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Summary. The iron(II)-dioxygen bond in myoglobin and hemoglobin is a subject of wide interest. Studies range 
from examinations of physical-chemical properties dependent on electronic structure, to investigations of  stability 
as a function of oxygen supply. Stability properties are of particular importance in vivo, since the oxygenated form 
is known to be oxidized easily to the ferric form, which cannot be oxygenated and is therefore physiologically 
inactive. 
Kinetic and thermodynamic studies of the stability of native oxymyoglobin have revealed a new feature in FeO2 
bonding. In vivo, the iron center is always subject to a nucleophilic attack of the water molecule or hydroxyl ion, 
which can enter the heme pocket from the surrounding solvent, and thereby irreversibly displace the bound dioxy- 
gen from MbO2 in the form of O2- so that the iron is converted to the ferric form. A free energy diagram for the 
potential reactions of FeO 2 visualizes myoglobin as a molecular structure that can provide in solution the delicate 
balance of kinetic and thermodynamic factors necessary to stabilize reversible oxygenation, as opposed to irrevers- 
ible autoxidation to metmyoglobin. 
Key words. Myoglobin; FeO2 bonding; oxymyoglobin; free energy diagram. 

Introduction: Dynamics of Fe02 bonding in vivo 

In red muscles, such as cardiac and skeletal, myoglobin 
plays an essential role in maintaining aerobic metabo- 
lism, both as an oxygen store and as an entity facili- 
tating oxygen diffusion ~5'29'31. It is in the ferrous form 
that myoglobin can bind molecular oxygen reversibly 
and carry out its functions. From known changes in 
valency of the heme iron, one can write the cycle of 
myoglobin function as follows: 

oxygenation 

kon MbFe(II) + 0 2 _ "- MbFeO 2 
o 

kme t autoxidation (1) 

metMbFe(III) + O~ 

The process of oxygen binding to myoglobin has re- 
cently been analyzed by Frauenfelder and co-workers 
assuming multiple barriers encountered by the oxygen 
molecule as it comes from the solvent and approaches 
the heme iron 1,3. During reversible oxygen binding, on 
the other hand, the oxygenated myoglobin is known to 
be oxidized easily to the ferric met-form with generation 

of the superoxide anion 6,7. The rate of  this autoxidation 
reaction depends strongly on the pH of the solution. At 
35~ for instance, Sugawara and Shikama 25 showed 
that the half-life for conversion of bovine heart MbO2 
to metMb was 3.3 days at pH 9.1, but that it became 11 
h at pH 7.0 and even less than 30 rain at pH 5.0 in 0.1 
M buffer. The metMb thus formed cannot be oxygen- 
ated and is therefore physiologically inactive. 
However, Hagler et al. have found that muscle tissues 
contain an NADH-dependent enzyme that can reduce 
metMb to deoxy ferrous myoglobin and thus prevent 
the continued accumulation of metMb in situ 9. In fact, 
it is a matter of  our experience that the metMb content 
in myoglobin extracts from various muscle tissues is 
commonly about 40% or less. This cyclic reduction of 
metMb is, therefore, a basis for the continuity of myo- 
globin function in vivo. 

Geometry and electronic structure of the Fe02 bonding 

In consequence of the wide interest in the magnetism, 
spectrum and reactivity of the FeO2 center in hemoglo- 
bin and myoglobin, many proposals have been made 
concerning its electronic structure. Nevertheless, the fol- 
lowing 2 are of primary importance. 
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In Pauling's formulation 

Fe(II) - -  O ~ . ,  

�9 ~ 

the iron atom is shown in a double bond with the 
nearby oxygen atom and the F e - O - O  bond angle is 
about 120 ~ The bound dioxygen becomes polarized and 
the iron atom retains the ferrous low spin state, in har- 
mony with its observed diamagnetism ~6. 

