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SUHMARY 

CHAIN INEQUIVALENCE IN BOVINE METHEMOGLOBIN 

Y . A . I 1 an * , Y • I 1 an * , M . Ch e vi on * * and G . C zaps k i * 

*Department of Physical Chemistry and 

**Department of Cellular Biochemistry 

The Hebrew University, Jerusalem, Israel 

Using pulse-rad1olysis, a single-heme in the tetramer of bovine 

methemoglobin was reduced wit~in a few microseconds to the ferro state, 

producing a valence hybrid (VH). The kinetics of oxygen binding to the 

VH as well as the re-oxidation of the ferro-heme to the ferric state 

were studied as a function of pH. 

The kinetics nf the oxygenation revealed the existence of two 

'speci~s, characterized by high and low affinities for oxygen that are 

associated with two quaternary structures (R and T, respectively). A 

sigmoidal curve representing a transition between the two states as a 

function of pH was derived. Above pH 7. 7 only the R state could be ob-

served, while below pH 6.5 the T state was dominant. 

The reaction between the VH and ferricyanide at pH 7.75 (R state) 
4 -1 -1 consisted of two (about) equal contributions (k1= 23 x 10 M sec ; k 2 ·= 

2.1 x10 4 H- 1sec- 1) attributed to the f3 and a subunits within the tet-

ramer, 

served 

respectively. At pH 6.3 (T state) ·a 

4 -1 -1 4 (k1 =69xl0 H sec ; k2 =3.7xl0 

similar phenomenon was ob

u-1 -1) · d. · h · 
PI sec , 1n 1cat1ng c a1n 

inequivalences both in the T and the R states of methemoglobin. 

In the presence of inositol hexaphosphate the T+R transition, as· 
I 

monitored by oxygenation of the valence hybrid was shifted up by about 

0.35 pH units. Yet similar rate constants exhibiting similar chain in

equivalences have been measured. 
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INTRODUCTION 

A clear understanding of the mechanism of hemoglobin function re

quires measurement of the relative rates and affinities of the a and B 

chains within the tetramer. Many lines of evidence have been. accumulated 

indicating that a and B chains,· within human hemog_lobin, react differ

enily [1-9]. Most of the studies point out that B chains are more reac

tive than the .a chains [1,2 ,4,5]. Olson et al. [1] studied the ligation 

of n-butyl isocyanide and claimed that the B heme.site is much more ac-

cessible to ligands than the a heme site. Gibson [4] has shown that 

B chains both bind and release oxygen more rapidly than a chains. Studies 

which were performed with cyanomet hybrids [4] also revealed that B 

chains are more reactive towards various ligands than a chains. In this 

investigation we have studied the·oxidation of bovine methemoglobin by 

ferricyanide and revealed chain inequivalence. 

Oxidation of human hemoglobin by ferricyanide has·been studied by 

Antonini et. al. [10] using stopped flow apparatus. They found that bel'ow 

pH 8 the rate of oxidation is reduced as the reaction proceeds and they 

attributed this phenomenon to a possible intramolecular heterogenity be

tween a and B chains. 

The oxidation of tetrameric hemoglobin with ferricyanide is widely 

! - used for the preparation of methemoglobin. The reaction proceeds by a 

single electron transfer from the heme iron to ferricyanide producing 

oxidized ferric heme. Although the overall reaction has been studied in 

great detail [6] less information is available concerning the oxidation 
' 

of individual chains within the tetramer. It is evident that non-equi-

valence of the subunits will be observed most clearly when the hemoglo

bin molecules are either fully in. the high affinity state or all in the 

low affinity siate. 
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The methemoglobin molecule is visualized as residing in either of 

two sets of quaternary structures, in each set the structures are close

ly related~ In recent studies [11,12] we have suggested that by using 

the pulse radiolysis technique the quaternary structure of methemoglobin 

can be characterized by following the kinetics of CO and Oz binding to 

its valence-hybrid. The rate constants for these reactions were found to 

be dependent upon the pH and the presence of organic phosphates [11,12]. 

The changes. in these rate constants indicate.d a transition between af

finity states representing a switch between quaternary structures. 

