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ABSTRACT: Native oxymyoglobin (MbO,) was isolated directly from the radular muscle of Aplysiu kurodai 
and was examined for its stability properties over the wide range of p H  4-13 in 0.1 M buffer a t  25 O C .  

When compared with sperm whale M b 0 2  as a reference, Aplysia MbOz is found to be extremely unstable 
with an unusual p H  dependence for its autoxidation rate. Kinetic analysis has revealed that Aplysia MbO,, 
lacking the distal histidine, does not show such a proton-catalyzed process that can play a dominant role 
in the autoxidation reaction of sperm whale MbOz, involving the distal histidine as its catalytic residue. 
Rather, Aplysiu MbO, contains two kinds of dissociable groups with pK, = 4.2 and 6.1, respectively, both 
probably being carboxyl groups and both also being responsible for an increase in its autoxidation rate in 
the acidic pH range. Therefore, the extreme susceptibility of Aplysia Mb0,  to autoxidation comes mainly 
from the rate constant for a nucleophilic displacement of 0,- from MbO, by an entering water molecule, 
with the iron ending up as the ferric form. Its value is found to be 100 times higher than the corresponding 
value for sperm whale Mb02.  In relation to structural evidence, these findings suggest that the heme pocket 
of Aplysia MbO, is open enough to allow easier attack of the solvent water molecule on the F e 0 2  center. 

U n l i k e  mammalian myoglobins, Aplysia myoglobins con- 
tain only a single histidine residue, lacking the usual distal one 
(Tentori et al., 1973; Suzuki et al., 1981; Takagi et al., 1984), 
and the circular dichroism magnitude being about two-thirds 
that of sperm whale myoglobin (Shikama et ai., 1982). 
Furthermore, the hydropathy profiles obtained from the amino 
acid sequence of Aplysia myoglobins are quite different from 
that of sperm whale myoglobin, especially on the distal side 
of the heme iron (Takagi et al., 1984). 

We have recently succeeded in isolating native oxymyoglobin 
directly from the radular muscle of Aplysia kurodai, a com- 
mon species around the Japanese coast, and have examined 
its spectral and stability properties. The absorption spectrum 
of Aplysia Mb02' is very similar to those of mammalian 

0006-2960/86/0425-3898$01.50/0 

oxymyoglobins. Its stability, however, is quite different from 
those of the mammalian oxymyoglobins, and Aplysia Mb02 
is found to be extremely susceptible to autoxidation (Shikama 
& Katagiri, 1984). 

In this paper, we describe a mechanistic analysis of the 
unusual pH dependence for the stability properties of Aplysia 
MbO,. This kinetic analysis seems to be of great interest if 

I Abbreviations: Mb02, oxymyoglobin; metMb, metmyoglobin; 
HbOz, oxyhemoglobin; metHb, methemoglobin; MES, 4-morpholine- 
ethanesulfonic acid; PIPES, 1,4-piperazinediethanesulfonic acid; TAPS, 
3-[ [tris(hydroxymethyl)methyl]amino]propanesulfonic acid; CAPS, 3- 
(cyclohexy1amino)propanesulfonic acid; EDTA, ethylenediaminetetra- 
acetic acid; Tris-HCI, tris(hydroxymethy1)aminomethane hydrochloride. 
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compared with that of sperm whale Mb02 as a reference and 
may provide a clue for elucidating the role of the distal his- 
tidine residue and the heme environments in myoglobin 
chemistry as well as in myoglobin evolution, since the kinetics 
of the autoxidation should reflect differences on the distal side 
of the heme. 

MATERIALS AND METHODS 
Chemicals. Sephadex G-50 and G-75, and DEAE-Sepha- 

dex A-25 were products of Pharmacia. DEAE-cellulose 
(DE-32) and CM-cellulose (CM-32) were purchased from 
Whatman. MES, PIPES, TAPS, and CAPS for buffer sys- 
tems and all other chemicals were of reagent grade from Wako 
Pure Chemical, Osaka; solutions were made with deionized 
and glass-distilled water. 