In Weiss' ionic description 

[Fe(III)- O2-1 

an electron transfer from iron to dioxygen creates a 
fully developed Fe(III)-superoxide ion pair 3~ The result- 
ing unpaired spins resident on Fe(III) and 02- are as- 
sumed to couple to give rise to a diamagnetic species 32. 
Phillips and Schoenborn have recently carried out X- 
ray and neutron diffraction studies of the structure of 
sperm whale oxymyoglobin, and revealed that the 
bound dioxygen is indeed bent, held end-on and stabi- 
lized by a hydrogen bond to the distal (E 7) histidine. 
The detailed geometry is shown in figure 1, where the 
F e - O - O  bond angle is 121 ~ the O 1 - O 2 - - - H  angle is 
96 ~ and the proton bonded to N ~ projects into the 
solvent surrounding the molecule 17,1s. This structure, 
however, does not resolve the controversy between pro- 
ponents of an ionic description and of a covalent de- 
scription for the FeO2 bonding, although it does rule 

O 
out the cyclic formulation ( F e / l )  proposed by Grif- 
fith 8. " ( 9  

Other lines of physical and chemical evidence indicate 
that when the deoxy-form combines with molecular ox- 
ygen, a partial, not full, transfer of an electron occurs 
from the ferrous iron to the antibonding ~* orbitals of 
dioxygen. For instance, Caughey et al. 14 observed that 
the O - O  stretching frequency of dioxygen decreases 
from its 1555 cm -~ in the gas phase to 1107 cm -~ in 
HbO2 and to 1103 cm -1 in MbO2. They concluded that 
these shifts and associated intensity changes provide 
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Figure 1. Geometry of the FeO 2 bond in sperm whale oxymyoglo- 
bin17,1s. 

clear evidence for such electron transfer to the dioxygen 
bound to the heine iron, in a bent, end-on geometry 4. 
In M6ssbauer spectroscopy, Lang and Marshall also 
showed that the isomer shift (6) of HbO2, a measure of 
electron density at the iron nucleus, is much closer to 
that for the ferric form than to that for the deoxy fer- 
rous form, and that the quadrupole splitting (AEQ), a 
measure of charge asymmetry in the d-electron orbitals 
in particular, corresponds to a strong covalent charac- 
ter in the bond between the iron and dioxygen 12. All of 
these recent measurements clearly indicate that the con- 
version of myoglobin and hemoglobin into their oxy- 
genated forms is associated with a profound electronic 
rearrangement, which may be described by strong zc- 
donation (charge transfer) from Fe(II) to 02 and syner- 
gistic a-donation (coordination) from 02 to Fe, result- 
ing in strong covalent bonding between the iron and the 
bent, end-on dioxygen4: 

" 

Figure 2 gives a simplified molecular orbital represen- 
tation of the FeO2 bonding, by Jones et al. ~~ with some 
modifications. When deoxymyoglobin in a high-spin 
ferrous state (S =- 2) combines with dioxygen in a triplet 
ground state (S = 1), a-donation primarily arises from 
the overlap of an antibonding n* orbital of dioxygen 
with the dz2 orbital of iron. A partial transfer of an 
electron also occurs simultaneously from a t2g orbital of 
iron to another ~* orbital of dioxygen so as to place 
oxymyoglobin in a diamagnetic low-spin state (S = 0). 
On the other hand, it is well known that the oxygenated 
form of myoglobin or hemoglobin is easily oxidized to 

~r ~ 

1 d~2_~ 
1' dz 2 

7r;2 

I dyz 
I t dxy 

0 2 MbFeO 2 MbFe(I I) 
Figure 2. A simplified MO scheme for FeO 2 bonding in myoglobin, 
showing both ~r and n interactions between iron and coordinated dioxy- 
gen. The unpaired electron spin density on the dioxygen moiety increa- 
ses when the energy separation, A, is smaller than the electron-pairing 
energy 1~ 
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the ferric form. Nevertheless, the mechanistic details of 
this process have been quite unclear despite the fact 
that the factors influencing the rate of autoxidation 
have long been studied by a number of authors. Using 
native oxymyoglobin isolated directly from muscle tis- 
sues 22'27'33, w e  have carried out kinetic and thermodyn- 
amic studies of its stability that have recently revealed 
other interesting features of the FeO2 bonding. These 
new properties of MbO2 are of primary importance for 
a full understanding, not only of the nature of the FeO2 
bonding, but also of the clinical biochemistry of the ox- 
ygen supply from blood capillaries to mitochondria in 
red muscles, where ischemia causes abrupt cell destruc- 
tion in cardiac and skeletal tissue. 