In this study the affinity state of bovine methemoglobin is moni

tored by studying the oxygenation of its valence hybrid. The changes of 

the oxygenation process enables us to characterize the conditions at 

which the methemoglobin molecule resides in either the high affinity 

state (R) or the low affinity state (T). In addition, the kinetics of 

re-oxidation of the valence hybrid by ferricyanide was measured under 

conditions well defined (by the oxygenation reaction) knowing the af

finity state of the methemoglobin tetramer. From these studies we find 

that the rate of oxidation of partially reduced valence hybrids is hi

phasic. As only one heme in a tetramer is re-oxidized under our experi

mental cond~tions, it is suggested that the biphasicity is due to the 

presence of two different valence hybrids, one containing a single re

duced a chain and the ·other, a single reduced B chain. These suggestions 

prevail both. for the R state and the· T state. 

MATERIALS AND METHODS 

Bovine hemoglobin was freshly prepared from bovine blood mixed 

with heparin. The cells were washed three times with isotonic saline 

and osmotically lysed for 1 hr at 4° by·adding 4 volumes of distilled 
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water. The unlysed cells and debris were removed by centrifugation 

(10,000 xg, lS mih). The·hemolysate containing approximately 1 g of pro

tein was then passed through a Sephadex G-2S column (4x SO em) which was 

equilibrated with 0.01 M phosphate.buffer, pH 6.8? in order to remove 

organic phosphates. The red eluate was applied to a carboxymethyl-cellu

lose column ( 4 x SO em) equilibrated with the same buffer. Hemoglobin was 

eluted using a pH gradient of phosphate buffer (6.4 to 8.0). The major 

fraction ~as used for preparation of bovine methemoglobin. 

A 4-fold molar excess (per heme) ferricyanide was applied on the 

top of a Sephadex G-2S (4 x SO em). The hemoglobin solution was transfer

red through the column using 0.01 Mphosphate buffer~ pH 6.8. The amount 

of residual oxyhemoglobin was determined optically. When it exceeded 

more than 3%, the protein was again treated with ferricyanide. 

Inositol hexaphosphate (IHP) was purchased from Signa Co. All 

other ch~micals used were of the highest analytical grade available and 

were used without any further_purification. Protein solutions buffered 

with 0.01 M phosphate were prepared in triply distilled water immediate

ly before irradiation. Organic buffering ~ystems like Tris were avoided 

as they react with.the radicals formed. 

Methemoglobin concentration throughout the irradiation experiments 

was lS- 2D~M on .tetramer basis. We used air-saturated solution to mea-

sure the oxygenation process. The pH was varied between 6.0- 8.3. 

All solutions contained 0.1 M tert-butanol which scavenges all the 

OH radicals produced during the radiolysis [16]. The organic radicals 

formed from the alcohol do not react with the hemo-protein in the time 

span of the reactions studied [16]. Consequently, thee is left as the aq 

sole reactive species. 

The initial concentration of the hydrated electrons following the 
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pulse was 5 - lOpM in aerated solutions but only one third of the hydra

ted electrons reacted with the protein (2-3pM). The rest reacted with 

oxygen yielding 02 which decayed by self recombination. Under these ex

perimental conditions the reduction of the methemoglobin resulted in a 

single-heme reduced methemoglobin tetramer (11-16). A stock solution 

of the ferricyanide was freshly prepared before irradiation. The me

themoglobin solutions contained (0.5-2.0) xl0- 4 M ferricyanide and were 

saturated with helum before irradiation. The rate constants of the re

action of ferricyanide withe- is 3 x10 9 M- 1sec-l [17] so that between aq 

10-13 percent of the hydrated electrons reacted with it. The pulse ra-

dialysis set-up has been previously described [11]. 

RESULTS 

02 binding to the stripped and IHP-bound valence-hybrid. 

Bovine methemoglobin solutions were pulse-irradiated in aerated 

solutions. The hydrated electrons, e- , thus formed reduced (eq. 1) aq 
single subunits within the methemoglobin tetramers, (MHb) 4 , producing 

valence-hybrids, (MHb) 3Hb [11-16]. 

Under our experimental conditions less than 5% of the valence-

hybrids are reduced in more than one site [12]. The reduction process 

is followed by spectral changes at the microsecond time range [13,15, 

16]. These changes have not be~n attributed to the R.t T transition 

(see Raap et al. [15]). 11Ar, the spectral difference between the oxi

dized and the singly reduced tetramer, (Table I), is pH dependent. 