Oxymyoglobin Preparations. Specimens of A.  kurodai were 
collected around the Onagawa coast, Miyagi Prefecture, Japan. 
Native oxymyoglobin was isolated directly from the radular 
muscle and purified according to our previous method (Shi- 
kama & Katagiri, 1984). Fresh buccal masses, about 150 g 
being gathered from 25 heads, were homogenized in 3 volumes 
of cold distilled water containing 0.5 mM EDTA. After in- 
soluble material had been removed by centrifugation, the 
extract was fractionated with ammonium sulfate between 70% 
and 100% saturation, the pH being kept at 8.0 by the addition 
of 1 M ammonium hydroxide. The myoglobin precipitate was 
centrifuged down, dissolved in a minimum volume of 5 mM 
Tris-HC1 buffer (pH K O ) ,  and dialyzed against the same buffer 
containing 0.5 mM EDTA. After gel filtration on Sephadex 
G-75, the essential step was the chromatographic separation 
of Mb02 from metMb on a DEAE-cellulose column that had 
been equilibrated with 5 mM Tris.HC1 buffer (pH 8.0). The 
elution was carried out with a linear concentration gradient 
of Tris-HC1 buffer from 5 to 50 mM at pH 7.5. The con- 
centration of Aplysia myoglobin was determined, after con- 
version into cyanometmyoglobin, by using an extinction 
coefficient of 10.2 mM-' cm-' at 540 nm (Shikama et al., 
1982). 

For comparison, sperm whale oxymyoglobin was also pre- 
pared directly from skeletal muscle according to our standard 
procedure (Suzuki & Shikama, 1983). After being separated 
completely from hemoglobin by gel filtration on a Sephadex 
G-50 column, the myoglobin was applied to a DEAE-Sephadex 
A-25 column and developed into its polymorphic forms with 
15 mM Tris-HC1 buffer (pH 9.0). The major fraction, which 
was first eluted with 50 mM Tris-HC1 buffer (pH 9.0), was 
dialyzed against 5 mM Tris-HC1 (pH 7.0) and applied to a 
CM-cellulose column equilibrated with the same buffer, to 
separate the MbO, completely from the metMb with 15 mM 
Tris.HC1 buffer (pH 7.5). The major Mb02  thus obtained 
was placed in 10 mM Tris-HC1 buffer (pH 9.0) and kept at 
low temperature (0-4 "C) before use. 

Autoxidation Rate Measurements. The measurements were 
carried out in 0.1 M buffer at 25 "C over the pH ranges of 
4-1 3 for Aplysia Mb02 and of 5-1 3 for sperm whale MbOz, 
according to our standard procedure. A 2-mL solution con- 
taining 0.2 M appropriate buffer was placed in a test tube and 
incubated in a water bath (Lauda circulator) maintained at 
25 (fO.l) OC. The reaction was started by adding 2 mL of 
fresh oxymyoglobin solution (50 pM for Aplysia or 100 pM 
for sperm whale), and the tube was then sealed with a 
ground-glass stopper. For spectrophotometry the reaction 
mixture was quickly transferred to a quartz cell held at 25 
(fO.l) OC, and the changes in absorption spectrum from 450 
to 650 nm were recorded on the same chart at measured 
intervals of time. For the final state of the runs, the myoglobin 
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was completely converted to metmyoglobin by the addition 
of potassium ferricyanide. The rate constant observed at a 
given pH for the autoxidation of MbO, to metMb (kobsd) was 
determined from the slope of each straight line in the first- 
order plot. The pH of the reaction mixture was carefully 
checked with a Hitachi-Horiba pH meter (Model F-7SSII). 

The buffers used were acetate, M E ,  PIPES, TAPS, CAPS, 
and phosphate. In order to test for any specific effect of the 
anions of the buffers on the autoxidation, we checked the rate 
by varying the concentration of each buffer from 10 to 100 
mM and by overlapping the pH regions with the different 
buffer systems used, but no practical change was observed in 
the autoxidation rate (Sugawara & Shikama, 1979). It was 
further proved by absorption spectra at 408 nm and by circular 
dichroism measurements at 222 nm that both myoglobins were 
not denatured during the rate determination over the pH range 
in which the autoxidation was being studied. 

Spectrophotometric Measurements. Spectrophotometric 
measurements were carried out in a Hitachi two-wavelength 
double-beam spectrophotometer (Model 557) equipped with 
a thermostatically controlled cell holder. Temperature was 
controlled by a water bath (Lauda thermostat) maintained to 
within f0.1 OC. 