Stability properties of the Fe02 bonding 

Oxymyoglobin is oxidized easily and irreversibly in vi- 
tro to metmyoglobin, with the generation of the super- 
oxide anion; 

kmet 
MbOz " metMb + 02- (2) 

where kme t represents the first-order rate constant ob- 
served at a given pH 6. The generation of the superoxide 
anion has been demonstrated by Gotoh and Shikama 7 
testing the inhibitory effect of superoxide dismutase on 
the reduction of cytochrome c or on the oxidation of 
epinephrin coupled with the autoxidation of MbO2. 

Therefore, the rate of autoxidation is given by 

- d [MbO2] 
kme t - [MbO2]" (3) 

dt 

If the values of kmet are plotted against the pH of the 
solution, a profile of the stability of oxymyoglohin can 
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Figure 3. The pH dependence of the stability of  FeO 2 in myoglobin. 
The values of the observed rate constant, kmet, for the autoxidation of 
bovine heart MbO 2 are plotted against the pH of the solution in 0.1 M 
buffer at 25 *C. The computed curve (-) was obtained from Eq. (5) by a 
least-squares fitting to the experimental data (�9 over the whole range 
of pH 4.8-12.6. The expanded scale is used above pH 6.5. MbOz con- 
centration, 50 rtM 2I'25. 

be obtained. Figure 3 shows such a profile for bovine 
heart MbO2 in 0.1 M buffer at 25~ ~. This graph indi- 
cates that the rate of autoxidation increases rapidly 
with increasing hydrogen ion concentration, that a rate 
minimum appears at pH 9 and that a small increase sets 
in at the higher values of pH. 
In order to unravel the kinetic and thermodynamic pa- 
rameters contributing to the kmet versus pH profile, Shi- 
kama and Sugawara 2~ have proposed some mechanistic 
models for the autoxidation reaction. The rate equa- 
tions derived therefrom have been used for fitting expe- 
rimental data according to their procedures using a 
digital computer (ACOS 900 system, Tohoku Univer- 
sity, Sendai). They have concluded that the complicated 
pH-profile for the autoxidation rate of bovine heart 
MbO2 can be best explained by an 'acid-catalyzed three- 
states model '21,25. In this scheme it is assumed that 2 
different kinds of dissoeiable groups, AH with pKl and 
BH with pK2, are involved in the reaction. Also it is 
assumed that there are 3 forms of MbO2, represented by 
A, B, and C, at molar fractions of e, fl, and (1-cr 
respectively, which are in equilibrium with each other 
but which differ in dissociation states for the groups 
AH and BH (see Eq. (4)). These forms can be oxidized 
to metMb by displacement of O2- from MbO2 by an 
entering water molecule or hydroxyl ion. The iron is 
thus converted to the ferric form, and the water mole- 
cule or the hydroxyl ion remains bound to the Fe(III) at 
the 6th coordination position to form aqua- or hydrox- 
ide-metMb, respectively. Both of these met-species have 
already been established definitely by Stryer et al. from 
X-ray analysis 24. The reaction scheme may be written, 
therefore, as 

MbOz(AH, BH)- K~.. MbO2(A-,BH) _ K2.~ MbO2(A_,B_ ) 

metMb metMb metMb 

where for each form of MbO2/Co is the rate constant for 
the displacement by H 2 0  , k n is the rate constant for the 
proton-catalyzed displacement by H20, and koH is the 
rate constant for the displacement by OH-. 
For the mechanism delineated in Eq. (4) the observed 
rate constant, kmo, in Eq. (3), can finally be reduced to 

krnet = (k  A �9 [ H 2 0  ] + k A - [ H 2 0  ] �9 [H+]) (~) 
+ (ko s" [H20] + kr~" [H20] �9 [H +] + k~n" [OH-l) (fl) 
+ (ko c -  [H20 ] + kCH " [OH-]) (1 - oc -/~) (5) 

where 
[H+] 2 

[H+] 2 4" Kl" [H +] -F g I �9 K2 

K~" [H +] 
/~ = [H+I 2 + KI" [n +] + K~. K2 

(6) 

and 
Kl �9 Ka 

(1 [H+] 2 + KI" [H +] + gl " K:" 