The pH dependence can be explained by one or both of the following: 

a) Dependence of the spectra of the valence hybrid and the methemoglo-
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bin on pH [18]. b) Change in the yield of the VH due to the pH de

pendence of k1. 

The reaction of the valence-hybrid with oxygen (eq. 2) was fol

lowed at 435 nm. 

(2) (MHb) 3Hb + 02 -+ (HHb) 3Hb02 

The oxygen binding reaction to the valence-hybrid (eq. 2) was 

stuuled at the pH range 6-8.3 in the presence and absence of IHP. Be

low pH 7.8 the reaction was biphasic 7 and a computer best fit to eqn. 

3 was used to evaluate the parameters of the reaction: 

( 3) 

D.A is the observed absorbance difference, at t = o 
0 

11A
0 

= Ar - A
00 

= D.A~ + D.A~ - the change in the absorbance associated 

with the ligation process, i.e., it is the difference in absorbance be-

tween the deoxy form of the valence hybrid, Ar, ~nd the oxy form of the 
f f s s valence-hybrid, A

00
• D.A

0
, k and D.A

0
, k are the parameters character-

. 
izing the fast and slow reacting species, respectively. The results 

which are based on the analysis of biphasic kinetic curves described 

in detail previously [12], are summarize·d in Table I. 

Above pH 7.8 only one phase is observed with a rate constant k = 

7.0xl0 3 s- 1 , both in the presence and in the absence of IHP. As the pH 

is lowered, a slower phase becomes apparent. Its ·relative contribution 

to the overall reaction becomes larger as the pH is lowered. Generally, 

at each pH the fraction of the slow phase is higher in the presence of 

IHP than in its absence. Let us define 8f=/1Af/(11Af+/1As). Figures 1 
0 ' 0 0 

and 2 show the pH dependence of ef in the absence and in the presence 

of IHP, respectively. By analogy to earlier studies [11,12], reaching 
I 
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a plateau at high pH indicated that the methemoglobin tetramer resides 

in the R structure. At low pH values (pH '6), there still exists a 

residual fast phase component; we assume that most of the methemoglo

bin tetramers reside in the T structure. A comparison between the 

curves (Figures 1 and 2) shows that IH~ increases· the fraction of the. 

T structure (i.e., stabilizes.the hemoglobin in the low atfin~ty state 

[11,12]). 

The pK values and Hill coefficients for these curves have been 

determined using non-linear least mean square analysis. When assuming 

that both species (the fast reacting and the slow reacting) have iden

tical spectra the following results are evaluated. For the stripped 

methemoglobin the values are pK 6.6 and n = 1.0, while· in the presence 

of IHP pK = 6.9 and n = 1.2. Note that in a previous study with human 

methemoglobin [li], and with·fetal methemoglobin*, the absorption of 

the· fast reacting species was s-ignificantly higher. Subsequently we 

repeated the calculations of the pK values and the.Hill coefficient 

neglecting the assumption 

reacting species; We tried 

" 
of the spectral identify of the fast 

f s f s t::.e. /!::.e. = 1.2 and t::.e. /t::.c. =1.5 where 

and slow 

f.::. c. f and 

t::.e.s are the changes in the extinction coefficients of the fast reacting 

species and the slow reacting species, respectively. The results are 

summarized in Table II. The estimated Hill coefficient at various ra

tios t::.cf/l::.cs, stays very close to unity and is almost independent on 

this ratio. The pK, on the other hand, is raised as the value of 6cf/ 

t::.cs is higher. One has to be careful about interpreting these curves 

(Figs. 1,2) as representing a switch in the aifiiity state becau~e it 

* Manuscript in preparation 
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was impossible to reach a complete low affinity state (ef = 0) even in 

the presence of IHP and at l.ow pH (pH~ 6). This may cause a serious 

deviation in sigmoidal curve-shape and may significantly affect its 

parameters. This result is different from earlier studies with other 

hemoglobins from human source* [12]. 

It was previously found that sal~s caused inhomogeneity in the 

oxygenation process of hemoglobin {19]. In our system, when NaCl was· 

added either at pH 8.0 or at pH 6.8, no effect was observ~d. 

The detailed study of the oxygen~tion process allows the deter-
~ 

mination of the conditions under which the valence-hybrid molecule 

resides in each affinity state in the presence and in the absence of 

IHP. 