Curve Fittings. The curve fittings for a plot of kobd vs. pH 
were made by a least-squares method with the use of a digital 
computer (ACOS Series 77 NEAC System 1000, Tohoku 
University) and also on a microcomputer (NEC PC-9801F2) 
with graphic display (NEC PC-8853N), according to our 
previous specifications (Shikama & Sugawara, 1978). 

RESULTS 
Complete Kinetic Description for  the pH Dependence. 

Under air-saturated conditions, oxymyoglobin is oxidized easily 
to metmyoglobin with the generation of the superoxide anion 
as 

koM 
MbOz - metMb + OF 

where kobsd represents the first-order rate constant observed 
at a given pH (Gotoh & Shikama, 1974, 1976; Shikama, 
1984). Therefore, the rate of the autoxidation is given by 

If the values of kOM are plotted against the pH of the solution, 
a profile of the stability of oxymyoglobin can be obtained. 
Figure 1 shows such a profile for Aplysia Mb02 over the wide 
range of pH 4-13 in 0.1 M buffer at 25 OC. It is evident that, 
compared with sperm whale Mb0,  as a reference, Aplysia 
MbOz is extremely unstable over the whole range of pH 
studied and that its pH dependence of stability is also quite 
unusual. 

Over the quite wide range of pH 7-12, Aplysia Mb02  is 
oxidized to metMb with a constant value for kobsd of 0.10 
(fO.O1) h-l, which is, for instance, 100 times higher than kobd 
= 0.001 1 h-' for sperm whale MbOz at pH 9.0. In the acidic 
range of pH 4-7, on the other hand, the rate of autoxidation 
of Aplysia MbO, increases with increasing hydrogen ion 
concentration, but much less so than for sperm whale Mb02: 
In a plot of log kobd vs. pH, sperm whale MbO, gave a slope 
very close to -1, but Aplysia Mb02 showed a slope of less than 
-0.5 and even a saturating level in the most acidic range, as 
clearly demonstrated in Figure 2. All these properties of 
Aplysia Mb02  are in sharp contrast to the stability property 
of sperm whale MbOz, which depends heavily upon the pH 
of the solution. These suggest strongly that the mode of action 
of the proton in the autoxidation reaction is quite different in 
the case of Aplysia Mb02, lacking the distal histidine, from 

-d[MbO,]/dt = kobsd[Mb02] (2) 
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mechanistic models for the autoxidation reaction of Aplysia 
Mb02. The rate equations derived therefrom were tested for 
fitting experimental data with the use of a computer, and it 
was finally concluded that the unusual pH profile for the 
autoxidation rate of Aplysia MbOz can be best explained by 
a “three-state model”. 

In this scheme it is assumed that two different kinds of 
dissociable groups, AH with pK1 and BH with pKz, are in- 
volved in the reaction. Also it is assumed that there are three 
forms of Mb02, represented by A, B, and C ,  at molar fractions 
of a, P, and 1 - a - P, respectively, which are in equilibrium 
with each other but which differ in dissociation states for the 
groups AH and BH (see eq 3). These forms can be oxidized 
to metMb by displacement of Oz- from Mb02 by an entering 
water molecule, and at  extremely high pH by an entering 
hydroxyl ion. The reaction scheme may be written, therefore, 
as 

K l  K2 
MbOZ(AH,BH) f MbOz(A-,BH) e MbOZ(A-, B - )  (3) 

1 

0 

- 2  

-3 

3 4 5 6 7 8 9 1 0 1 1 1 2 1 3  
P H  

FIGURE 1 : pH dependence of the stability properties of Aplysiu MbOz 
and sperm whale MbOz in 0.1 M buffer at 25 OC. The logarithmic 
values of the observed rate constant, k- for the autoxidation reaction 
are plotted against the pH of the solution. The computed curve (-) 
was obtained by a least-squares fitting to the experimental data (0) 
over the whole range of pH studied, based on eq 4 for Aplysiu and 
eq 10 for sperm whale, respectively. MbOl concentration: 25 pM 
for A .  kurodai; 50 pM for sperm whale. 