By iterative least-square procedures inserting various 
values for KI and K2, the adjustable parameters in Eq. 
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(6), the best fit to the experimental values of kmet was 
obtained as a function of pH as shown in figure 3. In 
this way the rate constants of the elementary processes 
involved in the autoxidation reaction of MbO 2 were 
also established as follows: k0 A= 0.79 x 10 -4 h-lM -t, 
kt~ = 0.34 x 103 h-lM -2, k~ = 0.47 x 10 .4 h - l M  -1, 
k~ = 0.25 x 104 h-lM -2, kg,  = 0.18 x 102 h-LM -1, 
k c = 0.31 x 10 -4 h<M -1, and kCoH = 0.50 h-lM -1 in 0.1 
M buffer at 25 ~ 25. From the best values found for pKx 
( = 6.7) and pKz ( = 10.4), the most probable candidates 
for the dissociable groups AH and BH (see Eq. (4)) are 
histidyl and tyrosyl residues respectively. This identi- 
fication was confirmed by a thermodynamic character- 
ization for the groups 2s. 
In the table a complete set of the 3 types of rate con- 
stants involved in the autoxidation reaction in the neu- 
tral pH range, k0 B, k~, and kgH, is given under the more 
general nomenclature of kH2o, H k.2o, and ko, respectively, 
since these are the pertinent ones for the present pur- 
pose. It is apparent that the proton-catalyzed process 

H with the rate constant kH2 o promotes the autoxidation 
reaction of MbO2 above the spontaneous process in wa- 
ter with the rate constant kH20. In fact, the catalytic pro- 
ton enhances the rate by a factor of 5 x 107/m01. From 
the value of k"2o = 0.25 x 104 h-lM -2 one can also cal- 
culate a half-life (tv,) of 18 msec for autoxidation of 
MbO2 placed in 1 M H + aqueous solution at 25~ 
These estimations reveal that the proton-catalyzed 
autoxidation of MbO2 is inherently a fairly fast reac- 
tion, but in practice the extremely low concentration of 
H § ion at physiological pH (corresponding to 10 -7 M 
H +) reduces the rate to a negligible magnitude. 
In this proton catalysis, the imidazole ring of the distal 
histidine (the dissociable group AH with pK0 appears 
to participate by a proton-relay mechanism in facili- 
tating the effective movement of a catalytic proton from 
the solvent to the bound dioxygen 25,26. As is evident in 
figure 1, when a catalytic proton from the solvent pro- 
tonates transiently the remote nitrogen 0N ~) of the distal 
histidine at neutral pH, the opposite nitrogen (N ') re- 
leases its proton so that it moves closer to the bound 
polarized dioxygen. Such an activated state serves to 
facilitate a full charge transfer from Fe(II) to 02. This 
transfer facilitates displacement of O2- as the hydro- 
peroxyl radical HO2, which departs and, since its pKa is 

4.8, then dissociates into the superoxide anion and a 
catalytic protonL 
Although water molecules can participate in 2 types of 
paths, i.e. that with and the other without proton-catal- 
ysis, each elementary process in Eq. (5) involved in the 
autoxidation reaction of MbO2 can be written as a dis- 
placement of the bound dioxygen, as superoxide anion, 
by the entering ligand, H20 or OH-: 

Fe(II)(O2) + H20 

Fe(II)(O2) + OH- 

k"2~ " Fe(III)(OH2) + 02- 

koH 
" Fe(III)(OH-) + O2- 

To elucidate further the molecular mechanism of these 
substitution reactions leading to metmyoglobin forma- 
tion in vivo, Satoh and Shikama have studied the oxi- 
dation of MbO 2 induced by excess anion~L The anions 
examined were SCN-, F-, OCN-, N 3- and CN-, whose 
nucleophilicity differs from H20 and OH-. In each case, 
the observed oxidation rate was linearly dependent 
upon the concentration of an added anion. A Bronsted 
plot for the series showed that the rates correlated with 
the pK a of  the conjugate acid, a measure of the nucleo- 
philicity of  the anion. These results clearly indicate that 
the mechanism of autoxidation is not a dissociative or 
SNI process which involves the spontaneous, ionic loss 
of O2- from MbO2 and the subsequent formation of the 
corresponding metMb-anion complex. Rather, the oxi- 
dation of MbO2 proceeds by way of a nucleophilic at- 
tack of anions at the iron center leading to a reductive 
displacement of  the bound dioxygen as 02- and the con- 
version of the iron to the ferric state. Satoh and Shi- 
kama also concluded that as the most common nucleo- 
phites in vivo both H20 and OH- can react with native 
MbO> The elementary processes involved in Eq. (5) for 
the autoxidation reaction of MbO2 under physiological 
conditions can therefore be viewed in the general form 
of Eq. (7), as a SN2 mechanism, 