Ferri cyanide oxidation of' the valence-hybrid·- b·ovir{e methemoglo-
. ~ ......... ,, _______ z ··--

bin. 

The oxidation of the valence-hybrid by ferricyanide. (eq. 4) was 

measured at the pH range 6.3- 7. 9 and A.= 435 nm. · 

( 4) (MHb) 3Hb + [Fe (CN) 6] 3- -+ 
4-(MHb) 4 + [Fe(CN) 6] 

At pH ~6.3 and above pH 7.7, when the ferricyanide concentration was 

at least 10 times higher than that of the valence-hybrid, the reaction 

was comprised of two parallel pseudo first order processes·. At any pH, 

both rate constants (associated with each first order process) were 

proportional to the ferricyanide concentration. The kinetic data were 

analyzed according to eqn. 5 (in a similar way to the evaluation of 

the biphasic oxygenation process, eqn. 3). 

* Manuscript in preparation 
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(5) 

~At is the difference in absorbance between the methemoglobin and its 

singly reduced form (the valence hybrid). At t = o, ~A0 =~Ar, ~Aoo = 0 

as the absorbance at 435 nm decayed to its initial value before the 

pulse.~A64 ka and ~~ 4 k~ are the parameters characterizing the contri

butions of the fast reacting species and the slow reacting species, 

respectively. A typical curve of the oxidation process at pH 6.3 is 

presented in Fig. 3. 

The· results of the analyses are summarized in Table II I. 

From experiments performed both in the presence and in the ab

sence of IHP, a strong pH dependence is observed. As the pH is raise~, 
' f s ' both rate constants decrease; k 4 is affected more than k4 ~ both iri the 

f s 
pn~sence. and in tht: absence of IHP. ~A04 /~A04 the ratio of. change in 

the optical absorption of the fast pha~e and the slow phase is 1.3±0.1, 

independent on pH and the presence of IHP. 

At pH 6.85 it was impossible to fit the experimental data to 

eqn. 5; more than two first order expressions were indicated. This is 

in agreement with the results of the oxygenation of the valence

hybrid. As demonstrated, at this.pH, part of the methemoglobin is in 

the T state and part in the R state. Each of these two species contri

butes a different set·of two parameters to the oxidation process. 

Similar experiments were conducted with commercial methemoglobin 

and the results are ·presented in Table IV. Qualitatively the results 

are similar. The biphasicity is· clearly observed; but most of the rate 

constants measured are different from those observed with freshly pre-

pared bovine methemoglobin. 
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Ferricyanide oxidati<;>n· o"f" ·th~·val~nce-hyb·ri~·-_:; human· methemo

globin. 

A similar set of experiments following the re-oxidation of the 

valence hybrid by ferricyanide was performed with human- methemoglobin. 

The biphasicity which is easily resolved in bovine methemoglobin can 
At _Ax, 

hardly be noticed with human methemoglobin. A typical curve of inAo-Aoo 

versus time is presented in Fig. 4. There is a very slight deviation 

from a single first order kinetics. The results at different pH values 

in the presence and absence of IHP are summarized in Table V. 

The rate const~nts of tbe re-oxidation of the valence-hybrid from 

human hemoglobin depend strongly on the pH, (Table V), similarly to the 

re-oxidation of valence hybrid from bovine blood. The slow component of 

the valence hybrid from bovine has similar rate constants to those mea-

sured for the human valence hybrid, (Tables III, V) and is similar to 

the rate constants measured by Antonini et al. [6]. 

Biphasicity in oxygenation has been shown to depend on-ionic 

strength [19]. The effect of ionic strength on the oxygenation of the 

valency-hybrid is presently being studied. 

Oxida t.ion of myoglobin bt ferri!=yani,de. 

In the same way employed for the reduction of methemoglobin by 

the pulse radiolysis technique, metmyoglobin can be reduced as well. 

Mbii I + eaq --+ Mbii 

Mbii Fe (CN) -l MbiV + -4 + -+ Fe(CN) 6 

The rate of oxidation thus obta.ined at pH 7 (2 .9 x 10 6 M- 1s -l) is with

in the range obtained for this same oxidation (1.8- 5.0 x10 6 M-ls- 1) 

[10], using a variety·of other techniques~ As expected, in this system 

no biphasicity was observed, as myoglobin is a single chain· protein. 
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DISCUSSION 

The ·oxy-gen·a·ti~C?_I:: _Er·o·ce s s . 

