of nitrogen. Nitrite 

and possibly nitric oxide are involved in the interconversion of nitrate 

and ammonia (Fig. 4.4) and, hence, reactions leading to production of 

nitrite and to its subsequent conversion to more reduced forms of nitro

gen have biological significance. 

Nitrate is reduced to nitrite by the molybdoenzyme, nitrate reduc

tase. In addition, nitrate reductases contain iron in the form of 

either Fe-S centers or as hemes (Table 4.5). 
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HbO Hb+ 4- OgZ" 

NOg" NO 

2 Og" 

OgNOO 

Hb02 

Hb 

Figure 4,3, Auto-catalytic cycle proposed for the oxidation of oxyHb 
by nitrite 
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gure 4.4. The nitrogen cycle and the reactions catalyzed by nitrite reductases 
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Table 4.5. Enzymes of the Ng cycle and their prosthetic group content 

Enzyme Catalytic Reaction 
Reactant Product 

Prosthetic 
Groups 

1 Nitrate reductase 

Nitrate reductase 

NO3- NO^- Mo 
cyt c 
FAD 

Mo 
[3Fe] 
3-4 [4Fe-4S] 

2a Nitrite reductase NOg- NO heme c 
heme d^ 

2b Nitrite reductase NOg- NgO 2 Cu 

2c Nitrite reductase NO^- NH/ si roheme 
[4Fe-4S] 

3 NgO reductase NgO "2 7-8 Cu 

4 Nitrogenase "2 
NH^+ 2 Mo 

(30 ± 2)Fe 
(30 ± 2)S 

5 Hydroxylamine 
oxidoreductase NHgOH NOg- 7-8 hemes 
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Nitrite reductases are of three types. The first of these, assimi-

latory nitrite reductase, catalyze the six electron reduction of nitrite 

to ammonia and contain iron bound to a siroheme and a single [4Fe-4S] 

center. Dissimilatory nitrite reductases reduce nitrite to nitric ox

ide, Heme c and one heme d^ are the prosthetic groups of this type of 

enzyme. The third type of nitrite reductase converts 2 mol of nitrite 

to nitrous oxide by a 4-electron reduction. Two atoms of copper (I) are 

involved. Remarkable diversity, thus, exists for the types of biologi

cally occurring metal sites that undergo reactions with nitrite. 

It is interesting to note that reduction to nitric oxide may be 

achieved with a protein that, like hemerythrin, contains two atoms of 

iron per active center. Unfortunately, release of NO from hemerythrin 

is a slow process, making hemerythrin an unlikely candidate for biologi

cal catalysis of the reduction of nitrite to ammonia. The two-heme 

system in which the two iron centers are probably not coupled appears to 

be the more efficient system for one-electron reduction of nitrite. 
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VII. APPENDIX A 

Equation 3.36 was used to determine the rate constant for the bind

ing of NO to deoxyF". Mixtures containing Mb, MbNO, deoxyF", and 

deoxyF'NO were prepared by adding NO (2:1 ratio of NO to Mb) to solu

tions containing various ratios of Mb and deoxyF". Since Mb and MbNO 

have much greater extinction coefficients in the visible region than 

either deoxyF" or deoxyNO, the relative concentrations of Mb and MbNO 

were obtained from the absorbance readings at 420 and 434 nm using Eqs. 

7.1 and 7.2. 

*420 ^ G420,Mb[Mb] + ®420,MbN0'-^'''*'°^ 

*434 ^ G434^Mb[Mb] + ®434,MbNo'-'^'^'^°^ 

The values for and i^jjNO nM-i crn-i and 127 mM"! 

cm-i, respectively (131,169). The values for e^go Mb ®434 MbNO *Gre 

calculated from solutions containing known amounts of Mb and MbNO» re

spectively. The average values obtained were: Mb ~ nM"! cm"! 

and 2434 MbNO = 64.5 mM"! cm"!. 

To solve for the [HrNO], Eq. 7.3 was used. 

[NOOyQT = [MbNO] + [HrNO] (7.3) 

Here, [MbNO] is the value obtained from the simultaneous solution to 

Eqs. 7.1 and 7.2, and [NO]yg-j. is determined from the volume of NO(aq) 
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injected into the protein sample. The concentration of the saturated 

stock solution of NO was 1.9 mM. 