6+ &- kN 
MbFe(ll)O 2 + N- "-- N l M b F e ~  

02 

(7) 

"-- metMbFe(III) �9 N- + O r 

Kinetic and thermodynamic parameters for reversible oxygen-binding 
t 9 myoglobin and for irreversible autoxidation of oxymyoglobin under 
air-saturated conditions in the neutral pH range at 25 ~ 2'2S 

Reaction Rate constant k AG o * (kcal. mo1-1) 
(units) (at specified state) 

Oxygen-binding a /Con (sec -1 M -I) 1.64 x 107 12.5 (in 0.25 mM 
dissolved 02) 

koff (sec -1) 19 15.6 

Autoxidationb kH2o (h -1 M -x) 0.47 x 10 -4 25.7 (in aqueous 
solution) c 

kH20 (h -1 M -E) 0.25 x 104 15.2 (in 1 M H + 
aqueous solution) 

koH (h -~ M -1) 0.18 x 102 20.5 (in 1 M OH- 
solution) 

a See Eq. (1). b The rate constants 
spectively, in Eq. (5). See the text. 
as 55.5 M. 

correspond to k0 a, k~, and kgH, re- 
c The concentration of H20 is taken 

where kN represents the rate constant for the anion-in- 
duced oxidation of MbO2, and N-  can be SCN-, F-, 
O C N - ,  N3- , o r  C N - ,  and, in vivo, H20 or OH-. 
This nucleophilic displacement can proceed without any 
protonation. Nevertheless, the rate is enormously en- 
hanced, by the factor of more than 106/m01, with pro- 
ton assistanceC Our kinetic analysis of the stability 
properties of native MbO2, therefore, reveals a new fea- 
ture of the FeO2 bonding. The iron center is very sus- 
ceptible to attacking nucleophites; only in their presence 
is a full charge transfer from the Fe to 0 2 produced. 

Free energy diagram for reactivity of the FeO 2 bonding 

The table summarizes the kinetic and thermodynamic 
parameters for reversible oxygen-binding to myoglobin 
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and for irreversible autoxidation of oxymyoglobin in 
the neutral pH range. The values of the on-rate and 
off-rate constants for the oxygen binding at 25 ~ were 
calculated from the literature values at 20~ using the 
corresponding activation energies listed by Antonini 
and Brunori 2. The free energy change for the formation 
of the activated complex of each elementary process 
was also calculated in each specified state from the cor- 
responding rate constant kr by the relation 

k~ = (kT/h )exp(-AG~ /RT)  

where R represents the gas constant, k the Boltzmann 
constant, h the Planck constant, and T the absolute 
temperature. 
The free energy diagram for the reactions of myoglobin 
with oxygen is presented in figure 4 with the FeO2 cho- 
sen as the reference state. 
It is apparent that the reaction of myoglobin with mo- 
lecular oxygen proceeds by way of a considerable 
energy barrier for the formation of the activated com- 
plex. This reflects a profound change in the electronic 
configuration produced both on the iron and the dioxy- 
gen to give rise to the observed diamagnetism of MbO2. 
The resulting MbO2 is stabilized at the bottom of a deep 
ravine between 2 energy barriers. To release the bound 
oxygen, therefore, MbO2 must g o  back across a barrier 
somewhat higher than that for the on-rate process, dur- 
ing which step the electronic configuration is rearranged 
back to its initial state for separated Fe(II) and 02. 
In the neutral pH range, MbO2 is protected against irre- 
versible autoxidation primarily by a high energy barrier 
of approximately 26 kcal.mol -~ (107 kJ 'mol  -~) for the 
formation of the activated complex with an entering 