The pH-dependence of the rate constant of oxygen ligation on· the 

valence-hybrid showed a sigmoidal behaviour, both in the presence and 

absence of IHP. Similar results were observed previously for human me-

themoglobin [12] and fetal methemoglobin*. In the absence of IHP at pH 

7.8 and in the presence of IHP at pH 7.85 the analysis of the kinetic 

curves proved that the oxygenation is a single-phase reaction. At lower 

pH values, the kinetic curves were a superposition of contributions 
3 -1 from two reactions. One reaction with a rate constant k = 1. 2 x 10 s 

similar to the rate constant measured at low pH value, the second with 

k = (5±1) x 10 3 s-l which is slightly pH dependent. Thus, it is sug-

gesteu that the sigmoidal curves (Figs. 1,2) repres~nt a transition 

between two states of the valence-hybridJ having different reactivities 

towards oxygen. It is.further suggested that these figures demonstrate· 

also the transition between the two affinity states of the "parent" 

methemoglobin. This transition in the affinity state is associated with 

the R ~ T switch in quarternary structure. Although the pK value of 

the transition and the Hill coefficient, n, are subjected to some un-

certainty (see results), it is clear that the transition in bovine me

themoglobin has no cooperativity, unlike proteins from human source. 

Yet, as expected, IHP shifts the pK up by 0.35 pH units by stabilizing 

the T quarternary struct~re. The transition occurs in the absence of 

IHP in the pH range 6.5- 7.0 (the exact value depends on the assurnp-

* Manuscript in preparation 
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tion (see Table II))while in the presence of IHP the transition takes 

place in the pH range 6.9-7.2. 

There are, therefore, a few prominent differences between human 

and bovine hemoglobins. In the absence of IHP hemoglobin A is locked 

in the R state, and the R T transition, if it exists at all, ta~es 

place below pH 6 [12], where as in bovine methemoglobin the_pK is in 

the range 6.6 - 7.0. In the presence of IHP-methemoglobin A switches 

from R toT, pK = 7.5 [12], were as in bovine methemoglobin th~ transi

tion takes place below pH 7.2. 

Both in the presence ~nd in the absence of IHP the transition be-

tween quaternary structures in bovine methemoglobin is not accompanied 

with cooperativity, in contrast to. hemoglobin A, which is caracterized 

by its high cooperativity. 

The iaequivalenc~ b_etween a and 8 subunits 

The oxidation of the Valence hybrid by ferricyanide (eqn. 4) de-

monstrates the inequivalence between the a and 8 subunits. The oxida-

tion reaction was studied in the pH rarige 6.3-8.3 but evaluation of 

the results could be performed only at pH values where the protein re

sides either at the R or at the T quaternary structure. Under appro

priate conditions the rate constants of the fast reacting species k~, 

and the slow reacting species, k~ were determined. We attribute them 

to valence hybrids in which only a single 8 chain within the tetramer 

was reduced and to valence hybrids in which only a single a-chain was 

reduced. Many previous studies considered the 8-chains to be more re-

active (1,3,4,5). The ratio 

two species was found to be 

between the unequal contributions of the 
t,Af 
_.Qi = 1. 3"t0 .1 both in the R and in the T 
llAg 4 
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state, either in the presence or in the absence of IHP. 

The changes in the contributions to reaction 4 can result from 

the following reasons:· a) ~Ar for a chains is different from ~Ar for 

8 chains. In such a case, even if both a chains and 8 chains react 

identically with the non-selective e (eq. 1), the chains with higher aq 

change in absorbance should contribute more to the kinetic curve. In 

human methemoglobin a chains and 8 chains absorb light differently 

[20], however at A = 435 nm ferrous deoxyhemoglobin both have the same 

extinction coefficient. Yet we cannot exclude completely this possi

bility as human and bovine hemoglobin reflect differences in functional 

behaviour (see also ref. 21). b) The higher contribution of the fast 

reacting species to the kinetics can be explained by a selective reac-

tivity of the eaq' if the assumption of the non-selective reactivity 

of eaq is dropped. In that case, it is possible that chains are reduced 

preferably in reaction 1. Raap et al. [15] have claimed that the faster 

species contributed 63% to the absorbance which is very similar to the 

value we obtain for the fast species contiibution in bovine methemoglo-

bin- 57%. Therefore it is reasonable to assume that 8 chains within 

bovine methemoglobin are more reactive, both towards e (15] (eqn. 1) aq 
and ferricyanide. We were not able to observe such chain inequivalence 

towards oxygen, neither with bovine methemoglobin, nor with human me-

themoglobin [12]. 