1 

m 
0 - 

- 1  

I 
4 5 6 7 8 9 1 0 1 1  

P H  
FIGURE 2: Plot of log kohd vs. pH for the autoxidation reaction of 
Aplysiu Mb02 with some theoretical lines. Two theoretical lines (-) 
having slopes of -1 and 0 with ascending pH are drawn to indicate 
an unusual mode of action of the proton in the reaction. A computed 
curve (- - -) involving a single dissociation process with pK = 6.1 was 
also insufficient to cover all the acidic part of the reaction. A. kurodui 
MbOz concentration: 25 pM in  0.1 M buffer at 25 ‘ C .  

sperm whale MbO,, which involves the distal histidine that 
has been shown to participate in the proton-catalyzed process 
for the autoxidation of bovine heart Mb02  (Sugawara & 
Shikama, 1980). 

Recently it has also been shown that the autoxidation re- 
action is not a simple, dissociative loss of 02- from Mb02 but 
is a nucleophilic displacement of 02- from Mb02  by the en- 
tering water molecule or hydroxyl ion, involving three types 
of elementary processes (Sugawara & Shikama, 1980; Satoh 
& Shikama, 1981; Shikama, 1984): 

ko 
MbFe(II)(O,) + H20 - MbFe(III)(OH2) + 02- 

MbFe(II)(02) + H20 + H+ - MbFe(III)(OH2) + HOz 

MbFe(II)(O,) + OH- - MbFe(III)(OH-) + 02- 
According to these specifications, therefore, we proposed some 

kH 

koH 

met M b metM b metMb 

where for each form of MbO, ko is the rate constant for the 
displacement by H20 and kOH is the rate constant for the 
displacement by OH-. 

For the mechanism delineated in eq 3 the observed rate 
constant, kobsd in eq 2, can finally be reduced to 

kobsd = (‘%[H2011(a) + (k8[HZO])(P) + 
(kg[H201 + kgHIOH-l](l - a - P )  (4) 

where 

[H+Y 
a =  

[H’]’ + K,[H+] + K 1 K 2  

KlK2 
l - a - P =  

[H’]* + Kl[H+] + K1K2 

By iterative least-squares procedures inserting various values 
for K1 and K,, the adjustable parameters in eq 5,  the best fit 
to more than 70 experimental values of kobd was obtained as 
a function of pH, as shown in Figure 1. In this way the rate 
constants and the acid dissociation constants involved in the 
autoxidation reaction of A .  kurodai Mb02  were also estab- 
lished in 0.1 M buffer at 25 OC, as summarized in Table I. 
Here, it should be noted that there was no way to explain the 
pH dependence of kobd for Aplysia Mb02  by a single disso- 
ciation process (Figure 2 ) .  

Analytical Characterization for the pH Dependence. Un- 
fortunately, it seemed obscure from Figure 1 that two disso- 
ciation processes are involved in the autoxidation reaction of 
A .  kurodai Mb02. However, Aplysia Mb02 is such a case 
that some analytical treatments could also be applied to 
confirm the validity of the kinetic and thermodynamic pa- 
rameters resulting from the curve-fitting procedures. 

If three forms of the Mb02  are in equilibrium with each 
other as delineated in eq 3, the Henderson-Hasselbalch type 
equations must be given between the forms A and B involving 
the dissociable group AH with pKl and between the forms B 
and C involving the group BH with pK,: 

log [(kobsd - kB)/(k.4 - kobsd)l = -pH + pK1 ( 6 )  
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Table I: Rate Constants and Acid Dissociation Constants Obtained 
from the pH Dependence for the Autoxidation Reactions of A .  
kurodai MbO, and Sperm Whale MbO, in 0.1 M Buffer at 25 OC" 

state of k0 kH kOH 
source MbO, (h-] M-I) (h-I M-2) (h-I M-') pK 0.20 

Aprysia A(AH,BH) 0.1 1 

JIK1 4.2 

MbO2 

B(A-,BH) 0.13 X lo-' 

6.1 
0.83 

J K 2  

C(A-,B-) 0.18 X 

sperm A(AH) 0.78 X 0.37 X lo3 

%t2 / I K i  6.2 

B(A-) 0.18 x 10-4 0.20 x 104 0.14 x i o  

0.15 

A 

0.10 

0.05 

~ 

Osee eq 3 and 4 for Aplysia and eq 9 and 10 for sperm whale in the 
text. bThe earlier estimation of k$ appears to have been in error by a 
factor of 2 on the low side (Suzuki & Shikama, 1983). 