( kcat / tool ) ( k J / m o l  ) 
150 

30 

kH20 

0[ 0 
I MbFe-02 

i 

rnetMbFe(rn) *O~ 

Figure 4. Free energy diagram for the reactions of the FeO2 in myoglo- 
bin under air-saturated conditions at 25 ~ 

water molecule. This barrier is more than 1.5 thnes 
higher than that for the off-rate process, and thus pro- 
vides myoglobin with a strong bias for reversible oxy- 
gen-binding as opposed to irreversible autoxidation. Its 
height may reflect partly the unfavorable free energy for 
one-electron reduction of O~ by Mb. That free energy 
change is approximately +8 kcal; molecular oxygen is a 
poor one-electron acceptor with a lower redox poten- 
tial, E~ (O2/O2-)=-0 .27~ -0.33 V 2~ than that, 
E~ = +0.046 V, for the metMb-Mb system 28. The high 
activation energy may also be due partly to the low nu- 
cleophilicity of water and to the difficulty in access to 
the hydrophobic heme pocket ~9'23. 
In the higher pH range, hydroxide anion, with a nucleo- 
philicity much stronger than that of H20, increases in 
concentration, and it can displace O2- from MbO2 more 
easily than the water molecule can because it lowers the 
free energy barrier by approximately 5 kcal/mol. 
In the acidic pH range, the autoxidation of MbO2 in- 
creases very rapidly with increasing hydrogen ion con- 
centration. In fact, the proton enhances the rate con- 
stant by a factor of 5 x 107/mol at 25 ~ From the ther- 
modynamic analysis Sugawara and Shikama have 
shown that the catalytic proton decreases 3 H  ~ and 
also increases AS~ thereby lowering the free energy 
barrier AG O* for the formation of the activated com- 
plex by the order of magnitude of more than 10 kcal/ 
mo125. It thus becomes evident that the energy barrier 
for the autoxidation of MbO2 to metMb could be re- 
duced with increasing hydrogen ion concentration to a 
value comparable to that for the off-rate process of 
MbO2. This means that in the lower pH range, MbO2 is 
always subject to a very rapid autoxidation reaction 
during the reversible oxygen-binding process. Acidosis 
must therefore have a serious effect on the oxygen 
supply to red muscles such as the cardiac and the skele- 
tal. 

Conclusion 

From the free energy diagram for the reactivity of myo- 
globin with dioxygen, it becomes clear that the Fe02 
bonding is inherently stable if placed in vacuo since the 
completion of one-electron transfer from the Fe(II) to 
02 is an energetically unfavorable process. However, in 
vivo, the FeO2 center is always subject to nucleophilic 
attack of an entering water molecule, with and without 
proton-catalysis, and to the attack of an entering hy- 
droxide anion. These can cause irreversible oxidation of 
MbO 2 to metMb with the generation of the superoxide 
anion. Myoglobin has thus evolved with a globin 
moiety that can provide in aqueous media the delicate 
balance of kinetic and thermodynamic factors necessary 
to stabilize reversible oxygen-binding as opposed to ir- 
reversible autoxidation induced by the water molecule 
and its conjugate anionic species 23'26. 
The stabilization of oxygen for transport and storage 
and the activation of oxygen for use in terminal oxida- 
tion are reciprocal but essential functions that support 
living organisms on the earth. Since the autoxidation of 
oxymyoglobin has been shown to be a nucleophilic dis- 
placement accompanied by one-electron transfer to the 
bound dioxygen, this reaction, in its molecular nature, 
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c a n  be  v iewed as a m e e t i n g  p o i n t  o f  the  s t ab i l i z a t i on  
a n d  the  a c t i v a t i o n  o f  m o l e c u l a r  oxygen  p e r f o r m e d  b y  
h e m e p r o t e i n s .  I t  m a y  t h e r e f o r e  p r o v i d e  us  w i t h  a n  in-  
s ight  i n to  genera l  p r inc ip les  g o v e r n i n g  m o l e c u l a r  oxy-  
gen  e n z y m o l o g y  i n c l u d i n g  oxygenases  a n d  ox idases  ~L, 13 

Abbreviations. Mb, myoglobin; MbOz, oxymyoglobin; metMb, met- 
myoglobin; Hb, hemoglobin; HbO2, oxyhemoglobin. 
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