The difference between human and bovine methemoglobin was inves-

tigated by de Bruin et al .. [21]. They found that the a· chains are very 

similar in both methemoglobins. It is interesting to point out the 

fact that the slow reacting species in bovine methemoglobin, which we 

attribute to the a chains, have a rate constant similar to that ob-
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f 4 -1 -1 served for human methemoglobin (at pH 6.3 k 4 = 3. 7 x 10 M s , k = 

4. 5 x 10 4 M- 1s -l (human methemoglobin)) . These facts support the con

elusions of d~ Bruin et al. [21], and suggest further that the in-

equivalence between a and a chains in bovine hemoglobin is more pro

minent than in human hemoglobin due to the greater difference in 6 

chains in the two hemoglobins. 

In conclusion, we have demonstrated functional heterogeneity 

in the oxidation by ferricyanide in two mixed state tetrameric hemo-

globins in which a single chain is reduced. Although this finding was 

suggested by studies where fully reduced tetrameric hemoglobin is re

acted with ferricyanide [18], our study is the first·to demonstrate 

heterogeneity in oxidation properties of the valence hybrid, both in 

the R and in the T state. 
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Legend to Figu.res 

Fig. 1: pH dependence of the relative contribution (9£) cif the fast 

reacting valence-hybrid to the. oxygenation reaction in :·the· 

absence of IHP, e f = t.A~/(t.A~ + t.A~) -~· The values of aL:ha.vr 

been calculated from the experimental dat~ shown. in T~ble. I. 

We assume here that the fast reacting species and the slow 

reacting species absorb light equally (see text). The solid 
1 

line is a best fit of the Hill equation 9£ = 

to the e>..-pe·rimen·t al ·values .. of e f ... 
l+lOn(pK-pH) 

The solid line is the calculated curve of b.cf = b.cr 
pH de.pendence of the relative contribution (8'£) of the fas.t 

reacting valence-hybrid to the oxygenation reaction in the 

presenee of II-1-P. Fo-r othe·r details see Fig. 1._ . 

Fig. 3: The charii~ of· absoib~nc~ with time.~6r.6xid~tion of ferricy-

anide by the valence-hybrid in the presence of IHP. The sp-

lid line is a best fit of the experimental points using a 

biphasic kinetic expression (eqn. 5). A = 435 nm. [bovine -

methemoglobin] = 20~M tetramer. [e- ] = lO~M. [Ferricyanide] . aq 

= lOO~M, [phosphate] = 0.02 M, [IHP] = lOO~M, pH= 6.3. 
f f -1 The parameters of eqn. 5; t.A04 = 0.233; k 4 = 62 sec ; 

s s -1 t.A04 = 0.19; k4 = 2.5 sec 

Fig. 4: The oxidation of ferricyanide by valence hybrid produced 

from human methemoglobin in the ·presence of IHP. The curve 

represents the best linear fit to the experimental points 

using list mean square analysis to first order kinetic. 

Experimental conditions as in Fig. 3, pH= 6.3. 



Table I 

Values of ~A (435 nm) and rate constants resulting from the oxygena

tion of the fast reacting and slow reacting valence-hybrids. 