1 

6 
0 - 

1 

L 5 6 7 

PH 
RGURE 3: Henderson-Hasselbalch plot for the autoxidation of Aplysiu 
MbOz in the acidic range of pH 4-7. The two dissociation processes 
were revealed with their corresponding values of pKl = 4.2 and pFi2 
= 6.1 for A. kurodai, given by the midpoint of the two respective stages 
of the reaction in 0.1 M buffer a t  25 O C .  

where kA kG[H20], kB = kE[H20], and kc = kg[H20], 
taken as [H20] = 55.5 M. Therefore, in eq 6, for instance, 
if the kinetic values of log [(koM - kB)/(kA - koM)] are plotted 
against the corresponding values of pH, a straight line of slope 
-1 would be expected to obtain, with its midpoint giving a value 
referred to as pK, for the dissociable group AH involved. 

Using the values already evaluated for k$, k& and k& 
Figure 3 shows such a Henderson-Hasselbalch plot for the 
stability of A. kurodai Mb02. It becomes thus unequivocal 
that there are involved two dissociation processes with pK, = 
4.2 and pK2 = 6.1 in the acidic range of pH 4-7. Also, it is 
clear that the proton participating in the pH dependence of 
the reaction is not the catalytic one but is the equilibrium 
proton that changes only the molar fractions of the three forms 
of the M b 0 2  according to eq 5. 

0 '  ' 1 
500 550 600 

Wavelength ( nm ) 

FIGURE 4: Spectral changes with time for the autoxidation of Aplysia 
MbOz with a constant rate over the range of pH 8-1 2 Scans were 
made at  the following times: 0, 100, 300, 500, 700, 900, and 1100 
min. The final spectrum was that of the hydroxide-metMb. A .  
kurodai M b 0 2  concentration: 16 pM; kohd = 0.091 h-' in 0.1 M 
buffer, pH 10.33 at  25 O C .  

In the range where pH > pK2, we might reduce eq 4 to the 
simple form: 

kobsd k8[H201 + k8H[OH-1 (8) 
Over the quite wide range of pH 8-12, however, the rate of 
autoxidation of Aplysia Mb02 was constant and independent 
of increasing OH- concentration, although the final spectrum 
of the reaction was essentially that of the hydroxide-metMb 
(Figure 4). These conflicting observations led us readily to 
conclude that Aplysia MbOz was oxidized mostly to aqua- 
metMb with a constant rate of k$[H20], since this term for 
the nucleophilic displacement by H 2 0  dominated over the 
other term of kEHIOH-] in this pH range; the aqua-metMb 
thus formed was then converted instantaneously to its hy- 
droxide form by the acid-alkaline transition with pKa = 8.3 
at 25 OC (Katagiri, 1983). In the extremely basic range, the 
values of kEHIOH-] turn to rise higher above that of kE[H20], 
and so there does appear a small increase in its autoxidation 
rate as already seen in Figure 1. 

From the pKa values given in Table I, and also taking into 
account the fact that Aplysia myoglobins contain only a single 
histidine residue corresponding to the heme-binding proximal 
one (Takagi et al., 1984), the most probable candidates for 
the groups AH and BH may both be carboxyl groups. Al- 
though this identification should further be confirmed by other 
lines of evidence, it is clear from Table I that the rate of 
autoxidation of Aplysia Mb02 increases about 10 times each 
in every stage of protonation for whatever the respective groups 
involved. 