Finally, the [Hr] was determined with Eq. 7.4. 

Here, [HrNO] is the value determined from Eq. 7.3 and [HrljQj is the 

total amount of Hr present in the solution. 

A similar procedure was used to determine the equilibrium constant 

for the binding of NO to deoxyHr. Here, competitive binding of Ng" and 

NO to deoxyHr was utilized. Conditions were such that the absorbance 

readings at 500 and 600 nm resulted from only deoxyNO and deoxyN^"; 

absorbance due to deoxyHr was negligible. Simultaneous solution of Eqs. 

7.5 and 7.6 yields values for [deoxyNO] and [deoxyNg-]. 

Since no literature values are available for the extinction coefficients 

for either deoxyNO or deoxyN^', values were estimated by preparing 

deoxyNj" and deoxyNO from solutions containing a known amount of Hr. 

®500 DNO " M"icm-i; GgQQ Q^O " M"icm~i. From Eqs. 7.7 and 7.8, 

TNG] and [Ng-] ware obtained, respectively. 

[HrDyoT = [Hr] + [HrNO] (7.4) 

*500 ^ GgoO.DNoCDNO] + Ggoo.DNg-CDNg 3 (7.5) 

*600 Ggoo ONOCDHO] + Ggoo DM^.CDNg ] (7.6) 

Typical values were: e. 
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[NOOygy = [NO] + [DNO] 

[^^3 ^TOT " '•'^3 ^ [DNg ] 

( 7 . 7 )  

( 7 . 8 )  



www.manaraa.com

315 

VIII. APPENDIX B 

Table 8,1 summarizes the results of the GC/MS analysis of the head-

space gas above stock solutions of NO and deoxyNO. For all three sam

ples, NgO was detected. 

The amount of N^O present in the head-space above the stock solu

tion of NO was invariant within a 2 1/2 hr reaction period (compare 

readings 1-5 and 6-8 in Table 8.1). Since readings for this solution 

were obtained within 45 minutes after the preparation of the NO stock 

solution, the conversion of NO to N^O is more rapid than the auto-

oxidation of deoxyNO (nearly complete within 20 hrs). 

Lesser amounts of N^O were found in the protein samples than in the 

stock solution of NO. Furthermore, a 3.5-fold increase in the amount of 

NgO was observed when NaNOg was added to the solution of deoxyNO. The 

observation that NaNOg promotes the auto-oxidation of deoxyNO (see sec

tion III.5) suggested that nitrite is a likely oxidant. The detection 

of NgO both in the presence and absence of NaNOg supports the proposal 

that nitrite is formed in aqueous solutions via the disproportionatlon 

of NO, as suggested by Scheme 3.5. 
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Table 8.1, Intensity of the m/e = 44.001 peak (in cm) for a saturated 
buffered solution of NO and for deoxyNO in the presence 
and absence of NaNOg* 

Reading Number NO(aq)b deoxyNO** deoxyNO + NO 

1 4.7 0.6 2.9 

2 2.9 0.86 2.8 

3 4.2 0.66 2.3 

4 3.3 0.80 2.7 

5 3.8 0.83 2.2 

6 3.9 0.75 ± 0.10 2.6 ± 0.3 

7 3.0 

8 3.8 

average = 3.7 ± 0.6 

^N-O and NO were separated on a 30 m ABI capillary column (0.25 mm 
i.d. and 25 u film thickness) and detected with a Kratos MS-50 TC mass 
spectrometer. Aliquots (200 yl ) of the head-space gas were injected at 
220*C with a split ratio of 25:1. For detection, a decade box ratio of 
NgOiCOg of 0.9997448 was used. 

^NO(g) was bubbled into 15 ml of 50 nW phosphate buffer (pH 6.5) 
that had been degassed with helium for 30 min. Readings 1-5 were 
obtained within 45 minutes and readings 6-8 were obtained ~2 1/2 hrs 
after preparing the stock solution. 

^200 ul of N0(g) was injected into 4.0 ml of 1.92 nM deoxyHr. 
Readings were measured 1-2 hrs after preparing the solution of deoxyNO. 

^3.0 ml of deoxyNO was added to 10.4 mg NaNOg (50.2 nW) under he
lium. The deoxyNO stock solution was prepared ~2 hrs before the addi
tion of NaNOg, and readings were obtained no more than 30 min later. 
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