pH 

6.0 
6.0 

6.3* 
6.35* 

6.5 
6.5 

6.6* 
6.6* 

6.7 
6.7 

6.9 
6.9 

7.1 
7.1 

7.3 
7.3 

7.35* 
7.3 
7.5 
7.5 

7.85* 
7.8* 

8.3 
8.3 

IHP 

+ 

+ 

+· 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+· 

0.22 
gloomy 

0.18 
0.17 

0.19 
0.18 

0.16 
0.16 

0.20 
0.18 

0.18 
0.18 

0.18 
0.19 

0.16 
0.18 

0.135 
0.13 

0.15 
0.15 

0. 09 . 
0.11 

0.12 
0.09 

0.038 
solutions 

0.030 
0.012 

0.048 
0.024 

0.052 
0.020 

0.061 
0.030 

0.081 
0.030 

0.092 
0.056 

0.094 
0.09 

0.064 
0.065 

.0.097 
0.080 

.0.067 
0.074 

0.085 
·0.068 

7000 

6000 
6000 

6500 
ssoo 
6500 
5800 

6500 
6000 

7000 
5800 

7150 
7500 

7800 
8000 

6000 
6000 

7500 
7500 

6800 
6800 

7500 
7500 

0.092 

0.070 
0.058 

0.042 
0.050 

0.060 
0.041 

0.060 
0.041 

0.038 
0.045 

0.027 
0.04 

0.012 
0.02 

0.08 
0.08 

0.01 
0.013 

k s -1 sec 

1250 

1100 
1300 

1200 
1200 

1200 
1200 

1100 
1250 

1200 
1200 

1175 
1200 

1100 
1200 

1100 
1100 

1200 
1200 

--------------~-------------------------------------------------------
~A = ~Af + ~As + ~A is the absorbance difference hetween the reduced or o o oo 

. f f 
and oxidized species (eqn. 1). ~A0 , k are the absorbance difference 

and rate constant of the fast reacting species which bind oxygen. in the 

oxygenation process. ~As, ks are the absorbance difference and the rate 
. 0 . 

constant of the slow reacting species of the above ment.ioned process. 

The experimental conditions are: [bovine-methemoglobin] = 20lJM (*-15lJM) 

(per t'etramer), [e~ql = 10lJM, [02 ] = 250l.IM, ·[phosphate] = 20mM, [IHP] = 

100lJM. 



Table II 

pK values and Hill parameters as evaluated from Hill equation ef = 

l Sf calculated from the experimental data of Table I, 
l+lOn(pK-pH)' 

assuming different values for ~Ef/6ss. 

6.£f/6.£s 

no IHP 

1 

1. 2 

1.5 

wi,th IHP 

1 

1.2 

.1. 5 

pK 

6.56 

6.77 . 

7.01 

6.9 

7.0 

7.2 

n 

1.04 

0.853 

1.12 

1. 22 

1.12 

1.13 



Table III 

Values of 6A(435 nm) and rate constants resulting from the oxidation 

of the fast reacting and the slow reacting valence-hybrids. 

pH 

no IHP 

6.3 

7. 7 5 

with IHP 

6.35 

7.9 

0.239 0.191 

0.177 0.128 

0.229 0.192 

0.200 0.150 

1.25 

1. 38 

1.19 

1. 33 

69 

23 

66 

16 

3.7 

2 .1 

2. 5 

1.8 

18.6 

11.0 

26.4 

9.0 

6A~4 , 6A~ 4 , k:, k: are the parameters of the reacti.on 4 as defined in 

eqn. 5. 

3-The exper:i..J'tlental conditions ar,e· the same as in Table I. [Fe{CN) 6 ] = 

100. ]J}.f, the solutions were He saturated. 



Table IV 

Rate constants for the oxidation of fast-reacting and slow reacting 

valence-hybrids. 

pH f -1 -1 ks -1 -1 kf/ks k4 M sec 4 M sec 4 4 

6.3 8.5 X 10 5 1. 4 X 10 5 6.1 

7.0 2.2 X 10 5 3.5 X 10 4 6.3 

9.2 5.5 X 10 4 0.5 X 104 11 

[bovine-methemoglobin] = 20-40~M, [e;ql = 5-lO~M~ The pH was adjusted 

with phosphate buffer at pH 6.3 and 7.0 and with borax buffer at pH 
3-9.2. [Fe (CN) 6 ] = 500uH .. Solutions were Ar saturated,. 



Table V 

The rate of oxidation of ferricyanide by valen~e hybrid of human 

methemoglobin 

pH IHP k4 
-1 -1 M sec quaternary state (ref. 

6.3 4.5 X 10 4 R and T 

6.4 + 4.5 X 10 4 T 

7.15 3.4 X ·10 4 R 

7.15 + L2 X 10 4 R and T 

7. 5 0.9 X 10 4 R 

12) 

[Methemoglobin] = 20~M, [e;q] - lO~M, [ferricyanide] =·200~M; A= 

435 nm. Ar saturated. 
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