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[3, 8-101 where, in addition, the influence of varia- 
tion in the porphyrin ligand on reactivity has been 
examined [l l] . The stoichiometry of formation, 
spectra and reactivity of intermediates formed with 
a variety of oxidising substrates (hydroperoxides, 
chlorite) have also been studied [ 12, 131. 

The results reveal some remarkably simple 
relationships between the reactivities of enzymic 
and model species and these afford an approach to 
assessment of the co-catalytic roles played by protein 
in the expression of enzymic function. 

On the other hand EXAFS studies have shown 
that iron-pyrrol nitrogen bond distances do not 
differ between deoxyhemoglobin A and deoxyhemo- 
globin Kempsey (j399 asp + asn) which is a high affi- 
nity mutant essentially devoid of cooperativity [7]. 
Thermodynamic studies of the temperature depen- 
dence of oipdimer-tetramer equilibrium point out 
that the free energy of heme-heme interaction is 
stored in hydrogen bonds between dimers and not 
salt bridges [8]. Replacement of iron by cobalt, 
which remains low spin even in the unliganded 
tetramer, only slightly diminishes n, the empirical 
measure of cooperativity [9-l 11. Finally, the dis- 
placement of iron from the porphyrin plane in deoxy- 
hemoglobin A seems to differ little from iron 
displacement in the noncooperative monomer deoxy- 
myoglobin [ 121 . 
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Perutz has proposed that the cooperative effect 
of oxygen binding in tetrameric hemoglobin arises 
from an equilibration between two quaternary struc- 
tures: the liganded or relaxed (R) structure with 
oxygen affinity comparable to the isolated subunit 
affinity and the unliganded, tensed (T) structure with 
oxygen affinity lowered by constraining salt bridges 
[l-3]. Perutz argues that the equilibrium between 
these two structures is primarily governed by 
displacement of the iron and proximal histidine from 
the mean porphyrin plane and that much of the free 
energy of heme-heme interaction is stored in salt 
bridges which break upon oxygenation. This theory 
has received support from other workers [4-61. 

We wish to propose a truly alternative mechanism 
for cooperative l&and binding by hemoglobin which 
does not necessitate metal movement or salt bridge 
energetics. The important molecular movement for 
an increase in oxygen affinity is porphyrin sliding 
from the hydrophobic protein interior to a position 
with increased porphyrin exposure to solvent. In 
hemoglobin A, this movement is rigidly coupled 
to breaking the hydrogen bond between /399 asp and 
a42 tyr as the porphyrin moves towards the protein 
exterior, and upon oxygenation formation of a new 
hydrogen bond between PI02 asn and (~94 asp. 
Protein crystallographic studies report that the por- 
phyrins of both (Y and /3 subunits are more exposed 
to water in the met-form than for deoxyhemoglobin 
[2]. The porphyrin is more exposed to solvent in the 
fl chain of the high affinity mutant deoxyhemoglobin 
Yakima @99 asp + his) than A [13]. Studies on 
model cobaltoporphyrins report that oxygen affinity 
is more dependent upon porphyrin-solvent inter- 
actions than upon 2,4_substituents or ligand trans 
to oxygen [ 14, 151. Stellwagen has pointed out that 
the redox potential of hemoproteins is dependent 
upon the degree of porphyrin exposure to solvent, 
with the redox potential decreasing as porphyrin 
exposure increases [ 161. That oxygen affinity 
increases with increasing porphyrin exposure to 
solvent is consistent with all the above facts and is 
tied together by the experiments of Basolo and co- 
workers who have shown that an inverse linear 
correlation exists between the 1ogK of oxygenation 
and cobalt(II/III) redox potential for a series of 
equatorially substituted cobalt complexes [ 17, 181. 

Recent work upon energetics across the orb2 
interface of hemoglobin shows that amino acid muta- 
tions in this region drastically alter cooperative 
energetics while substitutions at other parts of the 
molecule have little effect upon cooperativity [19]. 
Substitution of 099 asp by his, gln or gly destroys the 
lone hydrogen bond which connects the 
deoxy-dimers and abolishes all cooperative energy, 
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and the resultant hemoglobins have oxygen affinities 
close to those of isolated subunits. The NMR reso- 
nance position of this hydrogen bond (-14.2 ppm) 
is in the range of resonance positions of ‘strong’ 
hydrogen bonds while the resonance position of the 
0102 asn-(r94 asp proton (-10.3 ppm) appears 
normal [lo, 211. So energy storage for the deoxy 
tetramer is primarily localized in this p99 asp-a42 
tyr hydrogen bond. Information between subunits 
is transferred through those amino acids involved 
in hydrogen bonding to heme pyrrole II and the 
innate porphyrin rigidity used to modulate porphy- 
rin exposure to solvent which in turn controls oxygen 
affinity. Porphyrin sliding can also account for 
Fe-imidazole bond rupture in hemoglobin NO in 
the presence of IHP [22]. 
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Electronic structures of iron in hemoproteins have 
close correlation with their reactivity. Many physico- 
chemical techniques have been applied to hemo- 
proteins to elucidate electronic structures of heme 
irons. However, conclusive experimental determina- 
tion of the electronic structures of low spin iron(U) 
heme, especially oxygenated hemes, waits for further 
examinations. In order to determine the electronic 
structures of the hemes directly from the view point 
of their ground state, we have started 57Fe NMR 
studies of heme complexes in succession to our MCD 
[l] and ab initio calculation [2] on the heme com- 
plexes. 57Fe NMR spectra were obtained by using 
steady-state free precession and the quadriga Fourier 
transform technique [3-51. First, T1 values of 57Fe 
nuclei have been estimated for Fe(CO)s and ferro- 
cene with natural abundance of 57Fe. “N-enriched, 
aQ,y,6-meso-tetra-phenylporphine (TPP) and cr&;v,S- 
meso-p-tolylporphine (TTP) were prepared from “N- 
labeled pyrrole (CEA Saclay, 95% enrichment), and 
benzaldehyde or p-tolylaldehyde by the usual method 
[6]. Incorporation of 57Fe (Spire, 95.45% enrich- 
ment) was accomplished by Rothemund’s method 
[7] Bis-pyridine and bis-pyrrolidine complexes of 
[‘5N,57Fe]-TPP and [15N,57Fe]-TTP with Fe(I1) 
low spin state were prepared by a conventional 
method [8]. The “Fe NMR spectra recorded 
on a Bruker CXP300 NMR spectrometer incor- 
porated with a Bruker 57Fe probe (using 1.5 mm 
sample tube), can be tuned between 10.2 and 9.2 
MHz. The chemical shift values of the bis-pyridine 
complex of [ 15N,57Fe] -TPP, of the bis-pyrrolidine 
complex of [‘5N,s7Fe]-TTP, of K4[Fe(CN&] and 
of ferrocene are 7341, 7258, 2495, and 1531 ppm 
low field from that of Fe(CO), as a reference. The 
variation of chemical shifts of various iron(I1) com- 
plexes will be discussed in terms of the d-d energy 
splitting in a similar way to that of “Cocomplexes 
191. 