Kinetic Comparison with Sperm Whale Oxymyoglobin. 
The unusual stability property of Aplysia Mb02 would become 
much more distinct if compared with the stability of sperm 
whale Mb02. In our preliminary examination, it was assumed 
that a single dissociable group, AH with pK1, is involved in 
the autoxidation reaction of sperm whale M b 0 2  (Suzuki & 
Shikama, 1983). Consequently, there are two forms of the 
Mb02, represented by A and B, at molar fractions of (Y and 
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FIGURE 5 :  log koM vs. pH profile for the autoxidation of sperm whale 
MbOz in 0.1 M buffer at 25 O C .  Since its parabolic component (-- -) 
was manifested by the term ke = k;[HzO] + ki[H2O][H+] + 
ktHIOH-] in eq 10, the rate constants for the B state were first 
established so as to fit most of the basic range. 

p, respectively, which are in equilibrium with each other but 
which differ in dissociation state for the group AH. The 
autoxidation reaction of sperm whale Mb0, may therefore be 
written as 

Kf 
MbOAAH) Mb02(A-) (9) 

metMb metMb 

where for each form of Mb02  ko is the rate constant for the 
spontaneous displacement by H20, kH is the rate constant for 
the proton-catalyzed displacement by H20,  and koH is the rate 
constant for the displacement by OH-. 

For this reaction, the observed rate constant, kobsd in eq 2, 
was therefore given by 

kobsd = ikA)(a) + {kB1(p) = 
lk8[H*Ol + kAH[H201 [H+lK4 + 
i k m w l  + kBtH201[H+l + k8€i[OH-I1(P) 

(10) 

where 

CY = [H+l/i[H+l + K,l 
(1 1) 

We have measured the values of kobsd at some 85 different 
values of pH over the range 5-13 in 0.1 M buffer at  25 "C 
and then carried out evaluation of the kinetic and thermody- 
namic parameters involved in the autoxidation reaction of 
sperm whale Mb02.  

From the basic range, where the molar fraction of /3 ap- 
proaches unity, the values of k& kk, and k& were first es- 
tablished so as best to cover a parabolic part of the kobsd-pH 
profile, as illustrated in Figure 5.  After these parameters had 
been fixed, iterative least-squares procedures inserting various 
values for K1, the adjustable parameter in eq 1 1, were carried 
out so as to obtain the best fit to the experimental values of 
kobsd as a function of pH over the whole range 5-1 3.  In this 
way, the conjugate values of k$ and k i ,  as well as the value 
of pK,, were established at the minimum of the sum of the 
squared residuals, as demonstrated in Figure 6. Here, it 
should be noted that if a proper value were not inserted for 
pK,, the rate constant k$ results in even a negative value. 

Table I also summarizes the rate constants and the acid 
dissociation constant involved in the stability properties of 

KI/i[H+l + K J  

1.5 1 A 

-51 I 
6.0 6.1 6.2 6 . 3  6.4  6.5 

P K l  
FIGURE 6:  Graph of results of iterative least-squares procedures to 
find the best values of k& kfi, and pK, corresponding to a minimum 
of the sum of the squared residuals (SSR). After k;, k i ,  and k t H  
in eq 10 were futed, iterative least-squares procedures inserting various 
values for K, into eq 11 were carried out. The resulting values of 
kk, kk,  and the corresponding sum of the squared residuals are shown 
as a function of pK1 inserted. 

sperm whale Mb0, in 0.1 M buffer at 25 OC. These results 
clearly indicate that the proton-catalyzed displacement pro- 
cesses with the rate constants kfi and k& are mainly responsible 
for promoting the autoxidation reaction of the MbOz above 
the spontaneous displacement processes by H20 with the rate 
constants k$ and kt .  In fact, the catalytic proton enhances 
the rate by a factor of 4.7 X 106/mol for state A and by a 
factor of 1 . 1  X 108/mol for state B. 

In this proton catalysis, the distal histidine (the dissociable 
group AH with pK, = 6.2), which forms a hydrogen bond to 
the bound dioxygen (Phillips & Schoenborn, 1981), appears 
to participate in facilitating the effective movement of a 
catalytic proton from the solvent to the bound dioxygen via 
its imidazole ring by a proton-relay mechanism (Sugawara 
& Shikama, 1980; Suzuki & Shikama, 1983; Shikama, 1984). 
This proton transfer can lead to a favorable displacement of 
02- as the hydroperoxyl radical H02, which departs and, since 
its pK, is 4.8 (Fridovich, 1978), then dissociates into the su- 
peroxide anion and a catalytic proton again. 

In Table I, one of the mosttremarkable features is that 
Aplysia MbO,, lacking the distal histidine, does not show such 
a catalytic term kH that can play a dominant role in the 
stability properties of sperm whale MbO,. This finding leads 
us to a general conclusion that the proton catalysis appearing 
in the autoxidation reaction of Mb02  can be caused by the 
distal histidine residue. It is therefore evident that the extreme 
susceptibility of Aplysia MbOz to autoxidation comes, not from 
the proton catalysis, but mainly from the rate constant k& its 
value being 100 times higher than the corresponding one for 
sperm whale MbO,. A high value of k$ implies that the heme 
pocket of Aplysia Mb02 is open enough to allow easier attack 
of the solvent water molecule on the FeO, center, with a 
consequent very rapid formation of metMb (Shikama et al., 
1982). This may be due partly to lack of the distal histidine 
residue that is in a location where it can act just like a gate 
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be applied to those of abnormal human hemoglobins with 
substitutions on the distal side such as Zurich[HisE7(63)/3+- 
Arg] and Sydney[ValEl1(67)8+Ala] (Tucker et al., 1978). 
These examinations seem no doubt to contribute to a full 
understanding of the role of the distal histidine residue and 
heme environments in myoglobin-hemoglobin chemistry and 
in their evolution. 

to the heme pocket (Tucker et al., 1978). The hydropathy 
profiles also reveal another interesting feature relevant to our 
interpretation: whereas sperm whale myoglobin shows a most 
strong hydrophobic lobe on the distal side of the heme iron, 
Aplysia myoglobin does not show such a hydrophobic char- 
acter on its corresponding E-helix region (Takagi et al., 1984). 

DISCUSSION 
In characterizing the stability properties of oxymyoglobins 

from different origins, here we have been primarily concerned 
with the pH dependence of their autoxidation rate under 
air-saturated conditions. Since pH is the most crucial factor 
influencing the autoxidation reaction of Mb02, the effect of 
pH has long been investigated by a number of authors, but 
no mechanistic clue to the reaction has been found from those 
studies in the very limited range of pH 5-7 (Brown & Mebine, 
1969). 

Another important factor influencing the rate of aut- 
oxidation of Mb02  as well as H b 0 2  may be the oxygen 
pressure. It has also long been observed that the autoxidation 
rate increases with decreasing partial pressure of 02, although 
the extent of this effect is very small as compared with the 
enormous effect of pH that we have dealt with here. 

Taking various influencing factors into account, several 
proposals have therefore been made concerning the mechanism 
of this autoxidation reaction, and these are recently reviewed 
from a thermodynamic viewpoint (Shikama, 1984). Along 
with the early work, Wallace et al. (1982), among others, agree 
that the first step in autoxidation of Hb02  is the dissociation 
of the oxygen ligand, followed by the oxidation of the deoxy 
species by free O2 to produce metHb and 02-. Further, they 
presented the idea that anion binding to the deoxy species 
mediates one-electron transfer from iron(I1) to free O2 through 
porphyrin or aromatic amino acid residues of the protein and 
that under physiological conditions one of the most potent 
anions on this oxidation is C1- (Wallace et al., 1974, 1982). 

In the case of Mb02, however, chloride anion showed no 
appreciable amount of enhancement in metMb formation, even 
if the concentrations were examined from 0.1 to 0.5 M over 
the whole range of pH studied (Satoh & Shikama, 1981). For 
the inverse dependence of the autoxidation rate upon O2 
pressure, therefore, it is very interesting to note that H202, 
which may be produced by dismutation of the superoxide anion 
generated from autoxidation of oxy form in eq 1, can oxidize 
deoxyMb more than 100 times more easily than can oxyMb 
(Yusa, 1984). Accordingly, it must act as at least one of the 
potent oxidants of the deoxy form that increases with de- 
creasing O2 pressures. This idea seems to be attractive for 
another possible interpretation of the O2 dependence and re- 
mains open to our future study. 

Brown and Mebine (1 969) and Wallace et al. (1 982) also 
agree with the involvement of a proton in the autoxidation 
reactions of Mb02 and Hb02, but their explanations are still 
qualitative in nature. Their rate equations are insufficient to 
analyze and interpret such complicated and different types of 
the pH dependence over the wide range of pH 5-13 as shown 
in Figure 1. 

Although other mechanisms can not be ruled out, it is of 
great interest to see whether our proposal can be applied to 
the stability properties of other types of myoglobins from other 
sources of evolutional interest and also to see whether it can 
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